THE THREE-NUCLEON CONTINUUM:
ACHIEVEMENTS, CHALLENGES
AND APPLICATIONS

W. GLOCKLE?, H. WITALA®, D. HUBER®, H. KAMADA*, J. GOLAK®

2 Institut fiir theoretische Physik II, Ruhr-Universitat Bochum, D-44780 Bochum, Germany
® Institute of Physics, Jagellonian University, PL-30059 Cracow, Poland

AMSTERDAM - LAUSANNE - NEW YORK - OXFORD - SHANNON - TOKYO



The three-nucleon continuum: achievements, challenges and

Physics Reports 274 (1996) 107-285

PHYSICS REPORTS

applications

W. Glockle?, H. Witata®, D. Hiiber?, H. Kamada®', J. Golak®

2 Institut fiir theoretische Physik 1I, Ruhr-Universitidt Bochum, D-44780 Bochum, Germany
® Institute of Physics, Jagellonian University, PL-30059 Cracow, Poland

Received November 1995; editor: G.E. Brown

Contents:

W

. Introduction
. Theoretical formulation

2.1. Heuristic approach

2.2. Algebraic approach

2.3. Inclusion of three-nucleon forces
2.4. 3N scattering observables

. Technical performance

. Numerical algorithms and techniques
. Accuracy tests

. Comparison of theory and experiment

6.1. NN force picture only
6.2. 3N scattering including 3NF’s

. Special topics

7.1. Survey of breakup cross sections

7.2. Extraction of the nn scattering length gy,
from the 3N breakup process

7.3. The A, puzzle

7.4. Eigen phase shifts and mixing parameters
for elastic nd scattering above the breakup
threshoid

7.5. High energy limit

7.6. The nucleon-deuteron optical potential and
its high energy limit

7.7. Connection between total nd and nn and
np cross sections in the high energy limit

110
114
114
119
122
124
134
139
145
151
155
201
218
218

224
229
230
233

243

246

7.8. 3NF effects at higher energies
8. Other rigorous techniques and open questions
8.1. Configuration space treatment
8.2. The method of continued fractions
8.3. The pair correlated hyperspherical
harmonic basis method
8.4. Finite rank expansions
8.5. The Coulomb problem in pd scattering
8.6. Relativistic 3N equations
9. Applications
9.1. Inclusive and exclusive electron scattering
on 3He and *H
9.2. Photodisintegration and pd capture in the
3N system
9.3. Pion absorption on He and *H
9.4. Nonmesonic decay of the hypertriton
10. Conclusions and outlook
Appendix A. Cross sections
Appendix B. Breakup kinematics
Appendix C. Geometrical quantities related to
permutation operators
Appendix D. List of international few-body
conferences
References

! Present address: Paul Scherrer Institut, CH-5232, Villigen PSI, Switzerland.

0370-1573/96/%32.00 Copyright (© 1996 Elsevier Science B.V. All rights reserved
SSDI0370-1573(95)00085-2

249
250
250
254

256
257
258
260
262

262

263
263
264
264
267
270

271

271
273



W. Glockle et al./ Physics Reports 274 (1996) 107-285 109

Abstract

After a brief historic overview the basic equations for three-nucleon (3N) scattering based on general two-
nucleon and 3N forces are reviewed and the main steps for their derivation are given. Also the expressions for
the various observables, elastic and breakup cross sections, as well as the great variety of spin observables are
displayed and derived. The treatment of the 3N Faddeev equations in momentum space and in a partial wave
decomposition is outlaid in some detail, the handling of the singularities in the integral kernel described and the
algorithms and techniques used to solve the large set of equations in the discretized form are presented. Accuracy
tests in form of benchmark calculations, where our results are compared to the ones of other techniques, are
given. The bulk part of this review, however, is devoted to the comparison of very many observables in
elastic nucleon-deuteron (Nd) scattering and the breakup process to the predictions based on the most modern
nucleon-nucleon (NN) forces AV18, Nijmegen93, Nijmegen I and II and a recently updated OBE-potential
CD Bonn. Overall the agreement with the data is excellent and there is little room left for the action of a
three-nucleon force (3NF). The effects of the 7 —, m— p and p— p exchange 3NF’s of the Tucson-Melbourne
model are studied. They are in general small and in the few cases where discrepancies to data occur using NN
forces only, they go into the wrong direction. We propose quite a few measurements, which should help to get
more information on the potential energy of three nucleons. Several special topics are discussed: Do certain
3N scattering observables scale with the triton binding energy? Which of the 3N breakup cross sections are
totally insensitive to the choice of the NN force and which are very sensitive? How well can one extract the
nn scattering length from the 3N breakup? We discuss the outsticking discrepancy of the 3N analyzing power
A, in low energy elastic Nd scattering; the eigen phase shifts and mixing parameters in elastic nd scattering;
the simplifications of 3N scattering at high energies and the formulation of the optical potential for elastic nd
scattering and its limiting form at high energies. Alternative approaches to solve 3N scattering: in configuration
space, using finite rank expansions of NN forces, variational techniques and the hybrid Sendai method are
briefly described as well as the proton proton Coulomb force problem in the pd system and the question how
to incorporate relativity. Finally some applications are sketched where a 3N final state occurs and where the
interaction among the nucleons requires a correct treatment. We mention inelastic electron scattering as well as
r-absorption on 3He (*H) and nonmesonic decay of the hypertriton.

PACS: 21.45.4v; 24.10.-i; 25.10.4s
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1. Introduction

Since the early days of nuclear physics the few-nucleon systems received special attention. We cite
a few of the very early articles: [503,476,132,133,393]. It was natural that one wanted to see whether
the NN force models of those days had a chance to provide the binding energies of 2H, *H and *He
and also of *He by estimating solutions to the nonrelativistic Schrédinger equation. These estimates
led to important insights, among them [476], that the NN forces have to have a finite range in order
to avoid a collapse. There was a long period where variational and other approximate techniques have
been used, whose spirit can be found in [54], for instance. Nuclear reaction theory written out in
the form of multiple rescattering was formulated [497,148,267], especially for nucleon scattering on
a nucleus. Thereby already interactions within a pair of nucleons were summed up to infinite order
into a t-matrix, where however at intermediate states Hamiltonians of subclusters were carried along.
The KMT formulation [267] of nucleon-nucleus scattering led recently to a successful application
in working out optical potentials [87]. Interestingly enough one of the nontrivial ingredients in that
approach is the three-body problem formed by the projectile, one active nucleon in the target and
the remaining nucleons considered as a whole through a mean field. In the formal approaches of the
fifties like the ones mentioned above, the 3N scattering problem in the form of multiple scattering
was apparently not in the center of the interest. We are aware only of the work by Everett [126],
who concentrated on the 3N system. He wrote down the multiple rescattering series for nucleon-
deuteron scattering in terms of the two-nucleon off-shell t-matrices (including the kinetic energy of
the third particle in the intermediate free propagator between two pair interactions), but he did not
take the next step to split that infinite series into three parts, which would obey a set of three coupled
integral equations. These would have been already the Faddeev equations. The work on general
nucleon-nucleus scattering mentioned above did in fact that step with respect to the different nucleon
target-nucleon interactions, however in the context of a many body system. It was Faddeev, who wrote
down these coupled equations for three particles and for general interactions the first time [128].
Mitra [343], studying the bound state problem of three particles with separable pair forces, found,
that the Schrodinger equation could be reduced exactly to an equation (or coupled equations) for
amplitude(s) in one vector variable. They are known nowadays to be Faddeev equations specialized
to those forces. Amado [23] found a linear equation for an off-shell nucleon-deuteron scattering
amplitude, assuming the deuteron to be an elementary particle with a decay vertex into two nucleons.
The resulting equation was a special case of the Faddeev equations based on separable forces but the
general case as formulated by Faddeev was not obvious from that very first step.

The well-founded mathematical structure of the Faddeev equations was worked out by Faddeev
himself [129]. Important for us here is, that the once iterated kernel of the Faddeev integral equations
is connected and that for short range pair forces, typical for nuclear physics, it is compact, which
guarantees the convergence of the numerically discretized form of it. Also the uniqueness of the
solution of the Faddeev equations is of equal importance.

The actual application of the Faddeev equations posed severe problems at that time due to the very
restricted computer facilities, and simplifications were eagerly searched for. The separable structure
of the two-nucleon t-matrix in the spin-angular momentum state of the deuteron close to the deuteron
pole invited to search for finite rank approximations for two-nucleon t-matrices. The virtual state
in the NN state 'S, was also such a natural source of separability. This was pushed quite strongly
and beautifully by Lovelace [318] and led to the Lovelace formulation of the Faddeev equations, a
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coupled set of one-dimensional equations, which were then feasible for numerical treatments. This was
generalized in [13] starting from suitable transition operators and separating the general two-nucleon
t-matrices into a part of finite rank and a remainder. The resulting set of multi-channel two-particle
Lippmann-Schwinger equations was then the starting point for numerous numerical studies using
finite rank NN forces. This set runs under the name Alt-Grassberger-Sandhas (AGS)-equations. We
cite from this work [13], that the direct solution of the Faddeev equations without using finite rank
devices “reveals nearly unsurmountable calculational difficulties”. It is exactly that what we are doing
and what will be the technical message contained in this article. The physical aim will be the test of
nuclear Hamiltonians.

One of the reasons Faddeev formulated his equations was that the Lippmann-Schwinger equations
(LSE) [316] for three particles have serious drawbacks. Their kernel is not compact or connected
even after any number of iterations and such a LSE does not have a unique solution. This was
pointed out before in [138,124,161]. What was considered to be a drawback was turned into
something useful [168] by demanding, that a specific 3N scattering state should not obey just one
LSE equation but three at the same time. In this manner it could be shown that the solution is uniquely
defined, in other words all the boundary conditions are fixed. Such a set of three LSE’s equations
is called nowadays the triad of LSE’s [315]. They are well suited for formal manipulations. Thus
the Faddeev equations or the AGS equations for the arrangement operators follow from that triad
directly [172]. That triad can be generalized to four [479,420,489,78,172] and even to a general
number N of particles, like the Faddeev equations, the generalization of which have been worked out
by Yakubovsky [528] and carry his name. An equivalent coupling scheme was given in [198,14].
One way to solve the triad directly has been already indicated in [168] and appeared later again as
“Faddeev choice” [420].

For some time in the seventies interest turned into deriving connected kernel equations [447.43,212,
295,399.478,420,81,299,490], different from the Faddeev-Yakubovsky ones. Thereby often states with
auxiliary indices, dummy indices, were introduced [420,421], which obey a set of coupled equations
and whose solutions are such that the states collapse just to one, the desired solution. Unfortunately
nearly all of these formulations turned out to possess not only one solution, the physical one, but
also on top spurious ones [131,81,299,491,5,172].

The first numerical calculations [ 1,2] using separable spin-dependent s-wave Yamaguchi forces gave
qualitative agreement to the simple low energy data: angular distributions in elastic nd scattering, the
total nd breakup cross section, the total cross section and some kinematically incomplete nd breakup
cross sections. This was considered to be a success, since it showed, that the correct treatment of the
quantum mechanics of three particles was an important key for understanding at least qualitatively the
data, independent whether the forces are chosen to be fully realistic. Including a separable three-body
force chosen ad hoc on top of separable Yamaguchi forces led to an even better agreement [373]
with the same type of data. This very first period was followed by a rapidly increasing number of
studies, where ad hoc chosen separable forces, also of second and higher ranks, including also p- and
d-wave forces, more or less adjusted to NN phases known at that time, were applied. Representative
work can be found in [72,381,3,59,113,119,382,383,114,384,69,115,278,372,439,535,211,70,205,
472,207,455,116,280,456,442,426,532,223,457,533]. Certainly some qualitative insights could be
achieved like sensitivities of certain 3N observables to the 'S, force, to the 3S, — 3D, tensor force,
to 3P wave forces, etc., but conclusions drawn from a quantitative agreement or disagreement have
to be considered with great caution. For instance the 3N analyzing power A, turned out to be well
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described in [207], while nowadays we know that modern NN forces adjusted to the most recent NN
phase shift analysis (PSA) are not able to achieve it and a serious problem exists. Some pd breakup
data [68] are well described by [119], while the same forces are not able to reproduce more modern
data [397], which however are well described by modern NN interactions.

The beginning of investigations using realistic forces, which were well adjusted to NN data, like
the Paris [310], Nijmegen [349], AV14 [505] and OBE-potentials [320], came with high rank
approximations to those potentials (see Section 8.4). Thus the first time one saw the beautiful
agreement of that Faddeev theory with the low energy data of the differential cross sections and the
angular distribution of certain spin transfer coefficients in elastic nd scattering [282,386,283,284], but
also the first time a clear statement was made that the 3N analyzing power A, in elastic nd scattering
shows a significant discrepancy [283]. In that work of the Graz-Osaka collaboration the breakup
process was not dealt with, since their codes relying on contour deformation have some technical
difficulty to evaluate the breakup amplitude.

The Utrecht group started already quite early [275,276] using nonseparable local forces, though
still restricted to s-wave interactions, the so called Malfliet-Tjon (MT) potentials [324]. They lead to
two-dimensional integral equations in contrast to the one-dimensional ones for finite rank forces. This
was a decisive technical step forward. In that work the determination of the breakup cross section
was now included and a very interesting study [275] covering the whole phase space was performed.
Using different s-wave forces regions in phase space were identified which were very sensitive to the
choice of the forces and others which were not. We shall repeat that study but based on the most
modem forces and including all the relevant higher partial wave NN force components in Section 7.1.

This first pioneering study was later followed by more advanced work [463-465] using now the
more realistic Reid potential [400]. However, tensor force couplings and higher NN force components
were still treated only approximately, in a perturbative manner. As we know now [513] this was not
justified and therefore those results do not represent the correct predictions of that force. Nevertheless
it was a significant step forward and the rich variety of cross sections and spin observables in elastic
neutron—deuteron (nd) scattering and the breakup process were investigated. Another remarkable step
forward was done in [44], where the Faddeev equations in configuration space were solved for the
local de Tourreil and Sprung NN interaction [488] including some higher partial wave NN force
components exactly, some d-wave force components however still perturbatively. In view of very
recent investigations [179,370] on the asymptotic behavior of Faddeev amplitudes in the breakup
channel and the special care required for its correct treatment the accuracy of the results in [44]
cannot be judged by us since not sufficient information in that respect was provided in that article.
Altogether the situation remained open in an unfortunate sense, that the existing discrepancies to data
could possibly be considered to be caused by the hopelessly complicated nature of the 3N potential
energy and not by the simple fact that the reason might be that just the 3N Schrédinger equation
with fully realistic NN forces was not solved sufficiently accurate enough. This only changed when
it finally turned out to be possible [510,511] to solve the Faddeev equations exactly for any type of
realistic NN force, for elastic scattering and the breakup process, and the true predictions of all the
different NN forces could be gained and compared to data. (See also [475,64].) The outcome of
that new development is the subject of this review.

In Section 2 the basic 3N equations are reviewed and briefly derived in a heuristic, physically
transparent (Subsection 2.1) and a more formal algebraic approach (Subsection 2.2). The extension
necessary to include 3N forces (3NF) are given in Subsection 2.3. We display in Subsection 2.4 the
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expressions for the very many 3N scattering observables discussed in this review. The partial wave
decomposition in momentum space including two representations of particle permutation operators,
which are central to any three-body problem, and the complexity of the partial wave decomposition
of a 3NF are presented in Section 3. The way we handle the singularities of the momentum space
Faddeev kemnel, the skew arguments introduced into the unknown amplitudes by the permutation
operators and the big matrices are described in Section 4. The technical sections are finished by the
description of accuracy tests and presentations of benchmark calculations in Section 5. The bulk part
of the review lies in Sections 6 and 7, where theory is compared to experimental data. In Section 6
we cover very many of the measured cross sections and spin observables for elastic Nd scattering and
the breakup process. First we use only NN forces (Subsection 6.1) and then we also show effects of
the Tuscon-Melbourne 3NF [96] in a great variety of 3N scattering observables (Subsection 6.2).
Section 7 is devoted to the following special topics: a survey of 3N breakup cross sections over all
phase-space with the aim to separate it into domains which are very insensitive to the choice of NN
forces and domains with the opposite property (Subsection 7.1); a presentation of the difficulties and
the chances for extracting the nn scattering length from the 3N breakup process (Subsection 7.2);
the discussion of the A, puzzle in low energy elastic nucleon-deuteron scattering (Subsection 7.3);
a display of the complex eigen phase shift and mixing parameters for elastic nd scattering above the
breakup threshold (Subsection 7.4); simplifications for 3N scattering at high energies (Subsection
7.5); the formulation and the properties of the optical nucleon—deuteron potential (Subsection 7.6);
the connection between the total nd and np and nn cross sections in the high energy limit ( Subsection
7.7) and finally possible 3NF effects at higher energies between 100 and 150 MeV (Subsection 7.8).

Up to that point all the theoretical analysis of the data is based on the momentum space treatment
of the Faddeev equations. In Section 8 we present then competing rigorous techniques carried through:
in configuration space (Subsection 8.1), in form of the Sendai approach, which uses the method of
continued fractions and works partially in configuration and partially in momentum space (Subsection
8.2), the pair correlated hyperspherical harmonic basis method (Subsection 8.3) and last not least the
progress achieved using high-rank expansions of realistic NN forces (Subsection 8.4). The pending
difficult pp Coulomb force problem in pd scattering is touched in Subsection 8.5 and the equally
challenging question to incorporate relativity into 3N equations in Subsection 8.6.

Finally some selected applications of 3N scattering theory to cases, where one has to expect a
strong final state interaction among three final nucleons are described briefly in Section 9. These are
inclusive and exclusive electron scattering on *He (*H) (Subsection 9.1), photodisintegration and pd
capture in the 3N system (Subsection 9.2), pion- and muon absorption on *He (*H) (Subsection
9.3) and the nonmesonic decay of the hypertriton (Subsection 9.4).

We finish with conclusions and an outlook in Section 10. Appendices contain additional and more
detailed information. We also list the specialized workshops and conferences we are aware of and
which are a very useful additional source of information on the subject of this article.
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2. Theoretical formulation
2.1. Heuristic approach

Let us assume three particles, numbered 1, 2, and 3, where 2 and 3 are bound to each other and
are hit by the free particle 1 in the initial state. Let the three particles interact by pairwise-forces.
Then the amplitude for the breakup process, where in the final state all three particles are free, is
described by the following obvious Bormn- or Neumann series:

1 1 —— ——
I

()~
D

3 3 — ——

! oo P
+ — + *—o + ® , + .-
I
. D ) i
= Wiy + Vo + ViGoVadhy + iGoVady + ViGoVady + - - - ()

We denoted the pair interactions like Vi, = V4, etc., the initial state by ¢, and the free three-particle
propagator between consecutive pair interactions by Gy. This is the whole physics, a sum over terms
which are composed of interactions within all pairs and free propagations in between. The first
interactions to the right have to be of course between the projectile numbered 1 and the constituents
of the target, the particles numbered 2 and 3. The superscript 1 for the breakup operator U§" stands
for the projectile to be particle 1.

We would like to work with the Faddeev scheme. Then one splits that infinite sequence of processes
into three parts, which will be shown to be coupled by three integral equations. The natural way to
define the three parts is to combine all processes which end up with one specific pair interaction to
the left. Thus
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In other words, after the last pair interaction to the left and a free propagation one encounters again

the infinite three subseries.

Now comes the decisive step to sum up the pair interaction within one and the same pair to infinite
order. This is accomplished by putting the amplitude on the right hand side, which has the same
second index as the amplitude on the left hand side, to the left and inverting the operator acting on

it,

(1 =V GOHUS™ ¢ =agpy + Vi Gy (U™ + UM @, (6)
Us"™ 1 = sy + 15 Go (US™P + U™ ¢ (7)

The quantity ¢; has been defined by
n=(1-V; Go)™'y (8)

and is obviously the two-nucleon ¢-matrix for particles 1 and 2 living in the space of three nucleons.
It obeys the LSE

l‘3=V3+V360t3 (9)
Similarly we get

Us'? ¢y =taghy + 1, Go(US™ + U™y @, (10)
U™ ¢r=0 Go (Us"? + Ug"®) ¢ (11)

Egs. (7), (10), and (11) form a set of three coupled Faddeev equations.
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The last step is to antisymmetrize. It is sufficient to do that for the initial state. Thus we replace
&\ by

b =h +d+ P (12)

In ¢; particle i is the free one and the remaining ones form the two-body bound state, which is
assumed to be antisymmetric. This guarantees that the linear combination, Eq. (12), is antisymmetric
in all three particles. Clearly one can repeat now the above steps for ¢, and ¢; separately. The
properly antisymmetrized breakup amplitude is then

Us pr =UP ¢ +UP o+ UP 3 => Y UM = Usi o (13)
i k i
Adding the three sets for U$® one easily derives
Upy &1 =t1(d2 + d3) + 11 Go(Upa +Up3) &y (14)
Upr b1 =t2(d3 + 1) + 12 Go(Ups + Up1) (15)
Ups @1 = t3(d1 + ) + 13 Go(Up, + Up2) &1 (16)

The three equations (14)-(16) look remarkably similar and one expects that the second and third
one are just a cyclic and an anticyclic permutation of the first one. Inspection of Uy ; as defined in
Eq. (13) reveals that indeed

Us2 = Py Pz Uy, (17)

Uos = P13 Pz Uy, (18)
Thus defining

P = Py Py3+ Pi3 P (19)
and

T = U, (20)
we end up with

T = tPp + tP GoToh (21)

(we dropped the index 1 at ¢ and ¢). This is our basic Faddeev-like equation. Its iteration generates
a multiple scattering series in two-nucleon f-matrices among all pairs. The full breakup operator is
then given as

Up=(1+P)T (22)

Once T is known the operator for elastic scattering follows by quadrature. Again we would like
to sketch that feature first heuristically, using the Neumann series, which nicely describes all of the
ongoing physics. Let us start from the analog of Eq. (1), now for elastic scattering
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Note all processes are initiated from the right by the projectile-target interactions except that to the
very left a pair interaction between particles 2 and 3 forming the final bound state is not allowed to
occur. Thus processes like

(23)

C

do not occur in the above infinite sum. Namely to the very left one encounters in the graph (24) the
state (¢ |V; Gy, which is just (¢,|, due to the two-body Schrodinger equation and the on-the-energy-
shell condition of the final free particle numbered 1. Thus all these processes (24) are already taken
into account in the set (23).

Let us now antisymmetrize the initial state as above,

-
D,

® — -®

‘ (24)
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Inserting the corresponding sums it is very easy to recognize the relation
U = PG;'¢ + PT¢ (26)

Thus the operator for elastic scattering follows from 7. This ends the heuristic approach.

2.2. Algebraic approach

There are various ways to derive the Faddeev equations for scattering states or transition operators,
as quoted in the introduction. Here we would like to start from the basic set of LSE’s [168], often
called “triad of Lippmann-Schwinger equations” [315]. A (stationary) scattering state initiated by
an asymptotic arrangement of particles, described by a state ¢ (like ¢, in Section 2.1) is given by

|
T = _ 27
lml€E+l6—H¢ (27)
where H is the total Hamiltonian and E the energy connected to ¢. In the three-body system the
Hamiltonian can be decomposed as

H=Hy+V+V =H +V (28)

where Hj is the Kinetic energy, H; the so-called channel Hamiltonian with one pair interaction V; = V),
(j # i, k # i) and V' the sum of the remaining two interactions with the particle i. (We shall use
this convenient notation to denote a pair by the number of the third particle.) Obviously ¢; is an
eigenstate of H; to the energy E. Now using the resolvent identities

1 | 1 , |

= 1%
E+ie—H E+ie—Hi+E+ie—Hi E+ie—H (29)

fori=1,2,3 one is led to

i€ 1 , i€
v = lim ———— |4
e%E+ze— -¢+s—~0E+ze—H E+l€—H¢ (30)

As an example let us choose ¢ = ¢y, then it is not difficult to show that

lim =6 31
L ¢1 10 (31)
This is called the Lippmann identity [317,45]. Disregarding the subtleties connected with the limits
in the second term and denoting the special scattering state initiated by ¢, as (" one gets (G; =
lim._o(E+ie — H)™)

v =8y + GVW (32)

These are three equations which form the triad, one inhomogeneous and two homogeneous ones. It
is shown in [168] that this set fixes all the boundary conditions and defines therefore ¥ uniquely.
The argument is very simple. The states %"’ and ¥{*’ initiated by ¢, and ¢,, respectively, obey
corresponding sets, where the driving terms occur for i = 2 and i = 3, respectively. Clearly requiring
the three equations of the set (32) to be fulfilled simultaneously, rules out a possible admixture of
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i and ¥{*) in the general solution of the set (32). Furthermore it is also obvious that any solution
of the set (32) has to be a solution of the Schrodinger equation at the energy E. The only other
scattering states are the ones with three free particles in the initial state, described by three-particle
plane wave states ¢,. Now the application of ieG; onto ¢, is not zero, but generates two-body
scattering states in the subsystem (jk) # i. Therefore the specific driving terms (¢, or zero) in the
set (32) rule out any admixture of that last group of scattering states and the set (32) generates
v uniquely.

As a sideremark we mention that in the case of four particles one needs a set of seven homogeneous
and inhomogeneous LSE’s in order to fix all boundary conditions and to define a specific scattering
state uniquely [420,78]. This has been generalized also to N particles [479,420,489].

In scattering processes one 1s usually interested in transition operators from a specific asymptotic
configuration to the same or other ones. Regarding the asymptotic behavior of G;Vi¥* in configu-
ration space in the channel, where the pair jk, (j # i # k) is bound and particle / is free one reads
off the amplitude accompanying the outgoing radial wave as

Aq = ($ilVI¥]) (33)
Clearly the transition operator connected to that amplitude is
Ualgn) = ViI#(™) (34)

The set (32) provides now in a very natural manner three coupled equations for the three operators
Uy,i=1,2,3. Namely regarding

Unlér) = (Vo + V) |[¥(D) (35)

we operate by V5 and V; onto the equations with i = 2 and 3, respectively, and correspondingly for
U, and Uz, by V| on the equation with i = 1 and get

Uiy =VaGUn ¢y + V3G3Us 1y (36)

Und =Vidy + ViGiUy ¢ + ViG3Us ¢, (37)

Uy =Vidhy + VG U@y + V2Ga Uy by (38)
Since

Vi$ =G5'dy (39)
and

V,‘G,' = t,'GQ (40)

the set (36)-(38) can be rewritten as (8; =1 — ;)

Uar =8.Gy' 1 + ) t,GolUnhy (41)

J#Fi

which are the Alt-Grassberger-Sandhas (AGS) equations [13] for the arrangement amplitudes.
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Let us now antisymmetrize. Again we assume that the channel state ¢ is already antisymmetrized
in the two-body subsystem, which is in a bound state. Then

vY = limie——— (¢ + b2+ ¢3) =¥V + ¥ + ¥ 42

a im E+i€—H(¢l b2+ &3) i 2 3 (42)
is antisymmetric. Therefore the transition operator into the state ¢; resulting from a fully antisym-
metrized scattering state is

Ui = Z Ui (43)
k
From the three equations (41) follows again a set of three coupled equations
U1 =Y Gyl + Y ,GolU;by (44)
k#i J#i

Now we can see directly the relations between U,, U, and U;. According to Eqs. (43), (34) and
(42) one has

U1¢1 =ZU1k¢k=ZV1|y/é+)) =V'1P(§+) (45)
P P
Uy, =V (46)
Use =V (D (47)
Consequently
Uyy = PioPrUipy and Usehy = P3Pyl (48)

and as expected only one operator, say U, is independent. Therefore we can choose one equation
from the set (44) and get (U = U,)

U¢ = G;' Pp + PtGyUd (49)

to generate the operator for elastic scattering. Again we dropped the indices on ¢ and ¢. Eq. (49),
however, provides also information on the full breakup process. General scattering theory tells (it
follows directly from the homogeneous LSE using the free resolvent operator G, instead of the G;’s
in Eq. (30)) that the transition amplitude into the state, where all particles are free, is given by

Ao = (o D_VI¥!) (50)

Therefore the transition operator is
Upp =D Viy vV (51)
i k

Let us now use again the basic set (32) for &k = 1 and the corresponding sets for £ = 2 and 3,
respectively. One easily reads off

Usp = > Vi + > _ 1GoUg (52)
i !
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Since Vi¢p; = G, ' @; the first terms in Eq. (52) will not contribute to the on-the-energy shell amplitude
in Eq. (50) and we can make a choice for U, dropping them. Then

Upp = (14 P)tGoUg (53)

This equation provides the breakup operator, once the operator for elastic scattering, U, is known.
Getting U, is just a quadrature.

We shall show in Section 4 that this formulation has serious drawbacks [57] for general forces.
However it is ideal and has been essentially always used in case of finite rank forces [318,13],
[430,385]. Since we shall work with general forces throughout we now identically rewrite Eq. (49).

Define

T =1GyU (54)
Then it follows from (49)

T = tPp + tGoPTeh (55)
which is the equation found before in Section 2.1 for the breakup process. Again we see

Upp = (14 P)T¢ (56)
and the connection to the operator for elastic scattering

Ug = PGy'¢ + PTd (57)
The central equation for all our numerical performance is Eq. (55). This concludes the formal

derivation of our basic equations (55)-(57) valid for arbitrary two-body forces.

2.3. Inclusion of three-nucleon forces

Quark physics, meson theory and relativistic extensions, all tell that 3NF’s should be present. Their
strength is still under debate, but they will be there. Therefore we would like to extend the formalism
for the inclusion of 3NF’s. We shall be more brief now and refer the reader to [297,298,172,173,175]
and [236] where both algebraic and heuristic (in the sense of the Neumann series) approaches are
displayed. We denote the 3NF by V,. Then the set (32) is just modified by the occurrence of the
additional interaction V, in all three integral kernels. It appears natural to add a fourth equation

v = Gu(Vi + o+ V)Y (58)
This directly results from Eq. (27) using the resolvent identity with the Green operator

1
=1l
G=ln e H (59)

and

lim ieGagpy = 0 (60)
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Then we introduce an auxiliary transition operator

Undr = (Vi + Vo + ) ¥ (61)
and derive the slight generalization of Eq. (41)
Updy =6,G;' 1 + Z t;GoUj1 1 + VaGaUs ¢ (62)
J*i
3
Und =Gy'¢ + >_V,GiUyé, (63)

J=1

which can be combined into the compact notation

Un = 5,,,65'(#1 + Z tgGoUpg & (64)

B+a

with o, B=1,...,4. We introduced the three-body #-matrix z4 driven alone by V;:
ty= Vi + ViGots (65)

The antisymmetrization follows from the same steps as above and we end up with the generalization
of Eq. (49)

Ud = PGy ' ¢ + PtGyU¢ + 1,Go U, (66)
Usp = (14 P)Gy'¢d + (1 + P)tGU¢ (67)

Here U is again the operator for elastic scattering and U, is defined by

3
Usp = Unb (68)
k=1

This set (66)-(67) is suitable for finite rank forces and has been used in [334]. For general forces
we rewrite it by defining

T =1GU (69)
T, = t,GoU (70)
into
T = tPp + tGyTyd + tPG T (71)
Tup = (1 + PYtap + (1 + P)14GoTeh (72)

(Note that the operator P commutes with #z,). From Eq. (66) we directly read off the operator for
elastic scattering

Up = PGy'p + PTp + Tu¢p (73)

and the operator for the breakup process turns out to be a nearly obvious generalization of Eq. (56),
namely

Upp = (1+ PYTh + Ty¢ (74)
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It is the set (71)-(74), which we shall use later in the numerical applications, when 3NF’s are
present.

2.4. 3N scattering observables

The main dynamical ingredients for calculating observables are the transition amplitudes (¢'|U|¢)
for elastic scattering and (¢o|Us|¢) for the breakup process. Now we have to be more specific and
concentrate from now on on nucleon-deuteron scattering. The initial channel state |¢) carries the
information about the spin quantum numbers m; and my of the incoming deuteron and nucleon,
respectively, as well as the relative momentum ¢, of the nucleon with respect to the deuteron. Also
later on we shall add the charge states of the particles in an isospin formalism. Thus for now

(@) = |@a ma)|qy mn) (75)

and |¢’') carries corresponding primed quantum numbers. The free state ¢, describes the relative
motions of three free particles and their spin magnetic quantum numbers. Again later on one has to
add for each particle the information, whether it is a proton or a neutron.

We describe the relative motions for three particles by standard Jacobi momenta

pi=3(k; — ki) (76)
g =3(ki— 5(k; + ki) €k
for ijk = 123 and cyclically, expressed in terms of the individual momenta k; of the three particles.

The free motion can be described in terms of any of the three pairs of Jacobi momenta. For brevity
we now just write

|do) = |p g mi myms) (78)

We normalize the momentum states as

(plp)y=6(p—p") (79)
(qlq) =8(q—4q") (80)

2.4.1. Cross sections

One can derive the cross sections in two ways. Either one regards the asymptotically outgoing
fluxes in the elastic and breakup channnels as it follows from the LSE’s for the fully antisymmetric
scattering state ¥ (™) or one uses the standard time dependent scattering theory which leads to the
transition rate in the distant future.

Let us begin with the first approach. The antisymmetrized scattering state ¥{*) obeys three inho-
mogeneous LSE’s [168]. Each one of them can be used to extract the asymptotic behavior in the
elastic channel. Take for example

v =g + G VD (81)

Let us denote by
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r=x;— X3 (82)
R=x, - %(XQ+X3) (83)

the standard Jacobi vectors conjugate to the Jacobi momenta p, and ¢,. Then the Green function G,
in configuration space and restricted to the deuteron channel is

, dq eitr(R—R')
<I‘R|G||r R’>|d=¢d(r) / (277.)3 E+i€—€d — (3/4m)q2 ¥

2m 1 ei\/(4m/3)(E—sd)|R—R'|
=N T IR=R]

(r"

@a(r') (84)

The (negative) binding energy of the deuteron is denoted by €; and the nucleon mass by m. Thus
the asymptotic behavior of ¥{* in the deuteron channel is

PLRY 2m 1 ei\/(4m/3)(E_€d)R

(+) -5 — a5
v (r, R)Id""¢d(r) {(277)3/2 3 21 R

% /drlde¢d(rl)e—iq’.R/<r/R|vl|1Pa(+)>} (85)

where ¢ = ,/%m(E — €4) R = qoR points into the direction of observation R. It follows immediately
that the differential cross section for elastic Nd scattering in the center of mass system is given by

do p 2

d_ﬂ = |Mm",m;vmdmN(q ’qo)l (86)
where

Mm:,m;vmdmN(q/9 qo) = _gm(zw)2(¢/|U|¢> (87)

is the elastic scattering amplitude expressed with the help of the operator U from Section 2.2. We
added the more detailed information on magnetic spin quantum numbers present in the states ¢’ and
¢ on top of ¢’ and ¢,.

In case of the breakup process it is most convenient to use a homogeneous LSE with the free
Green operator Gy

vt = Gow P (88)

(Note that V denotes here the full potential energy.) The configuration space representation of G is
known [410] and given as

(rR|G0|r'R') =

. 2
(4,’,)2@)3/”% HSY (XV/mE) (89)

with X> = (r —r')2+ {(R- R)2.
Let us now regard the limit |r| and |R| — oo for fixed r’ and R':

X— p—Frcosé+ \/gl?R' sin§ (90)
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where we introduced the polar coordinates p and ¢

r=pcos¢ (91)
R=,/3psin¢ (92)
Consequently using the asymptotic form of the Hankel function one has
(rR|Go|r'R) — (4;.)2 (%)3/2 \/g(—’:ln-;—)El—M e_i%"——elﬁpe_ip’le—iqy (93)
with
p=VmE#cosé (94)

qE\/mE\/gﬁsinf (95)

Note that the way r and R tend towards infinity fixes the asymptotic relative momenta p and ¢q. Then
using Eq. (93) it follows immediately from Eq. (88)

i 2 [2 mE 3 eMmEe
LR =S \/;(mE)‘/“e g Cm eI e

One encounters an outgoing wave in the hyperradius p modulated by the breakup amplitude

(#o|Uo| ) = (pq|VI¥LH) (97)

which tells how the energy is distributed over the two relative motions and which depends on the
directions of observations 7 and R. Regarding the continuity equation it follows that the flux passing
the surface element at asymptotically large p as fixed by p = 7, § = R is given by

2
1 /3\*" . . @2m?® (4\* |2 mE
dN=;’-1— (Z) drdRCOS2fSID2¢fdf 2((47)2 (é‘) \/; (mE)il) VmE|<¢0|U0|¢),2

= wmpq’dqdidR|{o|Us|b)|’ (98)
Therefore dividing by the incoming flux one is lead to the five-fold differential cross section in the
center of mass system:

do Qm)y'm*> )
Pyl U 99
dpdadg A [{&olUo| )| (99)

The second more standard way to arrive at the breakup cross section is to use the result of time-
dependent scattering theory [121,254,241]. We sketch the derivation in Appendix A. Thereby we
follow very closely the steps used in potential scattering as outlined for instance in [172]. The results,
Eqgs. (A.17) and (A.24), agree with the expressions found in the time independent approach.

The transition rate, Eq. (A.23) from Appendix A, for the breakup process

3 2 2 3 2
dN =27 |(¢0|Uo|¢)|2/dpdq5 ., P24 (100)
4dm m 4m
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can be rewritten as

) K kB K
aN =27 olUel )" [ dlrdads 3K — ki — o = k)8 ( Eup + €= 5= — 52— 22

Thereby we introduced the projectile momentum in the laboratory system ky,, its energy Ep, =
(1/6m)ki, + (3/4m)g; and the final laboratory momenta k; of the three nucleons.

It is natural to define and separate the phase space factor. For certain directions dk;, dk, and an
energy interval dE; around E; = k?/2m the phase space factor kj is

kr dk, dk, dE, = / dkdkydks 8(kiay — ki — ky — k3) 8(Epy + €4 — > _ k;/2m)
m*/2mE k?

= dk dk,dE, - . (102)
| = (ki — k1) - ko + 2k,
Here k; is given by the zero’s of the argument of the energy conserving é-function:
k%—kz'(k]ab—kl)+k%—k1'k|ab—m€d=0 (103)

This equation (103) apparently defines an ellipse in the k;-k, plane. The physically accessible
ki, ky-values have to be nonnegative. Depending on the external parameter k., the momentum k,
and the directions k, and k,, either the whole ellipse lies in the first quadrant, or only parts of it or
there are no physical solutions at all. The points lying on that ellipse or on the corresponding curve
in the E,—E, plane comprise the so-called kinematically allowed S-curve on which the physically
accessible events have to lie. We provide an overview over all cases in Fig. 1. Let 8, and 6, be the
angles between the beam axis and k, and k,, respectively. Then, as shown in Appendix B, certain
regions of @;-values are kinematically forbidden. These are the values 8¢~ < 8, 8, < 6", except
for the triangular like area at 6; 2, 6(). In the area surrounded by the circle like dashed curve in the
center of Fig. 1 there are no real solutions to Eq. (103). All the curves shown in Fig. 1 are ellipses
in the k;—k, plane. The dot defines our convention for the starting value of the arclength S = 0, which
is measured counterclockwise.

The form of the phase space factor in Eq. (102) has the disadvantage that it diverges at the k-
values at which the ellipse has an infinite derivative. Therefore one replaces usually the E,-variable
by an arclength S along that curve. It is a matter of convention to choose the location S =0 on that
curve and we use the one defined in Fig. 1. Now one has

» 2
dE2)2 ko 2ky — ky - (ki — k3)
dS=dE/1+ (=22) =dE |1+ (2 . 104

‘ (dEl ‘J <k1 2k, — ky - (ki — k1) (oD

Consequently
oy 4B _ mR
§ = AE E’ - > = 5 ~ 5
VK = b - (ki — §1))? + B2k — ki - (i — K2))

(105)

Finally dividing by the incoming flux in the lab. system the breakup cross section is
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Fig. 1. The different types of kinematically allowed loci in the ki-k; plane as a function of 6, 8, and ¢ 2 = 90°. Only the
positive k) and k; values are physically allowed. The border of the mathematically forbidden area is given by the dashed
circle like curve. The dashed straight lines separate physically allowed from physically forbidden regions (see text). The
definition of the arclength S = 0 is given by the thick dots and § is measured counterclockwise. For further explanation see
text.

do _ ) 2m
ahdds (2m)* |(dolUol@)|* 7—

(277)4|(¢0|U0|¢)|2m2kfk§ 2m

= = = 3 (106)
VB2, — ks - (higy — k1))? + KoKy — ki - (R — K2))2 390

All the cross section formulas presented up to now refer to specified magnetic quantum numbers
of all particles in the initial and final states. Not observing polarizations one has to sum over the final
magnetic quantum numbers and average over the initial ones.

The total cross section o, for neutron-deuteron scattering is most easily determined via the optical
theorem (see Appendix A and Section 5):

i 3q0 1
T @2miP 4 m

Again strictly spoken this refers to definite spin magnetic quantum numbers.

=0 =Im ¢|U|¢ (107)

2.4.2, Spin observables in elastic scattering

In 3N scattering there is a rich variety of spin-observables. Besides the vector polarizations of the
nucleons there are also vector and tensor polarizations of the deuteron - and this for elastic scattering
and the breakup process.

Let us first regard elastic scattering. A basis in spin space is
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{IA}} = {lmn}|ma)} (108)

where my and m, assume all allowed values. In terms of that basis one can express an arbitrary
initial pure spin state as

) =3 @A) (109)
The density operator for a mixed state formed with probabilities p, is then
A= Impain] =Y |A)py{A;] (110)
n ij
with
pij = Zaf")p"aﬁ")* (111)

This 6 x 6 matrix p can be expanded in the complete set of 6 x 6 matrices
(§*} = {e ® sV} (112)

with the 2 x 2 matrices 0@ = 1, 0¥ = o, k = 1,2,3 (the usual Pauli matrices) and the 3 x 3
matrices SV, j=0,...,8 for spin 1 [357]. The latter ones are constructed from the spin 1 angular
momentum operators

(010 [ [0=i 0 100)
Sec=—|101], s,=—(io0-i|, s,=[000 (113)
V2\o10 V2\0 i o 00 -1

and the unit 3 x 3 matrix. A convenient set [357] is

SO =1, $V= 3P, =\f15. s¥=\ip,=\fis. s¥=\[ir.= [is.,

SO = /2Py = /1385, 5O = /1P, =\/135,5,, 5©= /1P, = /B35,

SV =[P =Py = 135,85, - 35,5,), ¥ =/1P, = \/1(35.5, — 21) (114)
The set of 36 matrices S$* is orthonormal with respect to the trace

Tr($*S")=(2-1+1D)Q2-14+1)8,,=68,, (115)
Now one can expand p and using Eq. (115) one gets

p=1>" S“Tr (pS*) (116)
M

For a given density matrix the expectation value of any operator 0 is

Tr (p0O)
Tr (p)

(0) = (117)
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with
0;; = (A]O|A;) (118)
Thus we have

pi=§Tr (p) ) S*(s*): (119)
Mn

In Eq. (119) we added an index i in order to denote the case of the initial state density matrix p;
expressed in terms of the initial state expectation values (S*),.

What is the spin state in the final state of elastic scattering? Supplementing the notation in Eq. (85)
for spin states (see [172] for instance), the state accompanying the outgoing wave is

IfP) =1 Y Myal” (120)
i j
with
M;; = ~im(2m)* (#'|U|¢) = —~im(2m)* (Al{(dU]g)| ). (121)
Eq. (120) defines the coefficients
(ap)” =Y Mya” (122)
j

for the superposition of spin states and thus the density matrix for the final state is

(P =D _(ap){"palap)i" =Y Mu(p))uMj; (123)
n ki

Now one can calculate the expectation value of any quantity S#:

_ Ir (prS*) ¥, (S*)Tr (MS*M'S*)

=1 .
(84, = ooy = 4T () = s (124)
Defining
Tr (MpM')
=LAl )
Tr (o) (125)

which is easily seen to be the elastic cross section of Eq. (86) summed over the spin orientations in
the final state, one ends up with the most general expression for spin observables

($9) ¢l = LY (8")/Tr (MS"M'S*) (126)

For later use we also need the unpolarized cross section. Assume the initial state to be unpolarized:
(§*); = 0 for all §* except for $° = 155, ® 1353 (127)
Then the initial density matrix is simply given by

pi = %Tf (p) 12x2® l3x3 (128)
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and from Eq. (125) the resulting spin averaged (unpolarized) differential cross section I is found
to be

Iy=1Tr (MM") (129)

Let us now regard the spin observables, in turm, which have been measured up to now.

The nucleon analyzing power A,
Assume the nucleon spin to be polarized in the initial state described by the polarization vector

All other initial state expectation values are assumed to be zero (unpolarized deuteron), except for
the one of the unit matrix, of course.
We regard now the cross section (u =0) and get from Eq. (126)

Tr (Mo M")
<1+2Pk o (MI’;/IT) ) (131)

Because of the initial state polarization there is an additional contribution on top of [y, which defines
the nucleon analyzing powers

_ Tt (MaM L))

“T T (MMY)
In all what follows we choose the scattering plane according to the Madison convention [39] to
coincide with the x-z plane and the y axis to point into the direction k;, X k,,,, where k;, and k,,,

are the momenta of the incoming and outgoing particles, respectively. The parity conservation leads
then to the statement [357] that A, = A, =0.

(132)

The deuteron analyzing powers

As a spin 1 object the deuteron can be both vector and tensor polarized. The two cases are described
by the polarization vector P; = (P;) and the polarization tensor Pj = (Pj), respectively. Note that
P« + Py, + P, =0 [357], thus only two of the three are independent.

For an unpolarized nucleon but vector and tensor polarized deuterons the cross section picks up
again contributions on top of Iy (see Eq. (126) for u =0)

I=I(1+3> PA+1> PypAy) (133)
i Jjk

This defines the so-called vector and tensor analyzing powers of the deuteron, A; and Aj,, respectively,

_Tr (MP,M") _Tr (MPyM?")
e MMt TR Te (MM
Again [357] parity conservation puts A,, A,, A,, and A,, to zero. In spherical tensor notation the
nonvanishing and independent analyzing powers are defined by

V3 1 1 1
VoA, Tw=—=A,, Ty=——=Ay,, Tn=—=
2 3 20 \/E z 21 \/g 2z 22 2\/§

(134)

iT]l = (Axx - Ayy) (135)
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The spin transfer coefficients

In this case some of the spin directions are fixed in the initial state as well as in the final state.
Assuming that only the incoming nucleon is polarized, the polarization of the outgoing nucleon in
the final state (denoted with primes) can, according to Eq. (126), be written as

3
P -1= (o), 1=1 (P/“” + ZPkK,i’) (136)

k=1

Here P, describes the polarization of the incoming nucleon beam and P/

outgoing nucleon as generated by the unpolarized nucleon beam (P, = 0)

is the polarization of the

P,(o) _ Tr (MMTO'[)

T T (MMY) (137

The polarization transfer coefficients K! provide information about the transfer of the incoming
polarization to the outgoing nucleon and are given by

s TIr (Mo M)
k= Tr (MM?Y)

The vector and tensor polarizations of the outgoing deuteron can be expressed in an analogous way

P -I1=1I, (P,'(o) +) PJ,’{) , Pl-I=I (P,;“” +> PkK,',") (139)
k k

Here the vector and tensor polarizations of the outgoing deuteron created in unpolarized nucleon-
deuteron scattering are

(138)

w0 _ Tt (MM'P)) w0 _ Tr (MM'Py)

= ;= 4
! Tr (MMt) ~ " Tr (MM?) (140)
and the nucleon to deuteron polarization transfer coefficients are
l,_TI' (MPMioy) K = Tr (MPyM'oy) (141)

KT Tr (MMt T TR T Tr (MMY)

Again parity conservation allows only the following coefficients to be different from zero: P‘{(O),
k¥, K¢, K, K¥, and K% for nucleon to nucleon transfers, and Py, Py, Py @, P,y @,
PO, k¥, K, KY, KX, KY, KXY, KYY, KX*, KX, KYY, K2, K2, and K}'%' for nucleon to
deuteron polarization transfers.

The spin correlation coefficients

In the past even more complicated spin observables for elastic proton-deuteron scattering were
measured with both protons and deuterons polarized in the initial state. In such a case on top of
already known quantities new terms defining the spin correlation coefficients C;; and Cy,; (see
Eq. (126)) arise:
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=1 (1 +Y PYAY + 1S PIAT + 1Y PRAx+ 1S PEPAC + §ZPk”P;jc,,,k> (142)
k k

Jk kil ki

with indices N and d referring to nucleon and deuteron, respectively. The spin correlation coefficients
are given by

C. = Tr (Mo, PM") _Tr (Mo PyM")
YT T (MMt T T T (MM
Again, parity conservation reduces significantly the number of nonzero coefficients to C,,, C,,,

Civvr Crzvs Crys Cazys Caxys Cyyys Cogyo Cx gy Cypy Coyzy and Cyy .
One also uses the notation, for instance § = —;C,,, and T = —3C,,, — C;,...

(143)

2.4.3. Spin observables in the breakup process
Let us now regard the breakup process. Here the spin state accompanying the outgoing wave in
Eq. (96) is (up to a constant which drops out)

8™ = 14 Y Nyal”, (144)
i J
where the spin basis for the three final nucleons is now
{140} = {Im1)|ma)|m3) } (145)
and where we introduced the notation
Ny = (¢°|Uol@) = (Al(pq|Uslgo}| ) (146)

for the breakup amplitude.
From Eq. (144) we read off the coefficients

(ap)” =) Nya)" (147)
j

which define the density matrix for the final state

(P =D Nulp)uNj (148)
ki

In comparison to Eq. (123) only the elastic amplitudes M, are replaced by the breakup amplitudes
Ny. Therefore all the expressions for the various spin observables given above remain formally the
same for the breakup process. Up to now only some vector and tensor analyzing powers, as well as
some spin transfer coefficients have been measured.

It should also be noted, that for the breakup process, in which two of the three final nucleons
are detected, one can consider either coplanar (all momenta including the beam momentum lie in
one plane) or non-coplanar configurations. In case of the coplanar geometries parity conservation
causes the observables to vanish which correspond to the ones vanishing in elastic nucleon-deuteron
scattering. However, for non-coplanar configurations parity conservation does not rule out any of the
spin observables. For the discussion of this interesting aspect we refer to {357,359].

This concludes the description of the basic formalism.
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3. Technical performance

We work in momentum space and in a partial wave representation. Partial wave projected states
|plm) are defined in relation to the full momentum states of Eqs. (79)-(80) as

é(p’ — .
(P'lp Im) = %p—)nm(p’) (149)
Then we can introduce states of total angular momentum in the two-nucleon subsystem as
lp (Is)jm) =" C(lsj, e m— p)|p lu)ls m— u) (150)
n

where |s m;) are states of total two-nucleon spin s = 0, 1. The motion of the third nucleon in relation
to that two-nucleon subsystem is described correspondingly by

lg (ADImy) =Y C(ASL pomy — w)lg Aw)ls my — ) (151)
um

States of total three-nucleon angular momentum are then given as
Ipg @) = |pg (Us)j (APT (JIIM (17)T M)
=N CUluM—wlp Us)jp)lg AT M — p) > C(H4T,v My —»)|t v)|; My —v)
’ ’ (152)

We added the isospin state to total isospin 7 and magnetic quantum number M coupled out of two-
nucleon isospin 7 = 0, 1 and the isospin % of the third particle. Summing over all discrete quantum
numbers and integrating over p and g one has a complete set of states in the three-nucleon space. Of
course the states |pq a) are orthonormalized:

8(g—4) d(p—p') 5

'qd ' |pga) = o (153)
(p'q o'|pg a) 7 o
The basic equation to be solved is (see Eq. (55))
T|p) = tP|p) + tPG,T|p) (154)

The state |¢) composed of a deuteron and a momentum state of the third particle is antisymmetric
in the two-nucleon subsystem. Thus its representation in the basis |pg a) requires not all states but
only the antisymmetric ones in that subsystem. This is simply achieved by restricting the two-nucleon
quantum numbers to

I+s+t= odd (155)

Since the operator zP is symmetric under exchanges of the particles in that two-nucleon subsystem
also the representation of 7P|@) needs only that subset of basis states. From Eq. (154) it then
follows trivially that this is true also for 7'|¢). Thus T|¢) is antisymmetric under exchange of the two
nucleons in that subsystem. This is of course required to guarantee the overall antisymmetrization of
the breakup amplitude in Eq. (56).
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To be specific let us number the two nucleons in that subsystem by 2 and 3 in the following.
Henceforth the decomposition of unity will always be

Z/dp pz/dq ¢ |pga)(pgal=1 (156)
0

where the condition (155) applies.
Let us now embark into the representation of Eq. (154) in the basis of Eq. (152). One gets in a
first step

(pgeiTi) = (paalip|6) + 3 S " (paalilp'd @) (p'd w|PIp"d" ") p"g"a" GeT 1) (15T)

The t-matrix element is relatively simple. The quantum numbers of the third particle are not affected
and the free propagator in the LSE for ¢ picks up just the eigenvalue of the kinetic energy of the
third particle. Thus

6 —_
(pgalt(E)|p'qda’) = (L,"q—)auﬁuf
qq
-~ 3 N AT ! 7’ !
x(p (Is)j (19T Myl7 (E— qu) P (s (#DT M) (158)

as follows from an easy algebra. The NN t-matrix 7 is to a very high degree of approximation diagonal
in spin s and isospin f, but at least in the state 'Sy (we use standard spectroscopic notation **+!/;) it
depends on the charge state of the two nucleons. Thus

Sax OS5y 8180 6M,MIZC(t T.v My —v)C (13T, v My —v)

voon_0g—q)
E —_
(pqa|t(E)|p'q'a’) = 7

. < 3 2 teqp .
x(p (Is)] tvlt(E—Z%q)lp (I's)jtv) (159)

Obviously » = 1,0, —1 refer to the pp, np and nn systems, respectively. Since we neglect the
Coulomb force throughout, there is no difference between pd and nd scattering and we can restrict
ourselves to nd scattering for instance, which has MT = —1. On the right hand side we encounter the
two-nucleon t-matrix depending on the energy E — q Wthh is the total energy minus the relative
energy of the third particle, on the relative momenta p and p’ and the discrete quantum numbers [,
I, s, j and t. Clearly / can be different from !’ due to the action of the tensor force.

Let us now just concentrate on the isospin features [516] and drop all other dependencies. Evalu-
ating the Clebsch-Gordan coefficients one gets

(093 =307 —3)=77

(155 =3y — =3 + 50,

(L = Labh3 - H=(ahi - Yabi -5 =42 (5 - i)

(AHE —Labi - b= + i) (160)
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We explicitly see the need of the 7' = 3/2 state in order to be able to distinguish between the 7' and
=1 interactions.

In reality only in the two-nucleon state 'S, charge independence breaking has been clearly estab-
lished experimentally, that is 7' + #='. As seen from Eq. (160) this will couple T = 3/2 states to
the initial 7 = 1/2 states. For certain observables the inclusion of T = 3/2 states is crucial, for others
not. This will be discussed in Section 6. Even neglecting 7 = 3/2 admixtures, the linear combination
et 4 3tf,;‘ from Eq. (160) can easily be taken into account without enlarging the set of coupled
equations. From now on we shall write Eq. (159) as

: 3
(pgajt(E)|p'q'a’) = 2a—q )8w6m8u 8w by Taw | PP E— 7-¢° (161)
qq' 4m

where @ includes the information IsjtT.

The matrix representation of the permutation operator requires more work. This is a purely geo-
metrical problem, though, and its solution is presented in [172]. There are various ways to evaluate
P, see for instance [237]. For Eq. (157) the most convenient form is

+1
d(p' —m) 6(p —m)
(p'qd &'|P|pgar) = / dx PED 1 P Gua(q'qx) (162)
21
with
m=\ @+ Lt +agx, m=1\/q+ 1gt+qq'x (163)
and
Gua(q'gx) = ZPk(x) 3o ghtegithghiEnt (164)
H+=l hi+l=l

The purely geometrical quantity g,.'; Kilshty g given in Appendix C.

Finally G, is of course diagonal w1th the eigenvalue (E + ie — (1/m)p*— (3/4m)q*) .
Equipped with all that we arrive at the following set of coupled equations:

= 1s _ 2
(pqa|T|¢) = (pqa!tP|¢)+ZZ/dq qIZ/dx & (P, 7T Eﬁl{ (3/4m)q?)

a  a

1 (mq'a"|T|¢)
E+tie—q'/m—q?/m—qqx/m @
It remains to display the driving term. We need ¢ in the basis of Eq. (152). It is an easy exercise to
arrive at

(165)

XGarar (qq'x)

(T
(pqa|tP|d) = /dx fsa (Pom, E - ——q)Z&,,,,,,d Gorar (g, oy X “"; 2)C;'f‘f”‘” (166)
2

where
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20+ 1
Cmam \/;C( ALL, Omy) C (110, mymy) (167)

and a, is the set of discrete quantum numbers which in the two-nucleon subsystem contains / = 0, 2,
s=1,j=1,and t = 0, the deuteron quantum numbers. We assumed that the initial relative momentum
q, points into the z-direction. Of course 7, and 7, are now defined through g and qy.

For each fixed total angular momentum J and parity Eq. (165) represents an infinite set of coupled
integral equations in the two continuous variables p and g. There are three sorts of singularities in
this set. The two-nucleon t-matrix #(p, p’, z) has a pole singularity for z = €,, the deuteron binding
energy, if the channel indices coincide with 3S; —* D,. Since the momentum g varies between 0 and
oo one hits that pole for a specific g-value for E above the deuteron threshold, which lies at E = €,,.
Clearly that singularity generates the elastic cut. Next there is the singularity of the free propagator.
The x-integration generates logarithmic singularities in the variable ¢’ whose positions move with q.
Finally the t-matrix 7 generates a square root singularity in g at ¢ = /(4m/3)E in the amplitude
{pqa|T|p). All that will be displayed in some detail in Section 4.

Let us now regard the set (71), (72) which includes the 3NF.

For larger computers than available right now (at least to us) the three-body operator ¢, driven by
the 3NF V, can be evaluated directly solving Eq. (65). This requires a tremendous amount of storage
resources and computer time. Then the solution of the set (71), (72) could be obtained directly as for
the simpler case without 3NF. Instead we have to use a perturbative expansion, where several orders,
however, have to be taken into account. This reduces the amount of necessary computer resources
substantially and then gets feasible. In zeroth order in V, the set (71), (72) is

TO =P +tPG,T”, TV =0 (168)
The contribution 7" and 7," of first order in V} is
TV =1GeT," + tPGTV, TV =Vy(1+ P) + V(1 + P)GoT® (169)

The integral kernel in the first of the Eqs. (169) is the same as in Eq. (168), only the driving
term has changed. This is very important from a numerical point of view.

Expanding 7, of Eq. (65) in powers of V, one easily finds the contribution of nth order in Vj to
be (n>1):

T = tGoT\" + tPGT™

Ty =Va(GoVa) ™' (14 P) + D Va(GoVa) ™' Go(1 + P)T" ™ (170)
k=1

This can be identically rewritten into a more convenient form, which requires only the amplitudes of
one order below the actual one (n > 2):

T, = ViGo(1 + P)T"™V + V,GoT," ™V (171)

Then the full amplitudes are

T=§:T“), n:ir;“ (172)
=0 i=0
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3 1 2 1 2 3 2 3 1

Fig. 2. The 7 — 7 exchange three-nucleon force. The shaded areas do not include the forward propagating nucleon.

The 3NF’s [97,406,100], based on the 7 — 7, m— p and p — p exchanges split naturally into three
parts according to the nucleon that undergoes (virtual) meson-nucleon scattering. Then V, has the
structure

Vi(l+P)=(1+P)V"(1+P) (173)
where V," is one of the three parts. Consequently we can write
TN =1+ P)TP, T =vV( + P)(14 G,T?) (174)
and for n > 2
T =(1+PYT", TP =V + PYGy(T" D + T ) (175)

The set of Eqgs. (172)-(175) is the one we employ.

The partial wave representation is analogous to the one displayed above for the zeroth order
(Eq. (168)) and we refer the reader to the detailed exposition in [235].

A new feature, however, is the partial wave representation of the 3NF itself, which requires some
explanation. The 7 — 7 exchange 3NF [97] is a prominent process and is depicted in Fig. 2. The
shaded area represents the full 7N off-the-mass-shell scattering amplitude except for the forward
propagating nucleon, which generates just an iteration of the one-pion-exchange among the three
nucleons and which is of course included in the NN force itself. The = — 7 Tucson-Melbourne 3NF
model [96,97] has the following form:

IR R 1
(k,k2k3|%(l)|k1k2k3) ——6(k, + ky + k3 —~ ki — 3)
(2m) my,
H(Q) H(Q'") ' ' ’
@ @ oo [“*bQ‘Q te (@0
+dTs X T 05-Q 03 Q' 01’(Q><Ql)} (176)
where
2\ /12',”«2 ’
H(Q") = <A2+Q2) (177

stands for the strong form factors at both ends of the pion lines. A is a suitable cut-off parameter
and a, b, ¢, and d are constants of the theory. The task is to present that form in the basis given
in Eq. (152). This leads to quite formidable expressions, which are outlaid in detail in [97] and
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[460]. Here we would like to point out only the most elementary structure, which illustrates already
the complexity [175].
Let us neglect spin- and isospin dependencies and keep only the meson-propagators

1 1
'q' |V |pg) = - 178
(Pd'\V,"|pq) Q2+M2Q 2+’u2 (178)
This corresponds in configuration space to a product of two (regularized) Yukawa potentials between
particles 1 and 2 and 1 and 3, which obviously is a 3NF. Now the pion momenta expressed in term

of the Jacobi variables are
Q=p-p -3;4-¢), Q=p-p+3(q¢-4) (179)

and one can see that the individual angular dependencies with respect to p, p’, g, and 4’ are buried
in the expression (178). Thus

(p'q ('XVL'M'|V{"|pg(IA) LM) = / dp' dg dp dq¥" (p'9)
1 1 IM s oA n
X x 2 . (PG)
p—p —3(q— ) + p—pP+3(g—q)) +u?
477' “noa
m” )’“*LZI s Hi,

L

@+ nt 2L + !
X Al . TA2
Mgﬂ.p PV i) M;-h \/ (223)1(2A4)!

x C (A1, 00) C(Ahl',00) C(A3l3A,00) C (Aul3A,00)

=81 Omm

S A V. (150
with
+1 + :
Hyun = /1 dx, / dx; /] AxsPy (5) Po(02) Py 05) g ey (18D)
and
A1=\/p2+p’2—2pp’xz, A2=\/q2+q'2—2qq’X3 (182)

One encounters unavoidably a threefold x-integral. Including the spin dependencies the expressions
get even more complicated and experienced programming is required in order to make the expressions
tractable in a reasonable time. This has been achieved [235,460].

4. Numerical algorithms and techniques

Though the number of equations in the set (165) is infinite the short range nature of the NN force
allows a very systematic truncation. For a given energy the two-nucleon t-matrix can be neglected
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beyond a certain total two-body angular momentum j.,,. Therefore under this assumption for a
given total three-body angular momentum, the number of discrete sets of a’s, called channels in the
following, is strictly finite. The concrete realization will be described in Section 6. As an example we
display in Table 1 a small subset of discrete quantum numbers hidden in the index a. In praxis the
number of coupled equations is of the order 60. This together with the two continuous variables p and
g, which require typically 30 and 40 grid points, respectively, leads to a matrix representation of the
integral kernel of a typical dimension 72000 x 72000. A direct inversion appears right now not to be
possible. Consequently we used an iterative procedure, which requires only matrix-multiplications and
where the integral kernel is built up for each iteration from pieces, which are evaluated beforehand.
See [511,103,236] for detailed information. Putting Eq. (165) into the form

T=T% +KT (183)
one gets the multiple scattering series by iteration

T=T? +KT? + KT+ KT + ... (184)
Obviously the different terms are generated recursively as

T™ =KT""  (n>1) (185)

The Born series

T=>T®" (186)
n=0

diverges for the state of total angular momentum and parity J7 = 1/2%, the quantum numbers of the
3N bound state. This is even true at ~ 100 MeV and beyond. For all other J” states the Born series
converges but rather slowly for J7 = 3/2*. Therefore it is mandatory to use an algorithm which
makes sense out of that divergent series and which provides a fast result in case of convergence.
The method of Padé approximants [33,493] turned out to be very convenient and very accurate. For
3N scattering it has been used the first time in [276]. As an example we display in Table 2 the
individual terms of the Born series, the partial sums up to a certain n and the Padé approximants to
that order. The example refers to J7 = 1/2+, the first channel from Table 1 and to p = 0.50 fm~' and
g = 0.43 fm~"'. Clearly the Born series is strongly diverging, whereas the series of Padé approximants
is beautifully converging. The second example in Table 2 is for J7 = 3/2*, where the Bom series is
slowly converging and the Padé approximants reach the final sum significantly faster. The examples in
Table 2 are based on the realistic NN force AV18 [507] and incoming nucleon lab. energy E = 22.7
MeV.

Let us now regard the singularities in the set (165). The deuteron pole 1/(z — €,) of f(z) carries
over to the amplitude T as is obvious from (165). Therefore it is advisable to define new quantities

(pgeT|¢) for o = a
(pqa|T|p) = { E+ie— (3/4m)q* — ¢, 4 (187)

~

T=T for a # a,

and
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Table 1
A subset of discrete quantum numbers « defined in Eq. (152) corresponding to J" = 1/2F.
No ! s j A ! t T J
1 0 0 0 0 1/2 1 1/2 1/2
2 0 0 0 0 1/2 1 3/2 1/2
3 1 1 0 1 1/2 1 1/2 1/2
4 1 0 1 1 1/2 0 1/2 1/2
5 1 0 1 1 3/2 0 1/2 1/2
6 0 1 1 0 1/2 0 1/2 1/2
7 0 1 1 2 3/2 0 1/2 12
8 2 1 1 0 1/2 0 1/2 12
9 2 1 1 2 3/2 0 12 12
10 1 1 1 1 1/2 1 1/2 1/2
11 1 1 1 1 3/2 1 1/2 1/2
faar s I,E"— 3/4m 2
) , 3 s (P P (/Z)q) for o = a
tac' (p,p,E—mQ)E E+l€—(3/4m)q — €q (188)
f=1f for a # a,
It results
Tl faw(pom, E— (3/4m)g)
A n aa’ \ P> T, - m)q
(pqe|T|$) = (pqa|iP|¢) +22/dq’ q”/dx —
a  a 0 2 1
X G (qq' x) !
aa (49 E+ie— g /m—q?/m—qqx/m
mqa"|T 1 . mqa’|T
% 50”ad< 2q ”| ) . . +5a,,adﬁw (189)
) E+ie— (3/4m)q* — €, s

The integral over ¢’ can be discretized in the usual manner using Gaussian quadrature points for
instance after an appropriate substitution. We cut off the integral at a value g = g, which is sufficiently
large to guarantee convergence and independence of that specific choice. The deuteron pole is then
treated by a standard subtraction technique. Much more delicate is the free propagator singularity.
One can rewrite the free propagator as

1 LA — (190)

E+ie— (1/m)(¢*+ q? + qq'x) T g x—xo— e

with
— 2 _ 4
_mE-g -4 (191)
99
For suitable ¢ and ¢’ values |xo| < 1 and we encounter a singularity in the x-integration. Collecting

the x-dependence of the other terms into f(x) one has the following structure treated again by
subtraction:

Xo
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Table 2

The Bom terms of Eq. (186), its partial and Padé sums. An element {pga|T|¢) for a =1, p = 0.50 fm~', g = 0.43 fm~'
at E =22.7 MeV has been chosen. The upper part refers to J = 1/2%, the lower part to J" =3 /2%, The realistic NN force
AV18 was used.

n 7 (p, q) ST (p, q) S0 T (p, q) Padé
1 16.026 — 29.292 i 16.026 — 29.292 i 16.026 — 29.292 i
2 10.134 + 54.000 i 26.160 + 24,708 i — 11.835 — 8.850 1
3 — 54.328 + 24.747 i — 28.168 + 49455 i — 13774 + 1.2111
4 -~ 55.570 — 54.848 i — 83.738 — 5.393 1 — 11.793 — 3429 i
5 44977 — 84.504 i — 38.761 — 89.897 i — 11.149 — 4964 |
6 120.522 + 18.136 1 81.761 — 71.761 i —11.047 — 4378 i
7 23.629 4+ 150.770 i 105.390 + 79.009 i — 10.894 — 4343 i
8 — 170.670 + 88.851 i — 65.280 + 167.860 i — 10.871 — 44761
9 - 172.330 — 169.791 i — 237.610 — 1931 i — 10.820 — 44321
10 134,710 — 272919 — 102,900 — 274.850 i — 10.813 — 44151
il 379.050 + 54.490 1 276.150 — 220.360 i — 10.818 — 44201
12 83.880 + 474.290 i 360.030 + 253.930 i — 10.817 — 4420 i
13 — 534.210 + 286.1301i — 174.180 + 540.060 i — 10.818 — 44201
14 — 551.600 — 526.114 1 — 725.780 + 13.946 i — 10.818 — 4420 i
15 412.620 — 865.716 i — 313.160 — 851.770 i — 10.818 — 4.420 1
16 1196.580 4 153.550 1 883.420 — 698.220 1 — 10.818 — 44201
17 285.780 + 1490.540 i 1169.200 + 792.320i — 10818 — 4420 1
18 — 1669.470 + 926.280 i — 500.270 4+ 1718.600 i — 10.818 — 4420 i
19 - 1762.030 — 1632.221 i — 2262.300 4+ 86.379 i — 10.818 — 44201
1 -~ 6291 — 7.546 i — 6.291 — 7.546 i — 6.291 — 7.546 i
2 0.504 — 0.732 i — 5.787 — 8.278 i — 6.074 — 7.999 j
3 — 0.821 - 0.527 1 — 6.608 — 8.8051i — 6414 — 8122 i
4 - 0.301 + 0.7391i — 6.909 — 8.066 i — 6.491 — 8.296 i
5 0.669 + 0.090 i — 6.240 — 79761 — 6.501 — 8.2761i
6 — 0078 — 0.593 i -~ 6.318 — 8.5691i - 6.524 — 8.283 i
7 — 0492 4+ 0.202 i — 6.809 — 8.367 i — 6.510 — 8.269 i
8 0.285 + 0.378 i — 6.524 — 7989 i — 6.5090 — 8.270 1
9 0.261 — 0.331i — 6.263 — 8320 — 6.509 — 82701
10 — 0.344 — 0.1501i — 6.607 — 84701 — 6.509 — 8.270 1
11 — 0.051 + 03301 — 6.659 — 8.140 1 — 6.509 - 82701
12 0.296 — 0.030 1 — 6.363 — 8.1711i — 6.509 — 8.270 1

f(x)

+1 +1
/dx——-—-—.=f(x0)/dx__1___‘_+ dx £~ f(x%)
J| X — xo — i€ J X — Xxg — i€ X — Xg — i€

(192)

-1

The first integral in Eq. (192) dropping f(x) leads to

+ im®(1 — |xp|) = In

lnll—X()
1+X()

¢ +@+q°—mE| | mE—q*—gq
s —¢—qi+me| PO\

(193)
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Fig. 3. The location of the logarithmic singularities in Eq. (193). Along the solid lines the logarithm is singular, in the
shaded area the @-function contributes.

and the second one, with the singularity removed, can be discretized conventionally. We always use
Gaussian quadrature. The logarithm in Eq. (193) gets singular along two lines in the g-g’-plane,
which form a moon shape region and which are displayed in Fig. 3. In the interior of that moon
shape the imaginary part in Eq. (193) is present. Except for g = 0, gz = vmE and ¢ = \/ AME = G
in the interval ¢ < g, the integral in ¢’ hits two logarithmic singularities. Their positions depend
on g and are known as the notorious moving singularities in every three-body problem [430]. We
treat them again by subtraction. One can also use special integration rules based on logarithmic
weight functions [103]. This obviously requires quadrature points which change with g. It appears
therefore unavoidable to interpolate the amplitude (7,q’a”’|T|¢) in the variable ¢’. We use a Spline
interpolation of the form

(@) =>_Sd) f(q) (194)

k=1

which is based on cubic Splines and has been worked out in [171]. The detailed and rather lengthy
layout of that whole subject of singularities can be found in [511,103,236].

The complicated x-dependence buried in 7; and 7, requires also an interpolation of the two-nucleon
t-matrix and the amplitude 7. Again we use the same Spline method.

The integration for ¢’ > .., does not require interpolation and is standard except for the deuteron
pole subtraction mentioned before.

Finally we mention that (pqa|T|#) behaves as

(pga|T\p) = A+ B\/ @2, — & (195)

for ¢ — @ma, from below. This follows trivially from the fact that the two-nucleon t-matrix has
exactly that behavior as a function of the subsystem energy (E — (3/4m)q?*). In the interpolation in
the variable q one has to take that into account by changing to the variable \/q2, — ¢* in a proper
interval below ¢,.,. For more details we refer the reader to {103,236].
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If one would have worked with Eq. (49) for the operator U the deuteron pole would have been
affected by the x-integration, too, which is introduced through the permutation operator P. Thus that
simple pole would have also been “smeared out” into logarithmic singularities. This is the reason,
why we work with the breakup operator 7 and its integral equation given in Eq. (55).

Since the moving logarithmic singularities are the main challenge to be overcome in solving
the three-body equations above the breakup threshold, we would like to finally mention a recent
investigation [237] which avoids that difficulty, but unfortunately aggravates the treatment of the
virtual pole position of the NN t-matrix in the state 'S,. For other three-body systems, which do not
have nearby t-matrix pole singularities, that new approach might be very profitable. Looking back
to Eq. (154), inserting intermediate states and exhibiting the deuteron pole as in Eqs. (187), (188)
one has

(pgalTip) = (pqeliP|¢)
1
I / n_n II
+Z§ Z {(pqelflp’'qd'a’)(p'qd'«'|P|p"q >E+ie__pn2/m_(3/4m)q”2
aallad a S A

The second part of the kernel on the right hand side contains only one pole. Instead of using the
form (162) of the permutation operator one can use another one. Altogether there are six different
forms corresponding to different momenta as arguments in the 6-functions and their possible usage
is discussed in [237]. Thus let us consider

8(p" — ) 8(g" — 72) x
(p'q|Plp"q"a") / ax 2 ‘;,,A,,ﬂ 2. G (p'g'x) (197)
with
7 = \[%pIZ + 19_6q/2 + %plqlx
i’r2=\/p12+ %ql2_p’q/x (198)

and G given in Appendix C. Then the second part of the kernel will become

+1
' " n 1 = = (ﬂl 7)’2&‘” ’Tl ¢>
f [P 6&”& /d Ga'a" T e A
i 2 (pqe| lpqa)E-{—ie—p“/m—(3/4m)CI’2 "_l * (P'q'x) t' )

(199)

Since the f-matrix is diagonal in g the free propagator has just a simple pole in p’ whose position
is determined by ¢, which can simply be treated by subtraction like in a two-body LSE. However
one faces a two-fold interpolation for 7.

Now the first part in Eq. (196) is the more interesting one. Using there also the same permutation
operator would introduce into the deuteron pole a x-dependence and consequently logarithmic singu-
larities. Therefore nothing would have been gained. The simple trick is now to write the product of
two poles as a difference of two terms



W. Glockle et al./ Physics Reports 274 (1996) 107-285 145

1 1
E+ie—p" /m— (3/4m)q"* E+ie— (3/4m)q" * - €,

1 1 1
_ _ 200
{E+ie—-p” 2/m— (3/4m)q"® E+ie— (3/4m)q”2—ed}p” 2im— ey (200)

Since €, < 0 the last factor is nonsingular and well behaved. The first part on the right hand side can
be treated as above using Eq. (197), which just leads to a simple pole. In the second part one can use
the first type of permutation operator given in Eq. (162), which does not affect ¢” and again one just
encounters a simple pole. This form has been applied in [237] to realistic calculations. Though the
programming is much simpler the code is more time consuming because of the two-fold interpolation.
However, the most serious drawback of that approach is the reliable control of the virtual state pole
in the 'Sy NN t-matrix. It lies on the second energy sheet and leads to a g-dependence

. 1
(pqa|T|$) = O (\/E_ (3/4m)q2+i\/|Ev|> (201)
where Ey, ~ —100 keV is the location of the virtual state in the second sheet. In the approach
described before, which we are actually using, that pole can be safely handled by cumulating a
sufficient number of quadrature points near ¢, = ,/%mE. In the approach avoiding logarithmic
singularities one has to put much more effort in treating that pole safely. The difficulties are caused
by the numerically small value of |Ey|. For more details we refer to [237].

5. Accuracy tests

Our internal tests lead us to the result that the observables, cross sections and spin observables
in elastic Nd scattering and the breakup process, have at most numerical errors of 1-2%. More
convincing for the readers, however, might be comparisons to the other work performed by other
groups using independent and quite different algorithms. Before we come to that we would like to
mention one simple test. A necessary requirement for having solved the 3N equations correctly is to
fulfill unitarity. The Faddeev equations as an exact framework have unitarity built in. The unitarity
relation for the elastic transition operator coupled to the breakup process can easily be derived from
Eq. (49):

(#1019~ (BIU1¢") = [ da(@,JU18)2mi5 (E~ - = e0) (44lU)

4m

2 2
+ [ dpda(golUsig) 26 (E -5 -31) (¢olUol¢) (202)

Choosing specifically ¢’ = ¢ one gets the optical theorem (see also Appendix A)

R
— I (|U19) =mkaom [ dal(@ VIS +4mm [ dpdacpdal(golUalé)

0
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Table 3
Verification of the optical theorem (203). 1; and L denote the two integrals on the right hand side of Eq. (203), /; the

left hand side.

Ep [MeV] I [mbarn] I [mbam] I + I,[mbam] I; [mbam]
10.0 0.2629 0.0433 0.3052 0.3053
22.7 0.1608 0.0707 0.2315 0.2319
65.0 0.0519 0.0688 0.1210 0.1215
180.0 0.0148 0.0615 0.0763 0.0760

3 1

(203)

= Zn:qo(—iﬁ T o1

We evaluated the forward scattering amplitude and the two integrals and verified Eq. (203) to be
fulfilled within less than 0.5%. Examples are given in Table 3 for various energies and using the
Bonn B NN force [321]. The numbers in Table 3 are fully converged with respect to the number of
partial waves.

A more detailed and independent test was to compare individual observables evaluated also by
other groups. In one study [102] we used approximations of finite rank to the Paris potential [310],
including all relevant partial wave NN force components. In other words the NN forces in all its
complexity has been involved (see Section 8.4). Since our algorithm is general we can use also these
finite rank forces without making use of their special feature. On the other hand that feature allows
to reduce the Faddeev equations to a coupled set of one-dimensional integral equations, which are
easier to solve than the two-dimensional ones we are using. Moreover the complex structure of the
moving logarithmic singularities can be avoided in these one-dimensional equations by rotating the
contour of integration to complex momenta. In that special form the Faddeev equations look quite
differently from ours and the comparison of 3N observables achieved by the two methods represents
a highly nontrivial test. We compared in [102] observables for elastic nd scattering obtained by our
method to the ones of the Graz-Osaka group using the one-dimensional equations. One example (the
tensor analyzing power T7,) is shown in Fig. 4. The agreement is essentially perfect.

In a second study [238] we compared elastic Nd phase-shift and mixing parameters below the
breakup threshold to results achieved in a totally different approach in configuration space. There
wave function components are written as a product of a short range correlation function and a part
which can be expanded in hyperspherical harmonics. That treatment is called the pair correlated
hyperspherical harmonic basis method and will be described in Section 8.3.

The partial wave projected S-matrix for elastic Nd scattering is defined through the asymptotic
behavior of the Faddeev component

b B = 3 o) S {5 b (hR X} 1

1=0,2 Al

1 o e L,
< (~3igep) [Buebire™ B = ST (204)

As shown in [238] that S-matrix is connected to the U-matrix of Section 2.2 via

J — 4, A —Ayyd
S/\']’,Al = 6/\!A6]1/ - §7T£Q0m£ U,\'l’,/\l (205)
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Fig. 4. A comparative study based on finite rank approximations of the Paris potential, see text. The solid line is our
momentum space result at E = 10 MeV, the crosses are the Graz-Osaka results.

where

U,{,,,‘A,EZ/dp'p’ch,,(p')/dpp2¢,(p)(p’qo(l'l)l(A'%)I'JM|U|pq0(ll)1(A%)IJM> (206)
Il

In Egs. (204) and (206) ¢, are the deuteron wave function components in configuration and
momentum space, respectively. Following Seyler [438] we used the channel spin representation,
which is based on the channel spin ¥

I=j,+sn (207)
and which requires the following recoupling:
o e 2 N T O Y A
J - s -1 2 NI~
Uinas= EEVIEC {5 B VI

The S-matrix given in Eq. (205) in the Al- or in the above introduced channel spin representation

1
z} Usorra (208)

-

1
is unitary below the breakup threshold. For the two parities 7 = (—)’*2 it is, except for J = 1, a
3 x 3 matrix describing the following couplings:

J J J
} Sigorty Srmpposyy Srpoey
S = (Svyaz) = | Sranpuziy Siapposrd Srapiussd (209)
J J J
Simporir Sispioent Sispiosn
In case of J =1 it is only two-dimensional. The S-matrix can be diagonalized
S =UTe¥ U (210)

where A is the diagonal matrix of eigen phases &, and the unitary matrix U can be chosen as
U=vwx (211

with
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1 0 0

U= (O cose sine) (212)
0 —sine cose
cosé 0 siné

w= ( 0 1 0 ) (213)
—siné 0 cosé
cosn sinp O

x= (—sinn cos 7 0) (214)
0 0 1

It is important to use a convention to built up U out of the three eigenvectors of S. In that respect
we refer to [238]. As examples we depict in Table 4 some eigen phases and mixing parameters
obtained with the realistic AV14 NN potential [ 505]. The agreement between our results and the one
achieved by the pair correlated hyperspherical harmonic basis method is essentially perfect. For the
complete survey see [238].

At the energy of the Nd threshold (incoming nucleon lab. energy E = 0) only the s-wave scattering
lengths survive, the doublet (3 = 1) and the quartet (3 = 2) ones. They are defined as the limits
go — 0 of the corresponding eigen phases

1
8:

2
50—')__a'q0

88 — —*a-qo (215)

We show various results in Table 5. The agreement among different groups is very good. Due to
the wrong *H binding energy given by the potentials used in Table S the doublet scattering length,
which is correlated to the *H binding energy, deviates from the experimental value of 0.65 + 0.04
fm [110]. We come back to that point in Section 6. The quartet case is less sensitive and theory
agrees reasonably well with the experimental value of 6.53 & 0.02 fm [110].

In case of the breakup process we had to be satisfied up to now with two somewhat restricted
comparisons. One is within our momentum space approaches. In Section 4 we showed that logarithmic
singularities can be totally avoided. This leads to a quite different kernel as defined in Eqs. (196)-
(200) of the corresponding Faddeev equation in comparison to the one given in Eq. (189) we
normally are using. Since that alternative method runs into difficulties in treating the 'S, virtual pole
singularity we dropped that force component totally, but kept all others up to j,.., = 2. Again the Bonn
B NN force has been used. The agreement for elastic and breakup observables using both methods
was very good. For breakup the nn QFS posed the most difficult task and the maximal difference
there was up to 3%. That can be reduced if necessary by increasing the number of discretization
points. We refer the reader to the detailed presentation in [237].

The other comparison [156] is for the breakup amplitude in a model calculation using the Malfliet-
Tjon (MT) spin-dependent s-wave NN forces [324]. The comparative study was a configuration
space solution of the Faddeev equations (see Section 8.1 for a brief description of that method). In
configuration space the Faddeev component has the following asymptotic form

ei\/ mEp

‘Pd(r)+A(§)W+... (216)

singoR
, R) ~
Y(r,R) R
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Table 4
Comparison of nd eigen phase shifts 8{2 and mixing parameters (in degrees) determined in our momentum space Faddeev
method (Bochum) and in the pair correlated hyperspherical harmonic basis method (Pisa).

Eip =1 MeV Ejap =2 MeV Ep =3 MeV
JH 85 Bochum Pisa Bochum Pisa Bochum Pisa
1/2* 83 ~0.999 -1.00 257 -2.58 -3.91 391
810 ~17.8 -177 —28.0 -279 -349 ~349
n 1.03 1.04 1.20 1.21 1.25 1.26
1/2- 8y, —4.20 —-4.20 —6.66 —6.67 ~7.54 ~7.54
83, 12.4 12.4 20.5 20.5 25.0 25.0
€ 3.73 3.73 5.37 5.38 7.23 7.24
3/2* 83, 472 —472 ~-613 -61.3 -70.5 -70.5
81, 0.579 0.579 1.54 1.55 241 2.42
53, ~1.07 ~1.08 27 —277 —422 ~4.22
€ 0.651 0.651 0.716 0.717 0.779 0.783
£ 0.544 0.546 1.01 1.01 1.43 1.44
7 —-0.113 —0.113 —~0.246 —0.245 -0.386 ~0.385
3/2° 833 0.124 0.125 0.502 0.501 0.942 0.943
81, ~4.14 -4.15 ~6.50 ~6.52 -7.21 —-725
81, 143 143 227 22.7 26.3 26.3
€ —~1.31 -1.29 —1.96 ~1.94 ~-2.75 -272
£ ~0.186 -0.182 ~0.273 —0.272 —0.265 ~0.268
n —1.11 -1.10 ~2.30 ~2.30 —-3.78 -3.77
5/2* 834 -0.0153 —0.0151 —0.0923 —0.0926 —0.211 ~0.211
81, 0.574 0.575 1.53 1.53 2.38 2.38
83, ~1.14 ~1.14 —~2.98 -298 —-4.57 -4.57
€ —0.286 —0.285 —0.306 -0.311 ~0.323 —0.331
£ —~0.286 -0.287 —-0.516 —0.520 —0.727 —0.733
7 —0.873 ~0.872 —~1.58 -1.58 -2.17 -2.16
5/2~ 81 13.4 13.3 220 219 26.3 26.2
81, —0.0644 —0.0645 —0.258 ~0.258 ~0.478 —0.477
814 0.130 0.131 0.523 0.523 0.969 0.969
€ 0.470 0.467 0.493 0.491 0.518 0.513
£ 0.417 0.416 0.734 0.732 0.993 0.993
n -0.132 —0.132 —0.258 ~0.257 —0.365 —0.364
7/2% 81 -1.06 —-1.06 —2.73 —~2.73 ~4.14 —4.15
814 0.00792 0.00783 0.0480 0.0481 0.110 0.110
834 —-0.0160 —-0.0159 —-0.0966 —0.0969 ~0.220 —-0.219
0.377 0.361 0.383 0.383 0.367 0.370

€
3 0.452 0.453 0.838 0.846 1.21 1.21
7 —0.152 -0.152 -0.317 -0.318 —0.484 —0.490
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Table 5
nd doublet and quartet scattering lengths for NN forces only. (cd denotes charge dependence of the potential; in all these
cases the NN forces were kept up to jmax = 4.)

Potential 2a [fm] ‘a [fm]
Bochum [86] [270] [271] Bochum [86] [270] [271]
MT I-III 0.70 0.70 6.45 6.44
RSC 1.520 6.302
AVl4 1.19 1.20 1.196 6.39 6.372 6.380
AV18(cd) 1.27 1.27 6.33 6.33
Nijm93(cd) 1.20 6.35
Nijml(cd) 1.15 6.32
Nijmll(cd) 1.24 6.35
Reid93(cd) 1.22 6.34
CD-Bonn(cd) 0.924 6.35
Table 6
Doublet breakup amplitudes A(8) of Eq. (217) for nd scattering in units of fm's/ 2, The format is x.xx[n]&x.xx 10"
Re A(9) ('So) Im A(6) ('So) Re A(8) (381) Im A(8) (O8))
6 Bochum LA/Iowa Bochum LA/Iowa Bochum LA/lowa Bochum LA/Iowa
0° 4.99[—-1] 5.01[-1] 5.56[—1] 5.56[—-1] —-1.17[-2] -—1.30[-2] 2.64[—1] 2.63[-1]

10° 4.92[-1] 4.94[—-1] 591[-1] 591[-1] 1.48[-2] 1.33[-2] 266[-1] 2.66[—1]
20°  4.58[—1] 4.59[-1] 6.70[—1] 6.70[—1} 1.00[—1] 1.00[—1] 2.85[—-11 2.85[-1]
30°  3.63[—1] 3.62[—1] 6.67[—1] 6.66[—1] 2.37[-1] 242[-1] 3.67[—1]1 3.70[-1]
40°  2.18[-1] 2.19(~1] 4.63[—1] 4.63[-1]} 3.85[-1] 3.85[—-1] 5.39[—-1] 539[-1]
50°  8.73[-2] 8.78[-2] 2.09{-1] 2.09[-1] 5.06[—1] 5.07[-1] 7.23[-1] 7.23[-1]
60° —-3.50[-2] -3.50[-2] -2.53[-2] -—-257[-2] 6.19[-1] 6.20[—1] 933[—1]1 9.34[-1]
70°  =2.10[-1] -2.10[-1] —298[-1] -—2.99{-1i] 7.00[-1] 7.00[—-1] 1.25[0] 1.25[0]
80° —-7.05[—-1] -7.05[-1] -8.14[-1] -—8.14[—1] 5.67[—1] 5.69[—1] 1.70[0]) 1.70[0]
90° —4.45[0] —4.46[0] 1.63[0] 1.63[0] —8.54[-2] —852[-2] 1.83[0] 1.83[0]

where the scattered elastic waves have been ignored. The hyperspherical (polar) coordinates p and
£ are defined as in Section 2.4. The breakup amplitude A(£) is connected to the (on-shell) breakup
amplitude T introduced in Section 2 and Eq. (165):

47\ *? /4
A(¢) = (—3-) (mE)? ¢™* go (pq|T|¢) (217)

where (1/m)p*+ (3/4m)q* = €, + (3/4m)qg3 = E

As an example we display in Table 6 the two doublet amplitudes of the Los Alamos-Iowa group
in comparison to ours for E,;, = 42.0 MeV. The agreement is essentially perfect. For more results see
[156] where also various breakup cross sections have been displayed, which perfectly overlap.

Our results for phase shifts in nd scattering above the breakup threshold could be compared up to
now only for the MT model potential. The perfect agreement between our and the Los Alamos-Iowa
results is demonstrated in Table 7. See also [155] for comparison with other methods.

This concludes the comparison of our results to the ones of other groups and techniques.
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Table 7

nd elastic scattering phase shifts and inelasticities based on the MT potentials.

14.1 MeV doublet Bochum LA/lowa
Re(8) 105.50° 105.48°
n 0.4649 0.4648

14.1 MeV quartet

Re(68) 68.96° 68.95°
n 0.9782 0.9782
42.0 MeV doublet Bochum LA/lowa
Re(8) 41.37° 41.34°
n 0.5022 0.5024

42.0 MeV quartet

Re(6) 37.71° 37.71°
n 0.9033 0.9035

6. Comparison of theory and experiment

In the first attempt we choose a 3N Hamiltonian with only two-body forces. The two-body forces
are taken to be the unmodified NN interactions acting between two isolated nucleons. There are several
so-called realistic NN forces in the literature, purely phenomenological ones and forces which are
linked to meson theory. Up to very recently the most prominent representatives were the Paris [310],
the Nijmegen [349], the AV14 [505] and the Bonn B [320,321] potentials. The Bonn B and the
Nijmegen interactions are of the OBE type, the Paris interaction has a background in dispersion
relations and the AV14 potential is essentially phenomenological with a one pion exchange tail.
These potentials give a fairly good description of the NN data, but in detail one finds that their NN
phase-shift parameters differ quite a bit. We shall be more quantitative later and show that these
on-shell differences show up clearly in some of the 3N observables. This blurs the aim of the whole
study, since ideally one would like to answer the question, whether one can see clearly defects in
that most simple choice of the Hamiltonian, choosing just unperturbed NN forces. Therefore on-shell
deficiencies should be absent. An important step forward in that respect occurred very recently and
was connected to the most recent phase-shift analysis (PSA) of the Nijmegen group [466] performed
between 0 and 350 MeV for the pp and np systems. In [277] a PSA based on np data alone using
information from energies up to 500 MeV was announced. They claim that the available 2N data
constrain the NN phases in a multi energy PSA very well leading to very small error bars (less than
1%) for the “experimental” phases. Adjusted to those phases and to the 2N data appeared now some
new potentials: the AV18 [507], Nijmegen93 and three new phenomenological potentials Nijmegen I,
IT and Reid93 [467]. They all are charge dependent and have a x* per degree of freedom very close
to 1 (with the exception of Nijmegen93, which is less perfect), in contrast to the older NN potentials
mentioned before with a y? of &~ 2-4. Also Bonn B has been updated to CD Bonn and achieved
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X* ~ 1 [322]. Thus five new NN potentials are now available with a perfect y? and predictions from
the corresponding 3N Hamiltonians will be now more conclusive than before. Possible deviations to
experimental 3N data can no longer be attributed to defects in the description of the NN data. If they
will occur they have to be either caused by wrong off-shell behavior or 3NF effects, which includes
changes of NN forces due to the presence of the third nucleon. We display in Table 8 examples of NN
phase shifts for the various potentials and compare them to the values of the Nijmegen PSA and the
Arndt PSA [26-28,417]. Unfortunately the two PSA’s do not agree sufficiently well. The necessary
theoretical assumptions entering into the multi-energy PSA’s differ in the two approaches. In the
Nijmegen approach the NN force is parametrized for each partial wave between 0 < r < 1.4 fm by
energy dependent constants and for r > 1.4 fm a potential is chosen consisting of an electromagnetic
part and a nuclear part. The electromagnetic part comprises the Coulomb potential, the magnetic
moment interaction and the vacuum polarization potential in case of pp and for np it is the magnetic
moment interaction only. The nuclear part has the OPE tail, allowing for different pion masses, and
the intermediate range force given by heavy boson exchanges in form of the Nijmegen 78 potential
[349]. Moreover the latter one is modified by an overall multiplication factor in order to allow for a
more perfect fit to the NN data. One can say a NN force model is fitted to the data and interrelates the
information from all energies. In the Virginia Polytechnic Institute and State University (VPI-SU)
approach by Arndt and coworkers [26-28] the NN phase shifts are parametrized in terms of an
energy dependent K-matrix, which consists of an OPE part and a sum over contributions resulting
from Yukawa forces of different ranges with free adjustable strength constants. The discrete ranges
are replaced by continuous mass distributions in the more recent analysis.

In both analysis the high partial wave phase shifts are taken from the OPE; the Nijmegen analysis
introduces in addition an intermediate range of j-values, where the phases are not freely adjusted but
taken from the Nijmegen NN potential prediction.

The amount of 2N data and their precision is not good enough to unambiguously carry through
a single energy PSA. Thus there appears to be still room for some doubts, whether the present day
“experimental” NN phase shifts are the final and true ones, since they necessarily depend on the
choice of the parametrization of the energy dependence in the multi-energy analysis. We come back
to that point later.

Looking again into Table 8 we see that the phases of the Arndt group deviate from the ones of the
Nijmegen group rather strongly, for instance in !P; and €, up to nearly 30%, in 3P states up to 6%
and in 'D; up to 10%. Since the newest potentials addressed in Table 8 are also fits to the NN data
directly, they can be considered as other PSA’s and they can equally well be claimed to be the "true”
phases of the NN systems. Thus there are still ambiguities in modern PSA’s. The table reveals that
there are very significant deviations among these phases and in relation to the Nijmegen and Virginia
PSA’s. For €, ' P}, 3D, *Py, *P, and ' D, these deviations are often 3-8% and sometimes even higher.
This does not include the energy ranges, where phases cross zero, of course, and where the deviations
can be much larger; also around 200 MeV and higher the deviations are quite large. All that tells that
the very basic requirement for nuclear physics, the "true” NN phases and correspondingly adjusted
NN potentials, leaves still room for improvements. Nevertheless the optimal y? value very close to 1
for the newest five potentials is a significant improvement over the previous situation.

In solving the Faddeev equations the action of the NN force has still to be truncated to the dominant
lower partial waves, up to a certain total two-nucleon angular momentum j,,,. By increasing j,,, we
checked that the changes in observables caused by that truncation stay well below the experimental
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Table 8
Selected NN phases for various NN forces in comparison to the results of the Nijmegen and Virginia phase-shift analysis.

Eip [MeV] Nijm PSA Amdt PSA Nijm 93 Nijm I Nijm II Reid93 AV18 CD-Bonn

lS(] l‘lp

1 62.069 62.156 62.065 62.113 62.087 61.892 62.015 62.078
2 64.465 64.573 64.460 64.533 64.491 64.202 64.388 64.478
3 64.656 64.762 64.650 64.740 64.686 64.334 64.560 64.671
5 63.627 63.708 63.619 63.735 63.663 63.884 63.503 63.645
10 59.96 60.00 59.94 60.10 59.99 59.46 59.78 59.97
20 53.57 5377 53.54 53.72 53.58 53.05 53.31 53.56
30 48.49 49.00 48.42 48.61 48.44 48.02 48.16 48.43
50 40.54 41.66 40.38 40.56 40.35 40.18 40.09 40.37
100 26.78 27.86 26.17 26.44 26.18 26.32 26.02 26.26
200 8.94 7.86 7.07 8.27 7.92 7.83 8.00 8.14
300 —4.46 ~5.55 -7.18 -4.43 —4.84 -5.17 —4.54 —4.45
'So pp

| 32.684 32.591 32.817 32.798 32.804 32.795 32.682 32.788
2 45.637 45.466 45.836 45.769 45.782 45.754 45.605 45.712
3 51.003 50.730 51.252 51.147 51.164 51.124 50.948 51.055
5 54.832 54.366 55.154 54.989 55.012 54.957 54.744 54.857
10 55.22 54.42 55.67 55.39 55.42 55.36 55.09 55.22
20 50.94 50.02 51.58 51.11 51.15 51.12 50.78 50.93
30 46.51 45.87 47.29 46.67 46.71 46.72 46.34 46.48
50 38.93 38.98 39.76 38.88 38.90 39.00 38.78 38.90
100 24 .99 25.67 26.15 24.93 24.89 25.07 25.01 24.96
200 6.55 6.44 7.45 6.64 6.55 6.60 6.99 6.67
300 —-6.15 —-6.40 —6.62 —6.20 -6.13 —6.11 —~5.64 —-6.15
APy np

1 180 190 182 178 177 177 .180 177

2 480 .506 488 476 473 474 483 474

3 .836 876 851 831 824 826 .843 826

5 1.626 1.690 1.660 1.617 1.604 1.611 1.643 1.608
10 3.65 3.74 3.75 3.64 3.61 3.64 3.71 3.62
20 6.95 7.06 7.14 6.96 6.90 7.00 7.10 6.92
30 9.04 9.23 9.27 9.09 9.02 9.21 9.26 9.04
50 10.70 11.16 10.81 10.81 10.76 11.13 10.99 10.79
100 8.46 9.42 7.87 8.57 8.65 9.22 8.69 8.70
200 —1.44 -1.39 —-3.21 —1.60 —1.42 -.74 —1.43 —1.31

300 -11.47 —-12.62 —13.38 —11.46 -11.43 -10.57 —11.06 —11.23
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Eigp [MeV] Nijm PSA Arndt PSA Nijm 93 Nijm [ Nijm II Reid93 AV18 CD-Bonn
Py pp
1 134 .140 137 134 133 133 136 134
2 416 431 425 415 412 412 421 415
3 769 792 7187 .768 763 763 780 768
5 1.582 1.612 1.621 1.580 1.568 1.570 1.607 1.580
10 3.73 3.73 383 3.73 3.70 371 3.80 3.73
20 7.28 7.21 7.50 7.29 7.23 7.28 7.45 7.29
30 9.58 9.52 9.83 9.61 9.53 9.64 9.81 9.60
50 1148 11.67 11.62 11.55 1148 11.67 11.75 11.56
100 945 10.35 8.88 9.50 9.55 9.79 9.61 9.63
200 -.37 .14 -2.14 —.63 -47 -.32 -.50 —.38
300 —-10.39 —-10.78 —12.30 —10.49 —10.49 —10.29 -10.17 -10.33
P np
1 ~.187 —.175 -.186 —.189 —.190 -.187 —.190 —.189
2 —.482 —.449 — 477 —.486 —.490 —.480 —.489 —.487
3 —.810 -.753 —.802 —.818 —.824 —.808 —.823 —.818
S —1.487 —1.375 -1.471 —1.502 —1.515 —1.484 —1.514 —1.503
10 -3.04 -3.77 -3.00 —-3.08 -3.11 —3.04 —~3.11 -3.08
20 —-5.40 -4.78 —5.31 —5.48 -5.55 -543 —-5.54 -5.47
30 -7.11 —-6.24 —-6.97 -7.23 -7.34 —~7.20 -7.31 -7.19
50 -9.67 —-8.60 -9.42 —-9.80 -9.96 -9.89 —-9.85 -9.69
100 —14.52 —13.74 —13.96 —14.42 —14.59 —14.91 —-14.20 —14.15
200 —22.18 -21.94 -20.77 —21.51 -21.52 —22.15 —-20.79 —-21.34
300 —27.58 —-27.28 —24.87 —26.52 —26.43 —26.69 —26.28 —-27.52
351 np
1 147.747 147.781 147.768 147.757 147.747 147.731 147.749 147.748
2 136.463 136.488 136.495 136.476 136.461 136.442 136.465 136.463
3 128.784 128.788 128.826 128.798 128.780 128.760 128.786 128.783
5 118.178 118.129 118.240 118.193 118.171 118.152 118.182 118.175
10 102.61 102.41 102.72 102.62 102.59 102.59 102.62 102.60
20 86.12 85.67 86.35 86.11 86.08 86.12 86.16 86.09
30 76.06 75.46 76.40 76.00 75.98 76.06 76.12 75.99
50 62.77 62.12 63.36 62.64 62.62 62.78 62.89 62.63
100 43.23 42.98 44.33 42.98 42.95 43.18 43.51 42.93
200 21.22 20.88 22.82 21.08 20.98 21.31 21.94 20.88
300 6.60 5.08 8.44 7.00 6.90 7.55 8.13 6.70

errors. If not otherwise stated j,., is chosen to be three. Only at the highest energies (about 100
MeV and higher) we could see significant effects of the NN forces in the states j = 4. Thus the
results to be displayed now can be considered to be the "full” predictions of the various NN forces.

Quite a few results of recent years, achieved with the help of the “older” generation of NN forces,
are to a large extend reviewed in [177,178,180,519,261,183,184,187].
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Table 8 — continued

Eups [MeV] Nijm PSA Armndt PSA Nijm 93 Nijm 1 Nijm I Reid93 AVI8 CD-Bonn

]Dl np

1 -.005 —.004 —.005 —-.005 —.005 —.005 —.003 —.005
2 —.026 —-.020 -.025 -.026 —.026 -.025 —.018 —.026
3 —.063 —.049 —.062 —.063 —.063 —.062 —.052 —.063
5 —.183 —.144 -.182 —.183 —.183 —.181 —.167 —.184
10 —.68 —.55 —.67 —.68 —.67 -.67 —.65 —.68
20 —-2.05 -1.76 —2.02 -2.05 -2.05 -2.01 -1.99 —2.06
30 —3.55 -3.17 -3.50 -3.56 -3.55 -3.49 —3.46 —3.58
50 —-6.43 —6.01 -6.32 —6.45 —6.45 -6.31 —6.28 —6.49
100 —-12.23 —11.91 —-11.99 —12.26 —-12.31 —12.07 —-12.04 -1237
200 -19.71 -19.12 —19.52 —19.62 —19.85 —19.46 —19.82 -19.79
300 —-24.14 —22.86 —24.36 -24.21 —24.26 —23.64 —24.83 -24.03
€ np

1 105 109 104 104 .104 .104 .106 105

2 253 .262 250 251 .249 .249 252 254

3 402 414 .396 .399 .396 396 399 403

5 672 .683 661 .667 .660 660 .664 674
10 1.16 1.16 1.14 1.15 1.13 1.14 1.14 1.16
20 1.66 1.78 1.61 1.64 1.61 1.61 1.63 1.66

30 1.89 2.26 1.81 1.87 1.81 1.83 1.87 1.90
50 2.11 2.89 1.97 2.09 2.00 203 2.11 2.12
100 242 3.26 2.16 244 225 2.36 2.52 245
200 3.13 3.22 2.86 3.27 3.03 340 3.43 3.22
300 4.03 441 4.00 4.10 4.12 4.74 443 4.04
3P1 np

1 -.108 —.108 —.105 -.108 —.107 —.107 -.107 —.108
2 —.286 —.286 —-.277 —.284 —.283 —.283 —.283 —.284
3 —.491 —.492 —.476 —.489 — 487 —.487 —.486 —.489
5 —.937 —.941 -.907 -.933 —.928 -.929 —-.927 —.932
10 -2.06 -2.07 -1.99 -2.05 -2.04 -2.05 —2.04 -2.05
20 —-4.03 —4.01 —3.88 -4.02 —4.00 —4.01 -3.99 —4.01
30 -5.65 —5.56 —-5.45 -5.63 —5.61 —5.63 —5.58 —-5.62
50 —8.25 —-8.01 -8.02 -8.25 —8.24 -8.26 -8.15 —8.23
100 —13.24 —-12.83 —-13.17 -13.30 —13.33 —13.38 -13.07 —13.23
200 —-21.30 -21.32 -21.33 -21.41 —21.38 —-21.55 -21.22 -21.25
300 —28.07 —28.67 —27.68 —28.17 —27.85 —28.31 —28.49 —28.08

6.1. NN force picture only

6.1.1. Total cross section
Experimental results are compared to various NN force predictions in Table 9. We see that there
is negligible dependence on the choice of NN forces (differences less than 1-3%) and therefore we
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Table 8 — continued

Ejap [MeV} Nijm PSA Amdt PSA Nijm 93 Nijm I Nijm 11 Reid93 AV18 CD-Bonn

*Pi pp

1 —.081 — 082 079 — 081 — 081 — 081 — 081 ~ 081
2 — 247 251 — 241 —246  —.0245 —246  —246  —247
3 — 450 ~ 458 _438 - 448 446  —447  —447  —450
5 —.902 ~ 920 - 877 —.898 ~894 896  —896  —.901
10 —2.06 ~2.10 —2.00 —2.05 ~204  —2.05 —2.05 ~2.06
20 —4.07 —4.13 -394 —~406  —-404  —4.05 —404  —4.07
30 571 —5.73 ~5.52 -5690  -567  —568  —566  —571
50 832 ~8.23 —8.10 -8.31 -830  -830  —823 -8.32
100 ~13.26 ~13.09 —13.19  —1330 —-1333  —1330 —13.11 —13.28
200 —21.25 ~21.52 2127 —2132  —2129 —2126 -21.16 —21.20
300 —27.99 —28.79 2757 2802 2771 —2786 —2837 —2197
'D, np

1 001 001 001 001 001 001 001 001

2 006 006 006 006 006 006 006 006
3 014 014 014 014 014 014 014 014
5 042 042 042 042 042 041 042 042
10 16 16 16 16 16 16 16 16
20 49 A8 49 50 49 48 49 49
30 88 85 88 89 88 87 88 89
50 1.73 1.62 1.71 1.72 1.72 1.69 1.70 1.72
100 3.90 3.53 375 3.83 3.85 3.79 3.81 3.86
200 7.29 7.01 6.88 743 738 7.26 7.30 745
300 9.69 9.95 8.77 9.82 973 9.63 9.43 9.75
'Ds pp

1 001 .001 001 001 001 001 001 001
2 005 006 005 006 005 005 .006 005
3 014 014 014 014 014 014 014 014
5 043 044 044 044 044 043 044 044
10 17 17 17 17 17 16 17 17
20 51 50 51 51 51 50 51 51
30 89 87 89 90 89 88 90 90
50 1.71 1.62 1.70 171 1.70 1.68 1.73 1.72
100 3.79 3.46 3.67 373 375 371 3.84 378
200 7.06 6.83 6.69 7.20 7.15 7.08 7.37 7.28
300 9.42 9.68 8.52 9.52 9.42 9.40 9.52 9.54

saved computer time and did not calculate all cases in the table. The agreement with the data is
excellent and well within the error bars. A pictorial overview is given in Fig. 5, where for the sake
of a better presentation at each energy always only one potential prediction has been included. The
stability of that dynamical picture under exchange of the NN force is an important fact to be noted.
We shall see that this remains essentially true for all observables, not only integrated ones. It is also
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Table 8 -— continued

Eip [MeV] Nijm PSA Amdt PSA Nijm 93 Nijm I Nijm II Reid93 AV18 CD-Bonn

3P np

1 .022 022 024 .022 .022 .022 022 .022
2 .062 064 .069 .063 .063 064 .064 .064
3 115 118 .128 A17 116 118 119 118
5 251 .267 276 254 252 256 257 255
10 71 73 71 1 71 72 72 T2
20 1.90 1.94 2.01 1.91 1.90 193 1.91 1.92
30 3.24 329 3.36 3.25 3.24 3.30 3.24 3.26
50 5.89 5.98 5.92 5.88 5.87 6.00 5.86 5.91
100 10.94 11.31 10.67 10.89 10.88 11.20 11.00 10.98
200 15.46 16.49 15.51 15.48 1542 16.01 15.86 15.62
300 16.95 17.76 17.02 17.08 16.99 17.34 16.91 17.04
*P; pp

1 014 013 015 014 .014 .0l4 014 .014
2 .046 045 .051 .047 .046 .046 .047 047
3 092 091 102 .093 .092 092 .094 093
5 214 212 236 217 216 215 219 217
10 .65 .64 .70 .66 .66 .65 .66 .66
20 1.83 1.80 1.93 1.84 1.83 1.83 1.83 1.84
30 3.17 3.11 3.29 3.18 3.17 3.16 3.16 3.18
50 5.85 5.73 5.89 5.85 5.84 5.83 5.79 5.84
100 11.01 10.95 10.75 10.96 10.97 10.97 10.98 10.97
200 15.63 16,03 15.70 15.65 15.63 15.63 15.91 15.68
300 17.17 17.26 17.28 17.26 17.21 17.15 17.01 17.12
3Fy np

1 .000 .000 .000 000 .000 .000 .000 .000
2 .000 .000 .000 .000 .000 .000 .000 .000
3 000 .000 .000 .000 000 .000 .000 .000
5 002 002 002 .002 .002 002 .002 .002
10 01 .01 .01 .01 .01 01 01 .01
20 .06 .06 .06 .06 .06 .06 .05 .06
30 13 .14 13 A3 13 A3 12 12
50 .30 34 32 31 31 .30 .28 .29
100 76 83 .84 .76 77 a5 .67 .68
200 1.33 1.21 1.26 1.28 1.31 1.27 1.15 1.15
300 1.19 .89 44 1.06 1.14 1.12 77 1.18

interesting to see how the 3N observables are built up out of the various NN force components. To
that aim we performed separate calculations, where the NN force was truncated to act only in the
states 'Sy and 3§, —* D, (called “s-waves” in the following), in all states up t0 jmex = 1, jmax = 2,
Jmax =3 and j,., =4, respectively. The result of such an investigation for o, is displayed in Fig. 6.
The relative changes in relation to the value of o, calculated with j,,, = 3 are shown. One sees that
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Table 8 — continued

Eip [MeV] Nijm PSA Amdt PSA Nijm 93 Nijm I Nijm II Reid93 AV18 CD-Bonn

*F pp

1 .000 .000 .000 000 000 .000 .000 .000

2 000 000 .000 .000 000 000 .000 000

3 .000 .000 .000 .000 .000 .000 .000 .000

5 .002 .002 .002 .002 .002 .002 002 .002
10 .01 .01 01 01 .01 .01 01 .01
20 .07 07 07 07 07 .07 07 07

30 15 .16 15 15 15 .15 .14 .14
50 34 .38 36 34 34 34 32 32
100 82 90 90 .82 83 81 3 74
200 1.42 1.31 1.36 1.39 1.42 1.36 1.24 1.24
300 1.34 1.00 .59 1.20 1.29 1.25 90 1.29
€2 Ip

1 —.001 .000 ~.001 —~.001 -.001 -.001 —-.001 —.001
2 -.007 —-.015 —.007 -.007 —.007 —-.007 -.007 —.007
3 -.016 —-.018 —.016 -.016 -.016 —-.016 -.017 -.016
5 —.049 —.048 —-.049 -.049 —.049 —.048 —.049 —.049
10 —.18 -.18 —.18 -.18 —.18 —.18 -.19 -.18
20 —.56 —.55 -.56 -.55 -.55 -.55 —.56 -.56
30 -95 -.92 -.96 —.94 —-94 -94 -97 -95
50 —1.63 —-1.57 —1.66 —1.61 —-1.62 —1.60 —1.68 —1.63
100 —2.58 -2.50 -2.67 —2.54 —2.54 —-2.54 -2.69 -2.62
200 -2.70 -2.73 -2.77 -2.73 -2.71 -2.19 -2.82 -2.76
300 -2.30 —-2.13 -1.91 -2.36 -2.35 -2.36 -2.21 -2.05
€2 pp

1 -.001 .000 —.001 -.001 —.001 -.001 —.001 —-.001
2 -.007 -.015 —.007 —.007 —.007 -.007 -.007 —.007
3 -.017 -.017 —-.017 -.017 ~.017 -.017 -.017 -.017
5 —-.052 —-052 -.053 —.052 —.052 —.052 —.053 —.053
10 —-.20 —.20 -.20 -.20 -.20 -.20 -.20 -.20
20 —.60 -.59 —.61 -.60 -.60 -.60 —.61 —.60
30 —1.01 -.99 —-1.02 —-1.01 -~1.01 ~1.00 —-1.03 —1.02
50 ~1.71 —1.66 -1.74 -1.70 -1.70 -1.69 -1.77 —1.72
100 —2.66 -2.60 -2.76 -2.63 -2.64 ~2.61 —-2.78 =271
200 -2.76 -2.82 —-2.84 -2.80 -2.79 =277 -2.88 —2.83
300 -2.34 —-2.22 —-1.95 ~2.41 -2.41 -2.26 -2.23 -2.10

the j = 2 NN force contributions start to play a significant role already below 10 MeV. The j = 4
contributions evaluated only around 100 MeV show up only at 140 MeV where they give about 2%
contribution.
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Table 8 — continued

Eip [MeV] Nijm PSA Amdt PSA Nijm 93 Nijm I Nijm II Reid93 AVIg8 CD-Bonn

D) np
1 .006 .006 .006 .006 .006 .006 .006 .006
2 030 031 .030 .030 030 .030 .030 .030
3 .075 .078 075 075 075 075 075 .075
5 222 231 224 222 222 223 222 222
10 .85 .88 .86 .85 .85 85 85 .85
20 2.67 2.77 2.73 2.68 2.68 2.69 2.67 2.67
30 4.77 4.92 492 478 4.78 4.80 4.77 4.76
50 8.97 9.12 9.36 8.98 8.97 9.00 8.94 8.93
100 17.28 17.08 18.34 17.26 17.22 17.11 17.10 17.28
200 24 .51 23.82 26.30 24.61 24 .49 23.96 24.20 24 .80
300 25.45 24.32 27.47 25.32 25.52 24.84 25.01 25.45
Wz.zL: 6-.0 é T T 171 | T rrr T T LI
1000. Ttot [mb] i
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Fig. 5. The total nd cross section. Comparison of experimental data (for references see Table 9) and theory. Predictions of
different potentials are shown: Bonn B (o), Paris (¢), AV18 (v), Nijmegen93 ().

6.1.2. Elastic nd scattering
Differential cross section

The next simple observable is the differential cross section for elastic Nd scattering. Unfortunately
there are not too many nd measurements and we are forced to regard also the pd cross sections,
which are much more numerous and have smaller error bars. In our theory we neglect up to now
the pp Coulomb force totally, which introduces some uncertainty in the judgement how well theory
describes the pd data. Fortunately at a few energies there exist both, nd and pd data. Their comparison
allows to constrain Coulomb force effects to be very small except at forward angles, where Rutherford
scattering finally has to dominate. Some examples are shown in Fig. 7. We see that except at the
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Table 9
Comparison of experimental (taken at E(exp)}) and theoretical (evaluated at the nucleon lab energy E) total nd cross
sections.
E exp E(exp) AV18 Bonn B Nijm 93 Nijm I Nijm II Paris
[MeV] [mb] [MeV] [mb]
1.0 28936 +18.2 (1.0031) [92] 2902
2854 +39 (0.995) [435]
3110200 (1.0) {353]
2.0 2550.6 +11.1 (1.9999) [92] 2554
2537 £10 (1.981) [374]
2600 £80 (2.0) [353]
30 2158.0 £7.2 (2.9873) [92] 2163
2240 90 (3.00) [353]
2160 + 86 (3.01) [504]
8.0 1207 £ 13 (8.0) [107] 1212 1212 1214 1209 1210
1213.3 + 5.58 (8.038) [92]
1224 = 10 (8.0) [431]
9.0 1118 + 10 (9.015) [107] 1119 1119
11248 + 5.84 (9.0251) [92]
1120 + 10 (8.77) [60]
10.0 1055 + 10 (10.0) [107] 1039
1051.1 £ 69 (10.026) [92]
11.0 968 + 13 (11.0) [107] 968.8 966.6
9904 + 7.6 (11.016) [92]
12.0 913 £ 13 (12.0) [107] 906.7 9104
918.48 + 8.11 (12.118) [92]
923 + 10 (12.0) [431]
13.0 867 £+ 12 (12.995) [107]) 8514 854.6 851.0 852.0
14.1 803 £ 14 (14.1) [391) 797.2 797.0 798.5
790 + 20 (14.1) [95]
809 £ 6 (14.1) [289]
778 £ 22 (14.1) [440]
806 £+ 6 (14.1) [440]
810 £ 30 (14.2) [340]
19.0 627.96 + 12.16 (18.932) [92] 614.6 617.6 615.6
632 + 14 (19.01) [435]
22.0 544.68 + 14.549 (22.079) (92] 5349 539.4 535.8
24.0 49549 + 16.043 (23.955) [92] 490.8 495.5 493.6 491.8
26.0 455 + 12 (26.015) [107] 452.5 459.6 455.1
45147 £ 17.72 (26.082) [92]
42.5 267.7 £ 3.9 (42.5) [403] 263.0 266.5
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Table 9 — continued

E exp E(exp) AVI8 Bonn B Nijm 93 Nijm [ Nijm 11 Paris
[MeV] [mb)] [MeV] [mb]
65.0 166.5 £ 2.9 (63.5) [403} 158.5 162.7
161.7 £ 2.8 (66.5) [403]
93.5 110 £ 7 (93.4) [104] 104.8 108.1
107+ 1.8 (98.1) [332]
104 £ 4 (95.0) [258]}
1094 £ 23 (93.5) [403]
140.0 784 + 1.3 (140.9) [332] 772
270.0 49 + 5 (270.0) [147] 54.66
57+3 (270.0) [259]
70 T T 1 l L] T LI ' ¥ L L) '
¢}
60 [ -
50 - Igtot(jmaz) - Utot(__jma.z = 3)] [%} g
Jtot(]maz — 3) o
o
40 B -
30+ °
[¢]
20 ¢ 4
R
| Lo
10 o® g ] 4
g ©° °
OF—¢—¢—— g G PS¢ R X
1 L1 1 SR W B 1 L IS N | 1
.1 1. 10. 100.
Eipp [MeV]

Fig. 6. The relative total nd cross section evaluated for “s-waves” (©), jmax = 1 (©), 2 (), and 4 (x) in relation to
Jmax = 3.

forward angles the experimental nd and pd cross sections practically overlap. Thus if there would be
no charge independence breaking (CIB) or charge symmetry breaking (CSB) in the NN forces then
the equality of the two cross sections would tell, that Coulomb force effects at the larger angles cannot
be greater than the experimental error bars. Well established right now is only CIB in the state 'S,.
It is manifest in the different scattering lengths for the np and pp (nn) systems. The recommended
values [342] are a,, = —23.48 + 0.009 fm and a;,°" = —17.36 + 0.4 fm: The nn scattering length
is less well known. From #~-absorption on the deuteron [159,433] the value —18.6 =+ 0.3 fm has
been extracted. The analysis of the nn final state interaction in nd breakup processes remain still very
controversial (see Section 7.2) and does not constrain the value of a,, sufficiently well. The *He-*H
mass difference can be “explained” [527] if a small CSB is assumed and the nn force in the state
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da/dQl [mb/sr]

do dQl b
Eiap = 8.0 MeV /d§2 [mb /sr]

Epp = 10.0 MeV

100. B, i

0% X
X . il

do /dS) [mb/sr] 100.7 ¢ l da/dQ' [mb/sr]
Ela.b = 14.0 MeV Elab = 35.0 MeV

100.

10.

0 45 90 135 180 0 45 90 135 180
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Fig. 7. Angular distributions for elastic Nd scattering. Comparison of pd and nd data. 8 MeV: nd data (o) [431], (e)
[252], (x) [436], (<) [234]; pd data (o) [416]. 10 MeV: nd data (o) (10.3 MeV) [431], (x) [24], (<) [234]; pd
data (o) [416]. 14 MeV: nd data ( x) [440], (@) [234], (o) [47]; pd data (o) [416]. 35 MeV: nd data (x) [62], (¢)
(36 MeV) [411]; pd data (o) [71]. The solid curve is the AV18 NN force prediction for 8, 10 and 14 MeV and the Nijm

I NN force prediction for 35 MeV.

1S, is slightly stronger than the corresponding pp force. Let us now regard the influence of CIB and
CSB on the differential cross section. In Fig. 8 we display the effect of choosing different 'S, NN
forces using the Bonn B NN force as an example. Several curves are shown. The first set of curves
is based just on “s-wave” forces, using the original 'Sy np force, a modified 'S, pp force and the
correct treatment distinguishing between np and pp ( = nn ) forces. The three curves are essentially
indistinguishable. The second set of curves includes on top of the "s-wave” forces the higher partial
wave NN force components up to j,,, = 2. Again the effects of CIB are hardly noticeable. We
conclude that the effect of that CIB in the state 'S, is very small for the differential cross section
and the equality of the experimental pd or nd cross sections shown in Fig. 7 indicates strongly that
Coulomb force effects should be very small for that observable (except at forward angles).
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Fig. 8. Insensitivity of the angular distribution in elastic Nd scattering against CIB in the state 'Sy. Both groups of curves

contain three overlapping results (see text). The juar = 2 curves are the lowest in the minimum and the largest at forward
angles.

Let us now compare theory with experimental data [427,79,392,308,197,411,242,365,305,442,206,
426,431,223,71,396,413,416].

This is shown in Fig. 9 in the energy range starting from a few MeV to about 200 MeV. We do
not display all of them, but the ones not shown are very similar. At the very low energies (below
about 6 MeV) Coulomb force effects at forward and at backward angles are clearly visible. In the
minimum of the cross section the agreement with theory is perfect. There is one nd measurement at
3 MeV, which overlaps with the pd data in the minimum and therefore rules out significant Coulomb
force effects for that angular range. (We also checked the effect of CIB at 3 MeV and found it to
be negligible for the differential cross section.) This picture of large Coulomb force effects on the
angular distributions in the forward and backward angular regions at very small energies is supported
by recent results of the Pisa group [271], see Section 8.5. Between 8 MeV (see also Fig. 7) and 35
MeV the agreement with the data is essentially perfect. At 47.5 MeV and 65 MeV the nd data are in
good agreement with theory, but pd data with smaller errors appear to be a bit above theory in the
minimum. Since the known CIB has no visible effect we have to assume right now that this deviation
between nd and pd data is due to Coulomb force effects. While at 93 MeV we still seem to agree
with the data at 140 MeV and higher the data are significantly higher than theory, especially for c.m.
scattering angles around 120° and beyond. We evaluated the relativistic phase space factor and the
relativistic current in the total momentum zero frame. This leads to an increase of the cross section of
1-2% at 100 MeV and higher in relation to the nonrelativistic one. This percentage number refers to
the choice of a relativistic momentum space volume element dp/+/m? + p ? against a nonrelativistic
one, dp/m. Using just dp in both cases increases the percentage change to about 10 %. In any case
that kinematical correction does not explain the discrepancy to the data around 150 MeV. It remains
to be seen, whether one encounters here the onset of dynamical relativistic effects.

It is also very important to note that the theoretical predictions are very stable against interchanges
of the NN forces. We show in Fig. 9 at the energies 3, 22.7, 47.5 and 93.5 MeV, representative for the
whole energy range under study, that the detailed properties of the forces, like having softer (Nijm
I) or harder core (AV18, Nijm93), being strictly local (Nijm II) or having a mild nonlocality (Nijm
I, Nijm93) do not show up in the differential cross section. Even the substantially nonlocal Bonn B
interaction introduces no change in the differential cross section.
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Fig. 9. Angular distributions for elastic Nd scattering. Comparison of data to various potential predictions. 3 MeV: pd data
(o) {416]; nd data (o) [431]; predictions ¢ ) Nijm I, (- --) Nijm II, (--- - - ) Nijm 93, (------ } AV18. 4, 5 and
6 MeV: pd data (o) [416]; prediction (——-) Nijm I. 9 MeV: pd data (o) [416]; nd data (o) [305]; prediction (——)
Nijm L. 11 MeV: pd data (o) (11.1 MeV) [426]; nd data (o) [305]; prediction (——) AV18. 12 MeV: pd data (o)
[416], (o) [206], (x) [396]; prediction ( ) AVI1S8. 16 MeV: pd data (o) [416]; prediction (——-) Nijm L. 22.7

MeV: pd data (o) [416], (o) [206]; predictions ( }Nijm L, (-~ -) Nijm II, (- - - - - } Nijm 93, (------ ) AV18, 28
MeV: pd data (o) {223]; nd data (o) [197]; prediction (——-) Nijm . 47.5 MeV: pd data (o) (46.3 MeV) [71]; nd
data (o) [411]; predictions (——) Nijm I, (- - =) Nijm II, (- - - - - ) Nijm 93, (------ ) AV18. 65 MeV: pd data (o)

(64.5 MeV) [442]; nd data (o) [413]; prediction ( ) AV18. 93.5 MeV: pd data (o) (95 MeV) [79]; predictions
(——) Nijm 1, (-~ - -) AVIS. 146 MeV: pd data (o) [392], (o) (145.5 MeV) [242]; nd data (x) (152 MeV) [365];
prediction ( -) AV18. 155 MeV: pd data (o) [308]; nd data (o) (152 MeV) [365]; prediction (——-) AV18. 180
MeV: pd data (o) (181 MeV) [242]; prediction (——) AV18. 220 MeV: pd data (o) (216.5 MeV) [242]; prediction
(—-) AV18. 240 MeV: pd data (o) [427]; prediction ( ) AV18S.

As a further information we display in Fig. 10 the way the differential cross section is built up
out of the different NN force components. At 10 MeV we see that j,,., = 2 is sufficient; this is even
true at 93 MeV, except that around 60° c.m. angle the contribution of the j = 3 forces removes the
little hump of the ja.., = 2 calculation. At 180 MeV the small oscillations present in the j,., = 3
calculation are reduced significantly by including j = 4 NN force components. It is obvious that the
j =5 force components would only represent a cosmetic modification for that observable and are not
needed.

Some time ago there was indication that at extreme backward angles a discrepancy between theory
and experiment [431] might exist [513]. Renewed measurements [234] could not confirm that set
of data [431] and now theory and experiment agree perfectly well, see Fig. 7.

It might be of interest to point out that the differential cross section is dominated by quartet
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Fig. 10. The dependence of the angular distribution for elastic Nd scattering on the NN force components used: ”’s-waves”
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scattering. This has been known for quite some time [2] and emphasized especially in [281].
Let us now turn to spin observables in elastic Nd scattering.

Vector analyzing powers

Nucleon and deuteron vector analyzing powers exhibit a serious problem. We shall devote a special
section to that puzzle below. It occurs only at energies below =~ 30 MeV. For higher energies there is
perfect agreement between theory and experiment, as shown in Fig. 11. Note that also pd and nd data
agree among themselves, indicating small Coulomb force effects. In Fig. 12 we show how A, builds
up in terms of the different NN force components. Clearly the NN ”s-waves” are totally insufficient,
as is also the inclusion of all forces up to j = 1. Even at 10 MeV and at higher energies the j =2 NN
forces crucially contribute. More detailed, the *P, —3 F, forces are the most important ones among
the j = 2 forces. At 180 MeV also the j =3 and 4 NN force components are significant. Now if we
regard the small energies, say below 30 MeV, then the contributions of the *P; NN force components
are really the dominant ones. Moreover the three *P; forces determine the analyzing powers in very
specific manners. That is displayed in Fig. 13. Switching off the NN force component * P, and keeping
all others the maximum of A, jumps up, while turning off the 3P, or *P, - F, forces separately
has an opposite effect. Thus one can expect that even small changes in these specific forces can, via
that interplay, lead to substantial shifts in the peak heights of A,. At the very low energies there is
just one maximum around 6., = 120°. Now the comparison to the data shown in Fig. 14 reveals a
strong discrepancy: theory underestimates the data by about 30%. This is true also for all neighboring
energies [480,482] (see Section 7.3). We also see from Fig. 14 that the pd data lie a bit below the
nd data in the maximum of A,. This is presumably a Coulomb force effect (see Section 8.5). The
prediction of the AV14 potential deviates most strongly. The reason is that its *P; NN phases differ
from the ones of the other potentials. This demonstrates how sensitively A, reacts to the very details
of the NN force input. All the other potentials give essentially the same A, values in agreement with
the fact that their *P; phases are very close to each other (see Table 8). We shall come back to that
puzzle in Section 7.3.

The deuteron vector analyzing power iTy; looks very similar to A, and exhibits perfect agreement
above 30-40 MeV and strong disagreement below. Examples are shown in Fig. 15. Note again the
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independence on the choice of NN force.

Tensor analyzing powers

The deuteron tensor analyzing powers Ty, T»;, and T,;, have been measured up to now only in the
pd system. Thus there remains an uncertainty about Coulomb force effects. As shown in Fig. 16 the
deuteron tensor analyzing powers are very well described by theory except at very low energies for
Ty and T5;, where obviously Coulomb force effects are visible at extreme forward angles. Where
we show different potential predictions we find essentially no dependence on the choice of the NN
force. At the higher energies experimental data with smaller error bars would be very desirable. It is
instructive to see how the 7;’s built up, which is displayed in Fig. 17. Clearly the "s-waves” together
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3 MeV: pd data (o) [416]; predictions ( yNijm I, (- --) NijmII, (- - - - - ) Nijm 93, (------ ) AV18. 5 MeV: pd
data (o) (5.05 MeV) [127]; prediction ( ) Nijm 1. 10 MeV: pd data (o) [457], (o) [426]; predictions (——)
Nijm I, (- - =) Nijjm If, (- - -- - } Nijm 93, (------ } AVI1S8. 22.7 MeV: pd data (o) [206]; predictions ( } Nijm
L(-~--)NijmIL (----- ) Nijm 93, (------ ) AV18. 28 MeV: pd data (o) [223]; prediction (—-—) Nijm I. 47.5
MeV: pd data (o) [521]; predictions (——-) Nijm I, (- - =) Nijm II, (- - - - - ) Nijm 93, (------ ) AV18. 53 MeV: pd

) Nijm 1. 65 MeV: pd data (o) [521]; predictions ( ) Nijm I, (- - =) Nijm II,
)y Nijm I, (- - =) AVIS8.

data (o) [521]; prediction (
(----- ) Nijm 93, (------ ) AVI8. 93.5 MeV: pd data (o) [521]; predictions (

with the j = 1 NN forces are highly insufficient, even at 10 MeV. While at 10 MeV the addition of
j =2 forces essentially provides the final answer, j = 3 and even j = 4 forces are needed around 100
MeV and at 180 MeV. Especially for T3, and T», one has to expect that even j = 5 NN forces will be
significant around 180 MeV.
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Fig. 16 — continued.

Spin transfer coefficients
Let us now turn to the spin transfer coefficients. Three nucleon to nucleon spin-transfer-coefficients
K¥, K¥ and K" have been measured. We show in Fig. 18 the way they built up out of different

NN force combonents. In addition to the measured ones we add Kj’ and KZZ'. Again j,.. = 1
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Fig. 16 —continued.

would be insufficient even at 10 MeV but j,,,, = 2 works well. For 100 and 180 MeV j,.. =3 is
absolutely mandatory to come close to the final structure. Again at 180 MeV presumably j = 5 forces
should better be included. Fig. 19 shows the comparison of theory and experimental data for Kﬁ'.
The agreement is fairly good. Again there is no dependence on the choice of the NN force among
the most recent ones. For 19 and 22.7 MeV in the minimum of K; theory appears to be slightly
above the data. One reason could be Coulomb force effects, another unsettled details of the S, —* D,
tensor force and of the !P, force component. In the two-nucleon system the €;-mixing parameter
between the 3S, and 3D, waves and the 85, phase shift quite often act in a very similar way and
are hard to disentangle. For the 3N observable Kyy' we found [474] a similar interplay between the
corresponding force components. We would like to add two studies displayed in Fig. 20. The new CD
Bonn potential and the Nijmegen force describes the NN data equally well and also their NN phases
are very close to each other. Nevertheless CD Bonn has a significantly lower D-state probability of
the deuteron (4.83%) than the Nijml (5.68%) potential. That quantity can also be considered as
a measure of the strength of the 3S, —3 D, coupling. Fig. 20 shows their predictions.at 19.0 MeV.
While CD Bonn passes straight through the data, Nijml stays a bit above. The reason lies in the
38, =3 D, force. Namely performing a Nijml calculation with the 3S;, —* D, force replaced by the one
of CD Bonn shifts the Nijml prediction practically to the values of CD Bonn. (Note that also the
deuteron wave functions are replaced). The second study highlights the danger of using predictions
of outdated NN forces like the Nijm78 potential. The resulting K} describes the data beautifully, but
its phase shift parameters 8:5, and €, deviate quite significantly from the ones of the Nijmegen and
Virginia PSA. The 'P; phase is too weak and the €; too strong. If we perform a Nijml calculation
and replace its ' P, force by the one of Nijm78, we lower the minimum and if in addition we also
replace the 3S; —3 D, force by the one of Nijm78 we get a nearly identical result as for Nijm 78. In
view of that latter point it appears very important to settle unambiguously the problem of the true €,-
and & values in NN scattering. The Arndt PSA values [417] still differ significantly from the ones
of Nijmegen [466] and another study [224] claims even a third result, see Fig. 21. Based on the
recent Nijmegen PSA alone and the related updated potentials Nijm 93, Nijm I, II, and AV18 there
is a slight discrepancy in the minimum of K}, as we saw in Fig. 19. Note, however, that the new
CD Bonn provides a perfect description at 19.0 MeV. CD Bonn has a significantly smaller deuteron
D-state probability than all the other forces. It would be very important to fix the Coulomb force
effects theoretically, in order to clarify the situation. Another possibility is to measure Kyy' in the nd
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system. Such an experimental study in the nd system just in the minimum of K: is in preparation
[492].

Conclusions from that 3N observable K;' about specific properties of NN forces, like weaker tensor
forces, [89,90], might be misleading as we know now, since 3N forces might do a similar job and
lower the minimum. We shall come back to their possible effects in Section 6.2.

The observable K ;' exhibits similar sensitivities [474], however less pronounced and our theoretical
results are compared to data in Fig. 22.

Finally Kj’ is very insensitive to details of NN forces [150,514] and is very well described by
theory, see Fig. 23.

Fig. 24 displays the nucleon to deuteron polarization transfer coefficients K}', K¥', and K¥', The
overall agreement between theory and experiment is good. Data with reduced error bars especially at
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Fig. 23. The nucleon to nucleon spin transfer coefficient K,’,‘l for elastic Nd scattering. Comparison of data with NN force
predictions. 10 MeV: pd data (o) [457]. 22.7 MeV: pd data (o) [300,301,186]. The NN force predictions are ( )
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the smaller angles would be helpful to clarify even better the situation.

Finally the spin-transfer-coefficients K}'', K*Y, K;‘"" - K;’-V', KXY, K'Y, K;’Z', K;’Z' from the
nucleon to tensor polarized deuterons, have been measured. Among them Kg”z', K;"y', and K;"Z',
show a remarkable sensitivity to >P; NN forces like A,. Interestingly it is different from the one of
A, [177,178,517]. While the maximum in A, at low energies decreases by weakening the strength
of both the *P, and P, —3 F, force components and increases by weakening the 3P, strength, the
weakening of the *P, and 3P, forces acts similarly in K**" and K;"Z' and the effects for K%' are
different in relative strengths in comparison to A,. This is displayed in Fig. 25. Therefore precise
measurements of these observables at low energies could provide useful information on that pending
problem of the *P; NN force components. Existing pd data at low energies where Coulomb force
effects still might play a nonnegligible role are compared in Fig. 26 to various NN force predictions.
The agreement is relatively good and all the NN forces lead essentially to the same results. Whether
possible small discrepancies are Coulomb force effects or defects in the strong force remains open
right now. Recent experimental data at the higher energy 22.7 MeV do not always cover all the angles
where the observables show prominent structure as can be seen in Fig. 27. The agreement with theory
is good except for sz'z' and K;"Z'. All of the existing data for spin-transfers are at low energies,
none as far as we know exists around 60 or 140 MeV. It is interesting to note that some of these
spin-transfer-coefficients show big 3NF effects at higher energies, see Section 7.8. Measurements
would be important to fill that gap and exclude or detect surprises.
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Spin correlation coefficients

There are many more spin observables in elastic Nd scattering, like spin correlation coefficients
where in the initial state both, nucleon and deuteron, are polarized. A few spin correlation coefficients
have already been measured and are displayed in Fig. 28. The agreement, with the exception of C,, at
12 MeV, is mostly good, but also the quality of the data leave room for improvements. In Fig. 29 we
show how C,,, C,,, and S depend on the NN force components. It is interesting to see that even at 10
MeV the j = 2 force components for S are absolutely crucial. At the highest energy even j = 4 forces
are presumably not sufficient. We would like to further point out that some of the spin-correlation
coefficients (C,,x, Cyyy — C,y,y and C,, ) reveal at low energies (3 and 10 MeV) sensitivity to 3P,
NN force components (see Fig. 30). However the magnitudes of these observables are of the order
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of a few percent only. In addition C,, and C,, depend on 3NF effects showing interesting scaling
behavior at low energies (see Section 6.2). At higher energies C,,, C,,, and C,, , show also big 3NF
effects, see Section 7.8.

Let us now regard the 3N breakup process.

6.1.3. 3N breakup process

Energy and momentum conservation reduces the number of independent momentum components of
the final three nucleons to five. Thus using two detectors and measuring two particles in coincidence
four angles are fixed and it remains to measure the energy of one of the two detected nucleons in order
to fix the kinematics. Since, however, the relation between the energies of the two detected particles is
not unique and allows for two solutions, see Section 2.4, one usually has to measure both energies. Let
us number the two detected nucleons in such a kinematically complete experiment by 1 and 2. Thus
the allowed energies E; and E, are restricted to lie on a curve, as already explained in Section 2.4.
In reality the angular and energy resolutions of the detectors, the finite size of the target and the
energy resolution of the beam itself, broaden the curve into a band, especially in case of nd breakup.
Now one could also fill that band with theoretical events by performing corresponding simulations
and compare contents of certain segments thereof to experimental data. Since the statistical errors
would be too large, this has never been done. Instead the experimental data are projected, following
special procedures, onto a central curve situated in the middle of the band and corresponding to
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Fig. 27. The nucleon to deuteron spin transfer coefficients K'Y, K;‘IZ', K;IZ' K;""' - Kﬁly', K'%' at the nucleon lab. energy
of 22.7 MeV. Comparison of data with the NN force predictions: pd data (o) [300], [301], [186]; predictions Nijm I
(———), Nijm IT (= - —), Nijm 93 (- - - -) and AV18 (------ ).

point geometry and zero energy resolutions. Different groups are using quite different projection
procedures. We refer the interested reader to original articles {535,191,263,192,135,354], where
various procedures are described. Ideally theory should be handled in much the same manner as the
data. This requires however extensive numerical studies, since all the causes for the width of the band
have to be simulated. In the case of the pd breakup process usually the two protons are detected
and the experimental conditions can be kept rather close to point geometry. Thus averaging of the
theoretical data has there little effect, except for observables which show a strong variation in their
angular or energy dependence, like e.g. final state interaction peaks [397,9].

Two breakup configurations stick out, since they have a simple two-body reaction mechanism
underneath and historically have been analyzed in corresponding rough approximations [83,496,304].
This is the quasifree scattering (QFS) process, where in the final state one nucleon is at rest in the
lab. system. The simple minded picture is, that the projectile interacts with one of the two constituents
of the deuteron and the other is a spectator. We shall see that this simple mechanism is not at all true
below about 100 MeV, but that rescattering among all three particles is strongly present. The other
configuration is, when two particles leave the interaction region with equal momenta. Then there is
strong final state interaction between the two. Their relative energy is zero and the NN t-matrix at
zero energy is strongly enhanced, both in the np as well as in the nn system, due to the nearby pole in
the state 'Sp. This leads to the so-called final state interaction (FSI) peak. In reality the peak height
is not only determined by the NN t-matrix describing that interacting pair but also by the production
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amplitude for this specific configuration. That amplitude varies with the angle under which that pair
leaves with respect to the beam axis.

Two more configurations found special interest, the collinear one [264,311,158,529,358,53,56,473,
263,101] and the star configuration [275,462]. In the collinear case one nucleon is at rest in the
center of mass system, consequently the other two leave back to back. The line on which the three
final nucleons are moving can have any angle to the beam axis. In the star configuration the three
nucleons have equal energies and interparticle angles of 120° in the center of mass system. The plane
spanned by the three nucleons can have any orientation with respect to the beam axis. If orthogonal
to the beam axis that configuration is often called the space star; if the beam axis lies in that plane
one speaks of coplanar stars. These two configurations were expected [334] to be especially good
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candidates to see effects of 3NF’s. One reason was that the most simple 3NF, the = — 7 exchange
with an intermediate A [157], has the property, that it is repulsive when the three nucleons lie on a
line and attractive, when they are at the corners of an equilateral triangle [35,63]. This refers to the
spin-isospin averaged 3N potential. (More precisely the force is repulsive whenever one angle within
the triangle formed by the three nucleons is larger than 90° and attractive otherwise). In how far that
expectation is realized we shall discuss in Section 6.2.

In Fig. 31 we display the loci of three special configurations (FSI, QFS, Coll) in the space of the
lab, angles 8, and 8, (¢, = ¢, — Py = 180°).

Clearly there is a continuum of angular positions of the two detectors and the still nameless ones
might carry surprises and even more information about the potential energy of the three nucleons than
the above mentioned traditional ones. Therefore a full 47 study, covering all possible configurations,
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would be highly welcome.

Besides the kinematically complete measurements there are also incomplete ones, where for in-
stance only one’s particle momentum is detected. Clearly such measurements carry less informa-
tion than kinematically complete ones, since one has to sum over all underlying configurations,
which accompany that special event of the singled out momentum of one nucleon. Because of
its relative simplicity quite a few measurements of that type exist in the literature. We mention
[469,441,213,305,290,443,291], [37]. See also [487] for a recent theoretical analysis.

Let us now come to results, first just for cross sections; later we shall also regard spin observables.
The situation will be seen to be rather controversial. There are cases of spectacular agreement and
cases of striking disagreement. Certainly what is missing, is a well established and confirmed data
basis and right now nearly always only one measurement for a certain breakup configuration exists.

The total breakup cross section

We compare in Fig. 32 data for the total breakup cross section to theory. The quality of the data is
not satisfactory and one might see at energies below 10 MeV a discrepancy, which, however, we think
does not reflect the real situation. We saw that the differential cross sections in elastic scattering are
very well described at all the angles at which they have been measured. Unfortunately, the data do not
cover the full angular range well enough to determine the total elastic cross section correspondingly
well. Otherwise we think that the total breakup cross section, which is the. difference between the
total cross section and the one of elastic scattering, both of which are perfectly well described by
theory, should also coincide very well with theory. Stronger efforts on the experimental side would
be very welcome to nail down at least the total breakup cross section much more precisely.

Quasi free scattering
The approximation lowest order in ¢ neglecting any rescattering is according to Eq. (154)

T =~ P (218)
Then the breakup amplitude is
(@o|(1+ P)T|p) = (¢ho|(1 + P)tP|p)
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= (do|t1]d)2 + (dolt1|b)3 + (olt2|B)3 + (do|t2| )1 + (Polts|d)1 + (olts|B)2 (219)

The indices at the ket vectors denote the singled out nucleon which carries the relative momentum

q, in the channel state |@) = |@a)|qo)-
Because of the antisymmetry of |¢, > this can be written more compactly as

(o] (1 + PYIP|p) = (¢ho| (1 — Pa3)t1|h)2 + (ol (1 — Pi3) ta|h)3 + (dho| (1 — Pp2) t3]b),  (220)

It is also a fairly easy exercise to evaluate that further with the result

3
(ol (1 + PYiPIG) = 3 w(pmamswonslt (£~ -2 1gg + Samumizs)

X (=34 — gmym Vi [@a)
3
+ ) o(—3p — Jgmumay sl (E —1-(p- %q)2> |3P + 4o ~ sqm myviv)

x(—p + 3q — 3qsm My V2| @4)

3
+ > a{—5p+ Jgmm )|t (E — -+ %q)z) — 3P + gy — FqmNmyYNY;)

x(p + 54 — 3qomymavyvs|e,) (221)

where |pm,msvvs), = (1 — Py)|pmymyvps), etc. Let us choose QFS conditions, assuming for
instance k,"® = 0. This is equivalent to g = —14o, which puts the argument of the deuteron state in
the first term of Eq. (221) to zero. Under this condition the accompanying two-nucleon t-matrix is
on shell, except for a negligible €, correction. Namely

3 3 (%%)2

3
E- @ =@+ €~ -6 = + € (222)

is the energy related to the initial momentum g, + 1q = %qo and this is also the energy related to the
final momentum p since E — (3/4m)q* = (1/m)p*. Thus the first term under QFS condition is the
product of an on-shell two-nucleon t-matrix (except for €, corrections) and the deuteron state at zero
momentum. In the other two terms the two-nucleon t-matrices are off-shell under this condition and
also the argument of the deuteron state is different from zero. Of course choosing k, (k™) =0
the second (third) term in (221) would take over the corresponding role. If g, is sufficiently large
either the off-shell decrease of ¢ or decrease of ¢, with increasing momentum or both render the
contributions of the second and third term in (221) and the first one sticks out.

It is advisable and for higher energies (100 MeV and above) much more economic not to expand
the arguments in the t-matrix and the deuteron wave function into spherical harmonics with respect
to p, g, and Gy, but to calculate the terms in Eq. (221) which involves no integration, exactly. Thus
we put

T|@) = tP|G)upw + (T — tP)|d)pu
{do|Uoid) = (dol(1 + P)T|¢) = (dol(1 + P)tP|)upw + (@o[(1 + PY(T = tP)|@)pw  (223)
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The index wpw stands for “without partial wave decomposition”, whereas pw means the treatment
based on partial wave decomposition as described in Section 3. Of course the t-matrix ¢ is still built
up by partial wave contributions up to a certain j,,,. Also note that in the last term in Eq. (223)
the partial wave representation refers only to (T — tP)|¢ > and not to the permutation operator P in
(1 + P), which of course is applied to the left and thus treated without truncation.

Now varying ¢ around the QFS point the argument of ¢, differs from zero and the first term
decreases in magnitude. Thus we expect to see a peak. This first term in (221) (¢|?P|¢) alone is
often referred to [83,293] as the impulse approximation. The corresponding breakup cross sections
are displayed in Fig. 33 for various energies and indeed reveal a characteristic peak. In this figure
we did not fix p and vary just g but we fixed two detector angles and varied the energy distribution
around the QFS condition. This leads to changes in both, p and ¢.

Now we add the other two terms corresponding altogether to

(dolUsld)ra = (Po|(1 + P)tP|) (224)

Here in this articie we shall call that whole term full impulse approximation (FIA). This causes
only a small shift (see Fig. 33). At 65 MeV and higher it is negligible. Then we add (without using
Padé) rescattering terms of first order in ¢, which amounts to

Té — tP¢ + tPGotPp, (225)

then rescattering terms including the integral kernel twice etc. Always all the permutations are carried
out as usual according to the j,,, chosen (see Fig. 33). Clearly that multiple scattering series
diverges at 19 and 65 MeV. At the two higher energies shown it converges essentially after the
first order rescattering term (except in the wings for 140 MeV, where the second order effect is
visible). The correct final value, as given by the solution of Eq. (154), exhibits also a peak, but its
height and width is different from the one of the impulse approximation at 19 and 65 MeV. Even
at 140 and 220 MeV the impulse approximation overshoots the correct result by about 20%, which
is due to the first order rescattering term. We quantify the contributions of the first few terms in
the rescattering series (not using Padé) on top of the impulse approximation in Fig. 34. There we
show the corresponding QFS peak heights as a function of energy. Already at around 100 MeV the
second order rescattering contribution can be neglected, but the first order one remains significant till
the highest energy considered. The reason for the strong divergence at 19 and 65 MeV lies solely
in the amplitude for J”7 = 1/2*. If one drops the 1/2* amplitude the wild behavior disappears and
it is only in the wings at 19 MeV that the higher orders contribute significantly. Moreover the 1/2*
contribution gets less important with increasing energy [515] already around 65 MeV. At 140 and
220 MeV the 1/2* contribution can be safely neglected. Nevertheless it should be noted that the
multiple scattering series for J7 = 1/2* diverges also at the higher energies 65, 140 and even 220
MeV. However correctly summed up by Padé its value is negligible in comparison to the sum of
all other amplitudes for J” # 1/2*. The dominant contributions shift to higher J’s with increasing
energy.

Let us now analyze a series of measurements we are aware of. They are displayed in Fig. 35 for
energies between 10 and 65 MeV. It is again interesting to see the agreement among the different
NN force predictions. Except for 65 MeV theory is always too high. Since these are all pd data the
discrepancies at the lower energies might be due to Coulomb force effects [11]. We shall come back
to that point in Section 8.5.



W. Gléckle et al./ Physics Reports 274 (1996) 107-285 187

L dS'a_ T 50 T T ] T T
N amanas v 3 s | ey ) A
| \\ 8y = 11.19° 6, = 41.1(!)\ 8, = 13.98° 6, = V' 13.98 6y, = 180°
"’T f/ eb}z = 180 g . 4.0LEwab = 65.0 MeV | |
[ \Fiab = 19.0 MeV /1 ~
)1 VA /! \[
“ \ / / |\
f,. AN ]
201 R 20F
0r . 0.0F
dsa T L] 50 T L) L}
4.0} 3, dA,d8 o /\ - dﬂ,ddﬂzds [Me'{l/bsrﬁ] \
f) = 44.54° 6, = / | 44547 6rp = 180° 4016, = 44.71° 9, = / | 44.71° ¢pp = 1807
Eigp = 140.0 MeV | Eiap = 2200 MeV  [f'}
3.0F . [/
3.0+ i E
|
I
201 1 20f ]
1.OF . 1.0F §
0.0} 1 oof L\
0 100 200 0 100 200 360
S [MeV] S [MeV]
Fig. 33. Comparison of different approximations to the full calculation for nn QFS breakup cross sections: impulse
approximation (- -+ - - - ), full impulse approximation (FIA) (- - - ), with rescattering correction up to first order
[CEREER ), second order (- - - -) and third order (- - -) in ¢ in comparison to the full calculation (——-).

Final state interaction peaks

Now let us regard final state interaction peaks. This has always been an important issue, since it is
considered to provide information on the nn scattering length. We shall come back to that aspect in
Section 7.2.

A quantitative description of the FSI peak requires not only s-wave interactions but also higher
angular momenta force components. This is demonstrated in Fig. 36. We see that s-wave forces
alone are totally insufficient. At 10 MeV j < 2 forces suffice, however not at 65 MeV where j < 3
force effects are quite noticeable and reduce the peak height.

From the expression for 7 which ends to the left with #(z) it is obvious that with the two-body
energy z going to zero T has a characteristic energy variation O(1/,/z + ix), where «* = |Ey| is
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about 100 keV. That wave number « is inversely proportional to the scattering length. Therefore
the larger the scattering length the larger the peak height. It seems therefore obvious that nn and
np t-matrices should be distinguished if one is interested in seeing differences between np and
nn scattering lengths. Therefore in the isospin formalism a full treatment has to be undertaken as
described in Section 3, namely on top of the total isospin 7 = 1/2 also T = 3/2 states have to be
included. We show in Fig. 37 results of four calculations based on Bonn B for nn and np FSI peak
heights as a function of the lab. production angle of the pair interacting in the final state. One just
uses Bonn B, which has been fitted to the np system, thus has a scattering length a('Sy) = a,,.
The second uses a modified Bonn B with a('S,) = a;",’f"g. The third allows for different np and nn
t-matrices in the state 'S, but neglects a 7 = 3/2 admixture and uses just the effective t-matrix

Leps = %tnn + %tnp (226)

following from (160). The fourth calculation is based on a full and correct treatment allowing for
a T = 3/2 admixture. All the four curves are clearly distinguishable, with the exception of small
angular regions. In any case it is clearly seen how important it is to use the full treatment (7 = 3/2)
to extract from the peak height the value of a,, (see Section 7.2 for more quantitative details).

In the past often a Watson-Migdal approximation [496,341,190] has been used to extract the
nn scattering length from FSI peaks in the nd breakup process. In that approximation, based on a
representation of the Jost function [256], one factorizes the absolute square of the breakup amplitude
into an energy independent constant N and an enhancement factor. Thus the breakup cross section

has the form
2
_‘_1_5_2'_ NG )2p2+(1/r0+\/1/r5—2/r0a) (227)
dkydhds 0 2 P>+ (—1/a+ rop?)?

where ry and a are the effective range and scattering length parameters for the nn system and p is the
relative momentum of the two neutrons. This form has been fitted to the experimental cross sections
in the FSI peak area with the aim to extract a and rq.

We investigated the reliability of that procedure in the following manner. Pseudodata were generated
in a Faddeev calculation using the Nijm93 potential and allowing for different np and nn forces in the
state 'Sy. For nn we choose a,, = —17.58 fm and ry = 2.81 fm. Then we generated nn FSI peaks at
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Table 10

The Watson-Migdal formula fits to FSI peaks generated at 22.7 MeV with the Nijm93 NN force for various production
angles 8. AE denotes the maximal relative energy up to which the fit has been performed, a and ro the resulting optimal
scattering length and range parameters (see text). The numbers in parenthesis results if ro is fixed at the correct value 2.81
fm.

8 [deg] AE [MeV] a [fm] ro [fm]
5 1.0 —-17.1(-17.1) 2.8
10 0.5 —-17.2(~-17.1) 2.7
15 20 —17.6(—17.5) 2.7
20 0.1 —17.7(-17.7) 2.7
25 0.3 —17.6(—17.6) 2.7
30 0.1 —-17.6(-17.6) 27
35 0.2 —17.5(-17.5) 2.7
40 0.1 —-17.5(—17.5) 2.6
45 0.1 —-17.5(-174) 2.7
50 0.1 —17.4(-17.3) 2.7
55 0.1 -17.2(-17.2) 2.8
60 0.1 —17.1(—17.0) 2.8
65 0.1 —-17.5(-17.5) 2.8

all lab. production angles & of the nn pair in steps of 5°. For each angle the approximate form (227)
was fitted to the FSI peaks allowing N, a and r, to vary. Within the peak area one can restrict the
adjustment to different ranges of the maximal relative energy AE of the two neutrons. It should be
restricted to small values of AE, since the form (227) contains a representation of the Jost function
valid for p — 0. On the other hand one cannot use a too small AE interval since in praxis there
will be not sufficient data points due to the experimental energy resolution. Thus we investigated
the adjustment within the range 100 keV < AE < 3 MeV. Within that range starting from AE = 3
MeV downwards we determined for each AE the optimal fit by means of a y? criterion. For most
production angles the y? reached a minimum within that interval, which we have chosen to be the
optimal adjustment. As an example we display in Table 10 the results achieved at E,,, = 22.7 MeV.
We see that at several angles the minimum in y? is not reached for AE > 100 keV. The extracted a,,
ranges between —17.1 and —17.7 fm and r, between 2.6 and 2.8 fm and are within 0.4 fm and 0.1
fm to the correct input values for a,, and ro, respectively. We display in Fig. 38 the fits for the two
extreme cases at #; = 5 and 20°, which look both equally good. If one fixes ry = 2.81 fm, which is
the input value, the adjustment of a,, leads to very similar results, as also shown in Table 10. We
repeated that study also for E;,;, = 13 MeV and 65 MeV and found the ranges —17.0 to —17.8 fm
and —17.5 to —17.8 fm, respectively. The effective range parameters varied between 2.6-2.9 fm and
2.7-2.8 fm, respectively. Again one ends up with about 0.5 fm to 0.3 fm variations to the correct
value of a,,. Also the results turned out to be similar again when allowing ry to vary or keeping it
fixed at the right value. From that study one can conclude that the Watson-Migdal analysis is not

Fig. 35. Breakup cross sections under QFS conditions. Comparison of d(p,pp)n data (10.5 MeV: (o) [350]; 13 MeV:
(o) [397]; 19 MeV: (o) [366]; 22.7 MeV: (o) [530]; 65 MeV: (o) [11]) to different NN potential predictions ( AV18
( ), Nijm 93 (- - =), Nijm I (- - --) and Nijm I (------ )).
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unreasonable, if one is satisfied with an inherent uncertainty of not better than about 0.5 fm. To
contribute quantitatively to the question of CSB between a;f;mg and a,, one will, however, require
smaller uncertainty and an analysis based on modern Faddeev calculations should be preferred.

Fig. 36. The contribution of various NN force components to the breakup cross section in a nn FSI peak (left side) and a
np FSI peak (right side): s-waves (- - - ), j <1 (----+- ), jL2(----),and j <3 ( ).The NN force is Bonn B.
The pictures in the second row are zooms of the FSI peaks in the first row.
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Fig. 37. Different treatments of CIB in the nn (a) and np (b) FSI peak: (------ ) np 1S force, (- - - - - } nn 'S, force,
(- - =) nn and np 'S forces used via (226) without T = 3/2 admixture, ( ) nn and np 'S forces including T = 3/2
admixtures.
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Fig. 38. Watson-Migdal approximations to nn FSI peaks for two production angles. The fits (solid curves) used ail the
pseudodata (open circles) located between the arrows.
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Fig. 39. Breakup cross sections under np FSI conditions (right peaks). Comparison of data (10.5 MeV: pd data (o) [203];
13 MeV: nd data (o) [470,471], pd data (o) [397]; 19 MeV: pd data (o) [366]) to NN force predictions ( AV18
(——), Nijm 93 (- - ~), Nijm I (- - - -) and Nijm I (------ )).

Let us now compare theory to experimental pd and nd results containing np FSI peaks in Fig. 39.
Since the np scattering length is known there is no adjustment possible (small variations in the nn
1S, force would have no effect on the np FSI peak). The agreement with the data is very good in
the FSI peak area, especially if theory has been averaged according to the experimental conditions
{397,203,366].

In case of nn FSI peaks highly involved projectings are required, which for measurements at 10.3
and 67 MeV [302] and at 13 MeV [485] are still in progress. We shall come back to another nd
measurement at 13.0 MeV in Section 7.2. Quite a few of nn FSI peak measurements have been
published in the past [534,59,65,535,509]. Unfortunately their documentation is so insufficient (no
data given in tables and not sufficient information in order to set up a realistic simulation) that none
of them can be analyzed by the modern Faddeev calculations using realistic NN forces. These old
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data have been analyzed by highly insufficient tools and those results should be taken with great
caution. We shall come back to that problem of analyzing the nn FSI peak in Section 7.2.

Collinear configurations

In the past [358] there arose interest whether or not any special effects occur under collinearity
conditions. This question has been studied again more recently in [470,512,397,518,9,434]. These
more recent data are compared to theory in Fig. 40. While the pd data like the theory show no
peculiarity at all at and around the point of collinearity, the nd data show in one case a hump. In
general the agreement between data and theory is quite good. There are however small deviations
at all energies, the strongest one at 8 MeV and a final judgement has to wait until Coulomb force
effects will be under control. Clearly the hump of the nd data at 13 MeV should be checked by
another independent measurement. Preliminary data taken at TUNL for the same configuration show
no hump [485]. Possible 3NF effects under the condition of collinearity will be discussed below in
Section 6.2.

Star configurations

The space star configuration has been proposed in [275] as a promising place to search for 3NF
effects. The argument was that the breakup cross section in that configuration is insensitive to the
choice of NN forces, which however at that time were only simple s-wave interactions. In reality
higher NN force components contribute significantly as is shown in Fig. 41. We see that s-wave
forces are not sufficient and at the higher energies j < 2 forces must be included. Nevertheless the
claim of [275] remains true also for all the present day realistic NN forces. This is seen in Fig. 42,
where data are compared to the various NN force predictions. At 10.5 MeV theory agrees fairly well
with one set of nd data [462], but disagrees strongly with the other one [136]. Also the pd data lie
clearly below the nd data and the theory. Similarly at 13 MeV the situation appears controversial. The
nd [470,512,471,516] and pd [397] data differ strongly and theory lies in between. The nd data have
been remeasured [486] and support the older nd data. Thus there appears to be a problem with theory
based on NN forces only. At 19 MeV [366] the pd data are slightly below theory. Finally the pd data
at 65 MeV agree quite well with theory based on NN forces only. A very first estimation of Coulomb
force effects for this particular configuration will be mentioned in Section 8.5. Another possible shift
of theory caused by 3NF effects will be discussed in Section 6.2. A final judgement, however, is
possible only if the pp Coulomb forces have been rigorously incorporated and well confirmed nd data
will be available.

The plane for the star configuration can have any orientation with respect to the beam axis. Data
in the nd and pd systems for coplanar configurations, which contain the beam axis, are shown in
Fig. 43. The nd data at 13.0 MeV deviate strongly from theory [512], while the pd data at 22.7 MeV
agree perfectly. The nd data at 13.0 MeV have been remeasured and are presently being analyzed
[484]. Preliminary results show a good agreement with theory and consequently disagreement with
the old data. This underlines that a solidly confirmed set of data is badly needed, in order to come
to definite conclusions. At 65 MeV the pd data [536] and theory show some discrepancy, which
possibly is related to Coulomb force effects.
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Other configurations

Breakup configurations have been proposed which exhibit destructive interference minima
[323]. They are defined by fixed values of the final state NN relative energies and a fixed value
of the momentum of one of the emerging nucleons. This defines an one-dimensional kinematical
locus and the configurations are named “constant relative-energy-loci”. For simple s-wave NN force
models the breakup cross section was shown to be dominated by one of the two doublet state (total
3N spin § = 1/2) amplitudes in which the two identical nucleons are coupled to spin zero, if the
relative energies and the fixed momentum is chosen in a particular way. Such configurations were
at the same time claimed [275] to be most sensitive to various s-wave NN force models. A special

L 'dEa [ mbﬁ ] T T T 54 [l mb } Le
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Fig. 40. Breakup cross sections including the condition of collinearity, indicated by an arrow. Comparison of data (8.0
MeV: pd data (o) [101]; 10.5 MeV: pd data (o) [203]; 13 MeV: nd data (o) [470,471], pd data (o) [397]; 19 MeV: pd
data (o) [366]; 65 MeV: pd data (o) [9]) with NN force predictions (AV18 (——), Nijm 93 (- - =), Nijm L (- - - -)
and Nijm II (------ ).
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case is, to have equal relative energies and symmetry with respect to the incident beam direction for
the momenta of the two identical nucleons. Measurements for such configurations [330,355] have
been performed and compared to simple s-wave NN force calculations. Severe discrepancies between
theory and data in the minima have been found, which however might be due to the oversimplified
forces (no tensor force, no I = 1 and 2 forces). Again, unfortunately the data cannot be reanalyzed
using the present day realistic NN forces due to the lack of sufficient information on the experimental
conditions. Renewed measurements would be very desirable. We shall come back in Section 7.1 to
the question, whether the claim of [275] about the most sensitive configurations, among which are
these constant relative energy loci, survives if modern phase-equivalent NN forces are being used.
More recently data have been taken under detector angles, which do not coincide with the four
standard configurations mentioned up to now. We display some of them in Fig. 44. In some cases there
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is strong disagreement to the theory. Especially at 13 and 65 MeV one faces a 100% discrepancy.
At 65 MeV the cross section is rather low, which is not due to the phase space factor kg given in
Eq. (105), which is even somewhat larger than in the symmetric QFS configuration of Fig. 35, but
due to the nuclear matrix element. Our results are stable with respect to different choices of NN
forces. Therefore, assuming the experimental data to be correct, we face a problem. The pd data at 8
MeV, which have a kinematics close to the collinearity condition, agree relatively well with theory,
though unknown Coulomb force effects introduce an uncertainty. Interesting is also the disagreement
of theory to one set of pd data at 22.7 MeV and the very good agreement with the other set (see
Fig. 43).

An experimental full 477 investigation covering all possible configurations would be very welcome.
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This would test the underlying 3N Hamiltonian in the most stringent manner. In the past “47” data
have been recorded [502,56]; unfortunately they are not documented and no longer available.

Spin observables in the breakup process

Let us regard now spin observables in the breakup process. A first set of data are analyzing powers,
where the projectile nucleon is polarized. Trials in kinematically incomplete setups were successful
[233,273]. Recent data in kinematically complete arrangements [145,146,397,9-12,366,536] in
comparison to the theory are displayed in Figs. 45-49. These are all pd data and the possible
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Coulomb force effects are unknown. The observables are grouped according to QFS (Fig. 45), FSI
(Fig. 46), collinear (Fig. 47), space star (Fig. 48) and coplanar star (Fig. 49). The agreement is in
general good, with some possible exceptions at 22.7 MeV (Fig. 45) and 65 MeV (Fig. 47). In the
latter case there is a hump in the theory not so clearly present in the data and a slight shift of theory
in comparison to experiment. In all cases the predictions of the most recent NN forces agree with
each other with slight differences occurring at 65 MeV in Fig. 47.

Finally we show in Fig. 50 how A, is built up out the NN force components for an example which
includes FSI kinematics. Clearly the j = 2 forces are needed even at 10 MeV.

A second set of data are deuteron vector and tensor analyzing powers A,, A,,, A, at Ef* = 16,
52.1 and 95 MeV. The deuteron vector and tensor analyzing powers at 16 MeV, shown in Fig. 51,
agree quite well with the data [101] taken under collinearity conditions or close to it, but the data
have relatively large error bars.

At 52.1 MeV the symmetric collinear and coplanar star configurations have been chosen [394].
While for the deuteron vector analyzing power theory and data agree there are drastic discrepancies
for A,, and A,,. This is shown in Fig. 52. The structures are much more pronounced in theory
than in the data. It is interesting to see how the theoretical values are built up; this is displayed in
Fig. 53. One sees that very important contributions come from the j =2 NN force components. All
the NN force predictions agree among each other and therefore we face a problem if the data will be
confirmed by renewed measurements. At the deuteron lab energy of 95 MeV the A,, data [319,524]
have been taken at a special symmetric constant relative energy geometry, which has star geometry.
The two protons are emerging symmetrically to a plane defined by the beam axis and the outgoing
neutron. The data are shown as a function of the angle a between the direction of the neutron and
the beam axis. Data and theory agree, see Fig. 54, except around a ~ 150°, where theory is rather
smooth and does not show the peak seen in experiment. Since theory develops such a peak at an
energy about 15 MeV lower it would be of interest, if that observable could be remeasured and then
more systematically studied at several energies. In Fig. 55 the breakup data are shown along the
S-curve for two fixed a-values, in the peak and outside the peak of Fig. 54. We see that the clear
discrepancy is present for all energy distributions in the peak while theory agrees very well with the
data for all values of S outside the peak.

From the examples shown we see that the spin data set for the breakup process is much poorer
than for elastic scattering. What is really needed is a firmly established extensive data basis in order
to be able to find out possible deficiencies in the nuclear 3N Hamiltonian.

6.2. 3N scattering including 3NF’s

To the best of our knowledge the first time that Faddeev equations have been solved for the breakup
process including a 3NF was in [333,334]. Restricted computer resources at that time imposed the
use of only simplified two-nucleon forces and of a spin-isospin averaged 3NF [63]. The whole
phase-space has been explored and the most promising configurations with the largest 3NF effects

Fig. 44. Breakup cross sections for nonstandard kinematics. Comparison of data (8 MeV: pd data (o) [101]; 13 MeV:
nd data (o) [470,471]; 22.7 MeV: pd data (o) [530]; 65 MeV: nd data (o) [302]) with NN force predictions (AV18
(——-), Nijm 93 (- - =), Nijm I (- - - -) and Nijm II (------ ).
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Fig. 45. The nucleon analyzing power including QFS kinematics. Comparison of data (13 MeV: pd data (o) [397]; 19
MeV: pd data (o) [366]; 22.7 MeV: pd data (o) [145]; 65 MeV: pd data (o) [11]) to NN force predictions (AV18
( ), Nijm 93 (- - =), Nijm I (----) and Nijm IE (.------ )). For the position of the QFS point see Fig. 33.

were pointed out. Now more powerful computers came up and it got possible to use NN forces in all
their complexities including in addition 3NF’s without further approximation.

The most obvious 3NF is the 77— exchange among three nucleons with one intermediate A, the so-
called Fujita-Miyazawa force [157]. This model ignores chiral constraints. The need for consistency
with (broken) chiral symmetry for the 7N scattering amplitude embedded in the processes of Fig.
2 has been emphasized by [67]. The Tucson-Melbourne (TM) 7 — 7 exchange 3NF [96] was
developed in that spirit taking into account the low-energy theorems of the current algebra-PCAC
description of axial-vector nucleon amplitudes. On top it includes a term dominated by the A-isobar,
which, however, does not outweigh the current algebra piece. Thereby the off-the-mass-shell -
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Fig. 46. The nucleon analyzing power including FSI kinematics. Comparison of data (13 MeV: pd data (o) [397]; 19 MeV:
pd data (o) [366]) to NN force predictions (AV18 (——), Nijm 93 (- - ~), Nijm I (- - - -) and Nijm II (------ )).
For the position of the FSI point see Fig. 39.

N amplitude is represented in a low momentum expansion, which for higher momenta obviously
has to fail badly. That amplitude increases with momenta instead of decreasing. Since in realistic
nuclear wave functions, momenta larger than the pion mass are significantly populated and not at all
negligible, that wrong behavior has to be corrected by the strong form factors, which results in a
severe cut-off dependence.

Extending the current algebra-PCAC approach the = — p and p — p exchange 3NF’s have been
constructed [122] and, including the 7 — 7 exchange, all three run under the name TM model
[331,98-100]. The Brazilian group [405-407,409] just took tree diagrams of effective Lagrangians
(approximately) invariant under chiral transformations and gauge transformations, with 7, p and o’s
to generate a model for the 77 — 7, m — p and p — p exchanges. When the parameters were properly
adjusted that force gave essentially very similar results in triton calculations [84,152,423] as the
TM-model. For a recent application of the TM 3NF to *H see [458,460].

Then there is a purely phenomenological approach by the Urbana-Argonne collaboration [73,432],
in the form of the UB 3NF which has the # — 7 long range features built in and a phenomeno-
logical short range part, which balances the attraction of the long range part. That force has been
adjusted [506] together with the AV14 NN force to the triton and ‘He binding energies. Recently
that force has been used in 3N scattering calculations below the breakup threshold [271].

If the Hilbert space includes in addition to 3N states also states with one, two or three nucleons
being replaced by A’s, one has to establish transition potentials between nucleons and A’s. This has
been done [199,505] and applied in the 3N bound state [219,220,371,375,376,459,377-380]. That
formulation is equivalent to introducing certain types of 3NF’s 1n the Hilbert space of nucleons only
[425]. Interestingly, that formulation allows for a new dynamical feature, the so-called dispersive
effects [199]. If two nucleons interact by a box diagram with one intermediate A, which is part
of the two nucleon force, then the presence of a third nucleon modifies the intermediate propagator
and consequently that part of the two-nucleon force. In case of the 3N bound state with a negative
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3N energy the presence of the additional kinetic energy of that third nucleon in the propagator
makes that force weaker. That dispersive effect counteracts the attraction provided by the Fujita~-
Miyazawa force, mentioned above [157]. To the best of our knowledge that dynamics has not yet
been applied in rigorous 3N scattering calculations, but appears to be worth the efforts. This would
be a straightforward extension of what is being done now, just having more channels, and is quite
feasible on present day computers.

Fig. 47. The nucleon analyzing power including collinearity conditions. Comparison of data (13 MeV: pd data (o) [397];
19 MeV: pd data (o) [366]; 65 MeV: pd data (o) [9]) to NN force predictions (AVi8 (——), Nijm 93 (- - -), Nijm

I(----)and Nijm1II (------ }). The position of the collinearity point is indicated by an arrow.
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Fig. 48. The nucleon analyzing power including the space star configuration. Comparison of data (13 MeV: pd data (o)

[397]; 19 MeV: pd data (o) [366]; 65 MeV: pd data (o) [536]) to NN force predictions (AV18 (
(---),NijmI(----) and Nijm II (------ )). The position of the space star point is indicated by an arrow.
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Fig. 49. The nucleon analyzing power including coplanar star configurations. Comparison of data (22.7 MeV: pd data (o)
[146]; 65 MeV: pd data (o) [536]) to NN force predictions (AV18 (——-), Nijm 93 (- - =), Nijm I (- - - -) and Nijm
me----- )). The position of the coplanar star point is indicated by an arrow.

A very first scattering observable to be calculated is the doublet nd scattering length %a. As already
mentioned it is correlated to the triton binding energy. Since that observable is evaluated exactly at
the nd threshold, the boundary conditions are very simple and one can reformulate the equations such
that it is like solving a bound state problem. We refer to [86] for the configuration space and to
[238] for the momentum space treatments. Examples for various combinations of 2N and 3N forces
are shown in Table 11. In all cases (except Bonn B, j,.. =3) the 3N forces have been chosen such
that the correct *H binding energy results. We see that the scattering length 2a come thereby close to
the experimental value of 0.65 fm. In agreement with experiences from other groups we see from the
example of Bonn B, where we increased j,,, to three, that partial waves beyond j,,, = 2 are indeed



W. Glockle et al./Physics Reports 274 (1996) 107-285 207

T T T =T T T

Ay A,
0010k PL 0 =300 8, = T5.8% ¢yp = 180° | 6; = 30° 8, = 75.8° $15 = 180°
' i\ Eiap = 10.0 MeV Eigp = 10.0 MeV
/Y 0.010} :

-0.010F
—0.010F

~0.020} - ~0.030} s , ]

=
(Sl
—
o
(=]
ot
—
<

040 F3 P :

Do
6, = 50° 6, = 53.7° 91, = 180P |
[tvlab = 65.0 MeV i

0.20¢

0.20F 1 0.10 d
0.00

0.00 1
-0.10 4
-0.20

—0.20 1 Il 2
0 50 100 0 50 100
S [MeV] 5 [MeV]
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used. The figures on the left hand side show nn FSI configurations and on the right hand side np FSI configurations.

needed. The calculations based on j,,, =4 were carried through in configuration space [86]. Finally
we display very recent results achieved by the pair correlated harmonic basis technique [271] using
the AV18 NN force together with an Urbana 3NF. In that case the forces are not truncated.

Let us now regard possible 3NF effects in elastic Nd scattering and the breakup process. The
calculations require substantial computer resources and we have up to now only results for the TM
model, which can serve as a first orientation of what might be expected.

Similarly what has been found in 3N and 4N bound state calculations [181] the scattering results
depend on which NN force is "married” to the TM 3NFE. This is not surprising in view of the
different short range repulsions for the different NN forces. Thus, since the 2N and 3N forces are
not consistently derived within one scheme (with the exception of the Ruhrpot [388]), one has to
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Fig. 51. The deuteron vector and tensor analyzing powers in various breakup configurations at Ef° = 16 MeV. pd data are
taken from [101]. The two configurations with 8, = 8, = 33.4° and 6, = 24.4°, 8, = 40° include collinearity at § = 0, the
other two configurations are close to collinearity. The theoretical predictions are AV18 ( ), Nijm 93 (- - -), Nijm I
(----)and Nijm II (------ ).

Table 11

nd doublet scattering lengths for NN and 3N forces: (a) Bochum, (b) [86], (c¢) [271].

INF Jrmax 3NF A [mg] Jmax 2q
Bonn B 2 455 2 0.548 @
Bonn B 3 ™ 4.55 3 0.638 @
AV18 2 ™ 485 2 0.577 @
Nijm78 2 ™ 5.15 2 0.509 @
AV14 4 BR 5.01 4 0.567
RSC 4 ™ 5.49 4 0.657 M
AV18 UR 0.63 ©

accept right now a certain width in the predictions. Also as in the bound state studies one encounters
a strong dependence on the cut-off parameter of the strong form factors in the 3NF [235].

We shall display three studies, one where the 7 — 7 exchange TM model is taken together with the
Bonn B NN potential and a second one where the 7 — p and p — p exchanges are additionally taken
into account, and a third one where the parameters of the TM model are adjusted in combination
with different NN forces to give the correct triton binding energy. Since in the first two studies the
triton will turn out to be overbound, the resulting 3NF effects in 3N scattering are thus presumably
overestimated. In the third case one expects smaller effects and possible scaling with the triton binding
energy. That means, certain observables might be predicted with the same values, independent which
NN force is paired with the properly adjusted 3NF.

In the first study we pair the Bonn B NN potential with the 77 — 7 exchange TM 3NF. We restrict
the calculation to j,., = 2 and have chosen the lab. energies 3, 13, 14.1, 19, 65, and 140 MeV. Adding
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the TM 3NF generated with A, =5.8m, (m, = 139.6 MeV) changes the triton binding energy from
8.14 MeV to 10.32 MeV. That strong overbinding leads presumably to an overestimation of the
resulting 3NF effects. The elastic differential cross section is essentially unaffected at all energies. On
the other hand essentially all spin observables in elastic scattering show effects, which however are
energy dependent. Thus for instance C,, shows large effects only at 3 MeV, the nucleon to nucleon
spin-transfer coefficient K3 ¥ (n) up to 19 MeV, the nucleon to deuteron transfer K} ¥ (d) at 3 MeV
and 65 MeV but little in between We display a few examples in Fig. 56. Note that the 3NF effects
lowers the minimum in K,V, (n), which theoretically is a bit too high compared to data using the
most modern forces Nijml, II, 93, and AV18. Only the CD Bonn prediction passes through the data.
In contrast to the other potentials it has a rather low deuteron D-state probability and also leads to
the largest triton binding energy. That feature appears to be an example of a theorem that off-shell
effects can act in the same manner as 3NF effects [390]. At 140 MeV our j,,., = 2 calculation is
certainly not fully converged and is shown to demonstrate that possibly large effects at these higher
energies might occur.

In the breakup process we looked into all np and nn FSI, QFS, Star and Collinear configurations
between 14.1 and 140 MeV. Only at 14.1 MeV relatively significant effects in the cross sections of
up to about 10% showed up. This is exemplified in Fig. 57 for the nn FSI's and QFS’s. Shown are
the FSI peak heights and QFS maxima as a function of the angle between a neutron momentum and
the beam axis. In both cases the effects are angle dependent. For future experiments aiming at the
extraction of the nn scattering length (and also the np one for testing purposes), the fact that at
some specific angle the 3NF effects are zero, here at =~ 45° for 14.1 MeYV, should be of interest. A
measurement at that angle would certainly lower the theoretical uncertainty of the extracted scattering
length. On the other hand measurements at larger and smaller angles could verify the systematics of
that specific 3NF effect in the FSI peak heights. At the higher energies studied, 65 and 140 MeV, the
corresponding effects are essentially zero for the FSI cross sections. In case of QFS the analyzing
power behaves similarly as the cross section: interesting effects at 14.1 MeV (where however the
analyzing power is very small) and essentially vanishing effects at 65 and 140 MeV. This is displayed
in Fig. 58. The fact that under QFS conditions the 3NF effects under study are essentially absent at
the higher energies is very interesting, since at least it does not oppose the hope to use the deuteron
as a neutron target at higher energies. We shall come back to that issue in Section 7.5. For the
analyzing power under FSI conditions the situation is reversed: small effects at small energies and
increasingly strong effects at the higher energies, as seen in Fig. 59. However, we would also like
to express a warning on the outcome of the specific 3NF effects under study. For instance in the
space star configuration at 13 MeV the discrepancy to the data is increased adding this 3NF. Also
the description of the analyzing power under collinearity condition at 65 MeV worsens. Both cases
are displayed in Fig. 60.

In the second study [525] we added the = — p and p — p exchange TM 3N forces in addition to
the m — 7 exchange. The influence of the = — p exchange was generally found to be smaller than
for the 7 — 7 exchange and to act in opposite direction. The effect of the p — p 3NF was found

Fig. 52. The deuteron analyzing powers A,, A,; and A,, in the symmetric collinear (left hand side) and coplanar star (right
hand side) configurations. Comparison of pd data [394] and theory (AV18 ( }, Nijm 93 (- -~ =), Nijm I (- - - -)
and Nym IT (------ M.
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to be always negligible. The study was carried through at 3 and 14.1 MeV. For C,, and 3 MeV the
effect for the 7 — 7 exchange is now reduced to about half its size, the same is true for K-yv'( n), see
Fig. 56. Nevertheless the effect of lowering the minimum is interesting, since it is also generated by
weakening the *S, —3 D, tensor force or the ! P, NN force component. Thus this minimum in the 3N

Fig. 53. The NN force contributions to the deuteron analyzing powers of Fig. 52: s-waves (------ i<l (----),j<2
(---),and j <3 (—).
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Fig. 54. The deuteron analyzing power A,y under symmetric constant relative energy geometry (see text). « is the angle
between the outgoing neutron and the beam axis. Comparison of pd data [319] to theory (AV18 (——-), Nijm 93 (- - -),
Nijm I (- - - -) and Nijm I (------ )).

Ayy T L - T L] T T i T
0.20 "a — 148° % % ] _,‘ﬁ" —E "i.& w:;;- ~
E!#® = 950 MeV 0.0} l
0.00 * k
-0.4 .
T Ayy
-0.20¢ 1
« = 168°
# E'#® = 95.0 MeV i
7 %
— . I I —0.8 X L ] 4
0.40 -19 g 10 —-30 -10 10 30
S [MeV] 5 [MeV]

Fig. 55. The deuteron analyzing power A,, along the S-curve for two angles « from Fig. 54. The theoretical predictions
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). pd data (o) are from [319].
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observable K;Y' (n) provides an example, where certain 2NF and 3NF effects are similar. Therefore not
taking 3NF effects into account and drawing conclusions about 2NF properties might be misleading.

The analyzing power A, is an example, where the discrepancy to the data based on two-nucleon
forces only does not get cured by including that TM 3NF model [522]. This is clearly seen in
Fig. 61, where the TM 3NF effect even increases the discrepancy. Obviously if the NN forces and
the underlying *P phases would be basically correct, then that TM 3NF model would have to be
outweighted by a strong 3NF of different nature. Of course there is also always the possibility that
the off-shell features of the NN forces might be different. According to [390] off-shell properties of
NN forces are mathematically equivalent to 3NF effects and vice versa. We shall come back to that
A, puzzle in Section 7.3 below.

In case of the breakup cross section the already relatively small effects found for the 77— exchange
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in conjunction with Bonn B ( ) for the nn FSI and the nn QFS peak heights as a function of a neutron lab angle.

alone are further reduced by adding = — p exchanges. Especially the still controversial situation for
the space star configuration, mentioned in Section 6.1, is not changed by the negligible effect of the
TM 3NFE. See also Fig. 58-59 for the small shifts caused by addition of the 7 — p exchange in the
analyzing power under FSI and QFS conditions. For more detailed information we refer to [525].

Let us now come to the third study, the question whether different 3N Hamiltonians give for certain
3N scattering observables the same prediction when the corresponding triton binding energy is correct.
It has been claimed in [61] that this is true in general at low energies and nothing new can be learned
from scattering. This claim has been already criticized some time ago [472] by providing counter
examples in model calculations of the breakup process. We took up that question again using the
modern AV 18 NN force, the Bonn B and Nijmegen78 NN potential, and adjusted to each force the TM
7r — 77 exchange 3NF such that one gets in each case the correct triton binding energy. As parameter
to be adjusted we took the A-value of the strong form factors in that TM model. The resulting values
for A are 4.55, 4.85 and 5.15 m, for the NN forces Bonn B, AV18 and Nijmegen 78, respectively,
which reflects the different binding energies of —8.10, —7.72 and —7.54 MeV, for the NN forces only.
In this manner we generated three different Hamiltonians yielding all the same triton binding energy.
Now we looked into observables for elastic Nd scattering and the breakup process, between 3 and 19
MeV using either only the different NN forces or the corresponding full Hamiltonians supplemented
by the adjusted 3NF’s. Whenever the individual NN force predictions differ but coincide for the full
Hamiltonians we call that phenomena “scaling with the triton binding energy”. We found observables,
which do scale and others which do not. With increasing energy scaling dies out and already at 10
MeV it is essentially gone. Thus it is a clear low energy phenomena.

Let us first regard elastic scattering. As already mentioned the differential cross section shows
essentially no 3NF effect. The observables which scale at 3 MeV are the vector spin correlation
coefficients C,, and C,, and all nucleon to nucleon and nucleon to deuteron vector polarization
transfer coefficients; on the other hand all analyzing powers and nucleon to deuteron tensor spin
transfer and tensor spin correlation coefficients (S, T) do not scale. In the latter nonscaling group
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angle.

the predictions with and without 3NF deviate from each other for different choices of the forces.
Some prominent examples for scaling observables and nonscaling observables are shown in Fig. 62
and Fig. 63, respectively.

In the breakup process we also found scaling and non-scaling behavior for the cross section. We
performed an angular search in the space of all angles of the two nucleon detector positions. Only at
small energies close to the breakup threshold scaling was present. For instance at 4.5 MeV there is
a very small phase space region around 8; = 45°, 6, = 22° and A¢,, < 50° where the individual NN
force predictions deviate by more than 10% and agree within 3% when the corresponding 3NF’s are
switched on. An example is shown in Fig. 64. There are also domains which are extremely insensitive
and all NN force predictions agree with each other and the additionally 3NF effects are negligible.
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angle.

This is also exemplified in Fig. 64. At the higher energies studied, 6.5 and 10.5 MeV, the effects of
the 3NF become smaller and scaling is much less pronounced.

For the breakup cross section scaling occurs unfortunately only at rather low energies, where
measurements are presumably very difficult. The domains which are very insensitive to the choice of
the nuclear forces (2N and 3N forces) occur at all energies and are equally challenging. We shall
devote the special Section 7.1 to that subject.

It might be added that several 3N bound state properties are already well established to scale
with the triton binding energy. These are the charge radii and the D/S ratios of the asymptotic
normalization constants of 3He and *H and the 3He binding energy. For a recent review see [527].



218 W. Glockle et al./Physics Reports 274 (1996) 107-285

-' T T ] ‘Aly T L} T L}
1.5 ! } } } $ b )
$ 61 = 59.5% 6y = 59.5° ¢y = 1809
¢ 44 ¢ 0.3} Ejgp = 65.0 MeV -
() S .
—0.1F J
05F ]
d°s mb
d§1,dQ,dS [MeV sr"’]
01 = 50.5° 92 = 50.5° ¢12 =
Elab = 13.0 MeV
00 'I . f —0.5F " 1 1 i 1 h
0 5 10 0 20 40 60 80
S [MeV] S5 [MeV]
Fig. 60. TM 3NF effects, 7- exchange (- - -), on top of Bonn B predictions (——-) for the space star configuration
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MeV. The nd data are from [328,329] (3 MeV) and [232] (14.1 MeV).
7. Special topics
7.1. Survey of breakup cross sections

Up to now we concentrated mainly on the four types of breakup configurations, briefly called FSI,
QFS, Collinear and Star. But already for some configurations discussed in Section 6.1 (Fig. 44)
we encountered a surprise. Thus it might well be that outside of these specific configurations one
can find even more sensitive cases to probe the 3N potential energy. In the context of simple forces
sensitivity studies have been performed in [502,472,56], with the result, that certain configurations
were identified, where different NN forces gave quite different results. We evaluated in steps of 5°
in the angles 8, and #, and in steps of 10° in the relative azimuthal angle ¢, = ¢, — ¢; of two
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Fig. 63. Examples for Nd spin observables at 3 MeV, which do not scale with the triton binding energy. Description of
curves as in Fig. 62. The pd data (o) are from [416] and the nd data (¢) from [328,329].

nucleon detectors the breakup cross sections over all phase space. We used Bonn B and the recently
updated NN forces AV18, Nijm93, Nijml and Nijmll. The resulting cross sections were compared
to each other and those regions in that three-dimensional angular domain were identified, where the
cross sections did not deviate from each other by more than 3%. Let us call these configurations
insensitive ones with respect to the choice of the NN force. Then we looked whether there are angular
configurations under which the cross sections for the various NN forces (at least one of them) deviate
among themselves by more than 8%. They will be called the sensitive domains. Both are realised.
We show in Fig. 65 the sensitive domains projected into the 6,-0,, 6,-¢;, and 6,-¢,, planes for
four energies: E = 10.3, 13.0, 19.0 and 65 MeV. We find that at 10.3 and 13 MeV all the sensitive
configurations are just nn and np FSI peaks or configurations close to them. Thereby the deviations
do not surpass 10.5%. The lines under which nn and np FSI’s occur are displayed in the respective
#,-0, planes. That result is not surprising since the a,, and a,, values of the potentials used in that
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Fig. 64. An example for the breakup cross section at 4.5 MeV which shows scaling (left side) and an example for utmost
insensitivity to nuclear dynamics (right side). Theoretical predictions are: Bonn B (——), AVI8 (-~ -), Bonn B + TM
3NF (A=4.55m,) (- ---),and AV18 + TM 3NF (A =4.85m,) (------ ).

study deviate slightly from each other and this is reflected in a magnified manner in the FSI peak
heights. Therefore that sensitivity is mostly a consequence of “bad” force properties. They are not
well enough adjusted in that specific on-shell property. We left out a few cases around 6, = 60°, where
the deviations are larger than 10.5% but where the arclength is quite short (about 1-2 MeV) and
therefore hardly accessible experimentally. At 19 MeV additional sensitive configurations show up,
which when plotted against the arclength S have a deep minimum, where the sensitive dependence on
the choice of the NN force is located. There the deviations among the different force predictions are
up to 15%. Finally at 65 MeV the sensitive domain is strongly enlarged and more different types of
cross section patterns appear, which display sensitivity up to 20% (this latter result does not include
the NijmII interaction). We show two examples in Fig. 66. Note that the shapes of the cross sections
are quite different and the largest spread is 15% in both cases.

Regarding Fig. 65 we see that the sensitive domain in the 8,-6,-¢), space is gradually changing
with energy.

In the literature [251] breakup configurations have been cited which are claimed to be extremely
sensitive to the choice of NN forces (oversimplified forces on present day standards). Since in our
search with a step size of 5° in 6, and 6, and 10° in ¢;, we might have overlooked them we looked
into one case, the symmetric constant relative energy locus at 19 MeV. The constant relative energy
loci are defined by constant relative energies of the three outgoing nucleon pairs. In the symmetric
choice one has the additional condition, that the relative energies between the two np pairs are equal.
Then the cross section as a function of the energy E; of that outgoing nucleon, which is different
from the other two, shows a deep minimum. We found that the cross section in this deep minimum
is indeed sensitive to the choice of the NN force. At 19 MeV that minimum is located at £; = 1.015
MeV and the corresponding detector angles are 6, = 41.19°, 8, = 47.62° and ¢,, = 152.20°. Using
the modern NN potentials the largest discrepancy was between Bonn B and Nijmll and has the value
14.9%. Replacing Bonn B by CD Bonn, which has a perfect x? like Nijmll, the discrepancy shrinks
to 9.3%. Thus indeed that specific configuration is sensitive, but it is not too special, since it is
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surrounded by equally sensitive configurations as seen from Fig. 65. It is located in the sensitive
domain and with our grid we came anyhow close to it.

We searched for this minimum also at E;,, = 13 MeV and found it located at E; = 0.808 MeV with
the corresponding detector angles 8, = 39.04°, 8, = 46.74° and ¢,, = 148.16°. However, at this energy
the minimum is not very deep. This is in accordance with what has been found at 14.4 MeV by
[251]. In our calculation at 13 MeV the largest discrepancy of 6% was between Bonn B and Nijm93.
Since these 6% stay below our ad hoc chosen threshold value of 8% for sensitive configurations it
is not included in Fig. 65. Again replacing Bonn B by CD Bonn that discrepancy of 6% shrinks to
3.9%.

Since at 65 MeV the sensitive domain has significantly broadened an extensive set of experimental
data there would be very useful to test the theory. The continuation of that study to higher energies
is planned.

The extremely insensitive domains, where all the NN force predictions agree among each other
within < 3% appear to be also of great interest, since there deviations of the data to theory would
seriously question all the present day NN forces. The corresponding domains are shown in Fig. 67.
We restricted ourselves to show only cases where the cross sections are larger than 1 mb/(MeV sr?)
except at 65 MeV, where all the insensitive cross sections stayed below that value. Again the domains
change gradually with energy. We propose that measurements in those most insensitive domains
should be performed.

Since an exact treatment of the pp Coulomb force problem together with realistic NN forces is
still not yet under control, nd measurements would be preferable. But pd measurements would be

Fig. 65. Domains projected into the 6,-62, 61~¢12 and 62—¢12 planes, in which the different NN force predictions (see
text) deviate among each other by more than 8%. The four rows are for 10.3, 13.0, 19.0 and 65.0 MeV, respectively.
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Fig. 66. Two examples out of the sensitive domains at 65.0 MeV. The deviations among the NN force predictions are up to
15%. We used Bonn B ( ), AV18 (- - -), Nijm93 (----) and Nijm I (------ ).
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also welcome, since they might have smaller error bars and would stimulate that finally one group
would solve that technically very challenging theoretical problem of Coulomb forces in 3N scattering
in conjunction with realistic forces.

Looking into breakup data known to us we found at 13 MeV a few cases, which lie in the
insensitive domain. They are shown in Fig. 39, where we have very good agreement, in Fig. 40,
where we agree quite well with the pd data, but not with the nd data (they are presently remeasured
[485]), in Fig. 42, where our theory lies between the nd and pd data, and in Fig. 44, where our theory
deviates drastically from the nd data. If the cases with strong disagreement would be reconfirmed
experimentally, one would have caught hot candidates to see 3NF effects in the 3N breakup process.

In Fig. 68 we show two example of cross sections taken from those insensitive domains. The first
one is close to a FSI condition for particles 2 and 3. The second case is rather far away from FSI
conditions.

7.2. Extraction of the nn scattering length a,, from the 3N breakup process

We already mentioned that values for the nn scattering length extracted in the past from the nn FSI
peak area in the nd breakup process have to be taken with some caution. The use of the Watson-
Migdal parametrization introduces additional theoretical uncertainties on top of the experimental errors
as has been demonstrated in Section 6.1. In the past also simple finite rank NN forces have been

Fig. 67. Domains projected into the 6,~02, #1-¢12 and 62-¢12 planes, in which the different NN force predictions (see
text) agree among each other within less than 3% and where the cross sections are larger than 1 mbMeV ™' sr2, except
at 65 MeV, where the cross sections stay below 1 mbMeV ' sr=2. The four rows are for 10.3, 13.0, 19.0 and 65.0 MeV,
respectively.
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Fig. 68. Two breakup cross sections from the insensitive domains in Fig. 67, see text. The five potential predictions
essentially coincide. The left figure refers to a configuration which is close to a 2-3 FSI condition and the relative angle
between the momenta k, and k3 is 13.11°; in the right figure the corresponding angle is 70.03°. The energies E;, E», and
E3 together with the angles 83 and ¢35 refer to the maxima in the cross sections.
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used, often only s-wave forces, and the solution of the Faddeev equations have been compared to
the data [535]. Again this can lead to inaccurate results, since as we already pointed out, higher
NN force components give a nonnegligible contribution to the FSI peak cross section. Also these
simplified old forces certainly do not describe the NN data in a sufficiently accurate manner, which
induces further uncertainties. Furthermore as we pointed out in Section 7.1 the FSI peak areas in
general belong to the sensitive domains and cross sections evaluated even with the most modern NN
forces can deviate from each other, which has consequences for the a,, values extracted. We shall
come back to that point below.

In the past [446] also several kinematical incomplete nd measurements have been performed,
where only the outgoing proton has been detected in forward direction. The cross section around the
highest possible proton energies exhibits a peak, which is due to the nn pair interacting most strongly
if its relative energy tends towards zero. Recently in [483] the most reliable data sets have been
reanalyzed using various realistic NN forces in fully charge dependent calculations (including T=3/2
states). Thereby the nn force in the state 1Sy was allowed to vary according to different nn scattering
lengths.

The reanalysis of published data between 11 and 62.8 MeV led to a range of extracted a,, values
between —12 to —22 fm. They are clustered around —15 fm, which is significantly different from
the central value —19.7 & 1.8 fm [446] achieved by the old analysis. The large spread of that newly
found interval is quite disturbing and poses questions about the reliability of the data - and possible
3NF effects, which might be energy dependent. For instance two data sets around 14 MeV are clearly
incompatible and require a remeasurement [483]. As an example we display in Fig. 69 a proton
spectrum at 11 MeV [306] in comparison to Bonn B predictions with three choices of nn 'S, forces
supporting a,, = —15, —17.67 and —20 fm. The data are normalized by a factor 1.17 in order to
agree with theory in the energy range 6.55 to 7.91 MeV to the left of the FSI peak. In that energy
range there is a negligible dependence of the theory on the value of a,,. In this case an optimal value
of a,, = —18.54 £ 2.22 fm results. See also [526] for possible 3NF effects. A very thorough review
on that issue can be found in [484].

Since the np scattering length a,, in the state 'S, is very precisely known from np scattering, it
seems most natural to firstly extract that number from the nd breakup process before attacking the
nn problem. Since there are no well documented np FSI peaks from nd breakup known to us we
analyzed the three pd breakup data displayed in Fig. 39. First of all theory has to be averaged over
the opening angles of the detectors, which has quite a significant influence on the peak heights, whose
values are decisive for the extraction of the scattering length. According to [398], [203,366] we used
the angular openings of the detectors (A8, =0.3%, A, = 1.0%, Af, =1.0°, Ad, = 1.5%), (AF; =0.5°,
Ad; = 1.5°), (A6, = 1.0°, A, =2.7°, AB, = 0.7°, A, =2.9°) for the three measurements at 10.5,
13.0 and 19.0 MeV, respectively, and assumed equal response probabilities over those Af; and A¢;
ranges. Then we allowed for variations in the 'S, np scattering lengths between —20 fm and —26
fm. The corresponding variations of the potential parameters were installed for us for the Nijmegen
and CD Bonn potentials by the respective authors [322,468]. As an example for the dependence of
the theoretical cross section (already averaged over the detector opening angles) on the a,, value we
display in Fig. 70 the np FSI peak at 13.0 MeV. Performing a y? fit based on NijmI(cd), Nijm93(cd)
and CD Bonn predictions we found the following results shown in Table 12. We see the results at each
energy are only very slightly dependent on the choice of the potential, however vary with energy. At
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Fig. 69. Renormalized proton spectra (see text) of [306] in comparison with Monte-Carlo simulations using the Bonn B
NN potential corresponding to an, = —17.67 fm ( ) and modified versions of Bonn B with a,, = —15 fm (- - -) and
ann = =20 fm, (- - - -).

Fig. 70. The an,-dependence of a np FSI peak at 13.0 MeV: ( ) Gnp = =20 fm, (- - =) app, = —22fm, (- - - -)
anp = —23.74 fm from CD-Bonn, (------ ) anp = —26 fm. pd data are from [397].

Table 12
Optimally adjusted a,, values to np FSI peaks in the pd breakup process.

Ejap anp £ Aanp (fm)

(MeV) CD-Bonn Nijm 93 Nijm [

10.5 —-2298 1+ 0.28 —23.05+0.29 —22.92+0.28
13.0 —-2330+0.22 —23471+0.23 —-23.32+0.22
19.0 —-2398+0.26 —24.44 £0.27 —2420+0.26

13 MeV one is closest to the correct value of a7 = —23.74 fm. Obvious reasons for the discrepancy
can be: on the theoretical side unknown Coulomb force and 3NF effects and uncontrolled systematic
errors on the experimental side. Also the simulation of the experimental conditions (opening angles of
the detectors, detector geometry, etc.) has to be performed with great care. For instance repeating the
theoretical analysis using CD Bonn and half (twice) the angular openings given above, the optimal
an, values change from —23.3 £0.22 fm to —22.83+0.21 fm (—23.8+0.24 fm) for E= 13.0 MeV.
Thus apparently a sophisticated averaging procedure has to be performed reproducing precisely the
experimental conditions.

We also evaluated the np FSI peak heights for all production angles and the three potentials, to
see whether there exists a dependence on the choice of the NN force and whether at some angles
that possible dependence vanishes. This would be a phenomena like the “magic” angle found for
3NF effects in Section 6.2. Indeed it turned out that there are very small angular ranges at which the
predictions of the forces nearly coincide: 8 = 37°, 43° and 51° for E = 10.5, 13.0 and 19.0 MeYV,
respectively. The spreads of FSI peak heights among the different force predictions at angles different
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from these “magic” ones can be up to 5%. The above np FSI experiments have been performed under
the angles 37°, 39° and 41° for E = 10.5, 13.0 and 19.0 MeV, respectively. Since the first two are
very close to the magic angles the dependence on the choice of the force is very small, only in the
third case there is some dependence, see Table 12. In future experiments one should try always to
measure at or close to the magic angles.

The specific 3NF effects generated by the TM 3NF and studied up to now are such that they
increase the FSI peak height to the left of the magic angles. Now for the first two cases we are on
or very close to the magic angles and should therefore not expect much effects. For the third case,
however, we are significantly to the left of the magic angle and based on that 3NF effect should
expect that the extracted a,, based on NN forces only should be too large. Indeed it turned out to
be too large. Right now, however, it is premature to draw quantitative conclusions, since possible
Coulomb force effects have not yet been taken into account. That theoretical hindrance would be
absent in the analysis of np FSI peaks in the nd breakup process. A measurement is presently being
performed at TUNL [484].

The above results prompted us to investigate the model dependence in the analysis of a recently
measured nn FSI peak at 13.0 MeV [160]. The model data spanning a band around a kinematical
curve corresponding to point geometry have been simulated by theory taking into account the finite
geometry effects. Theory in that case was a W-matrix approximation [41] to the Paris potential. With
the help of that model the data were projected onto a kinematical curve situated in the middle of
the band. According to the authors of [160] those projected data can be analyzed in future studies
like “experimental data for point geometry”. This has been done in [523] and we update that study
now in the following way. We used the Nijm93, NijmI and the CD Bonn potentials, which can be
varied with respect to the a,, values similarly as described above for the np FSI case. The optimal
adjusted a,, values turned out to be: —14.40 4 0.40 fm for Nijm93, —14.44 + 0.39 fm for Nijml and
—14.31£0.30 fm for CD Bonn. In Fig. 71 we show the dependence of the FSI cross section on the nn
scattering length in the case of the CD Bonn potential. In no case there is a satisfactory description of
the shape of the data. We notice that there is negligible force dependence of the extracted a,, values,
though the experiment has been performed at a nn production angle of 25°, which is far away from
the specific angle of 43° mentioned in [523], only at which the model dependence should vanish.
This apparent contradiction results from the fact, that in [523] older potentials have been used, which
are much less phase equivalent and which do not describe NN data as well as the new ones. This is
another example which shows that is is extremely important to use only NN forces which describe
properly NN data in order not to introduce artificial sensitivities to the choice of NN forces, which
are not real ones but just a result of insufficient parameter tuning.

The optimally adjusted a,, value of about —14.4 fm is far away from the value —18.6 + 0.3
fm extracted from 7-absorption on the deuteron [159,433]. To clarify the experimental situation a
renewed nn FSI measurement at this energy is presently being performed at TUNL [484].

In view of the small NN force dependence we also updated the study presented in [523] on the
nn FSI peak heights as a function of the production angles, now for the most modern NN forces.
We also added the shifts caused by the 7-7 exchange TM 3NF (A, = 5.8m,) in conjunction with
Bonn B. The result is displayed in Fig. 72. We see that there is indeed an angular range close to 43¢,
where all predictions come very close together, but the dependence of the FSI peak heights on the
new NN force predictions alone is now much weaker than in [523]. Nevertheless that angular range
seems to be the place where FSI peaks should be measured in order to extract a,, with the least
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Fig. 72. The "magic” angle at 10.5 and 13 MeV for np and nn FSI peak heights, respectively, as function of lab. angles of
nucleon 1. Theoretical predictions are for np FSI at 10.5 MeV: ( ) Bonn B, (- --) Bonn B + TM 3NF (A =5.8m,),

(----) CD-Bonn, (------ ) Nijm93, (- - - ) Nijml and (- --- - -) Nijmll. For nn FSI at 13 MeV: (——-) Bonn B,
(---) Bonn B + TM 3NF (A =58mz), (- - - -) Nijm78, (------ ) Nijm93, (- - - -) Nijml, (- --- - ---) NijmII and
(+or= -+ =) AVI4.

possible theoretical uncertainty. It is interesting to note that in the context of very simple forces the
existence of such an angle has also been found [472]. Unfortunately none of the experiments done
so far and we are aware of have been performed under such an angle. Of course the cross sections
at the crossing point of all the curves in Fig. 72 should still vary with a,,. This is demonstrated in
[523]. Thus based on the above results a measurement of a,, with an accuracy of +0.5 fm would
require the experimental error of the cross section to be less than about 5%, which appears to be not
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unrealistic.
7.3. The A, puzzle

We saw the nagging discrepancy between nd and pd data for the low energy analyzing power in
elastic scattering on one side and the predictions of all modern NN forces, even including 3NF’s
(of the TM type) on the other side. We also saw the strong sensitivity of A, to the *Py, *P, and
3P, =3 F, NN force components. We also would like to point to the small difference between the pd
and nd data, shown as an example in Fig. 14. The pd data around & = 120° are a bit smaller than
nd data. A qualitative explanation of that effect based on a slow-down hypothesis of the proton in
the Coulomb field of the deuteron was tried in [481]. Assuming that the proton will loose some
energy (of the order of a few hundred keV) before interacting strongly the pd A,-values should be
smaller around # = 120°, since the maximum of A, decreases with decreasing energy. But there is
also a change of slope below 8 = 45°, whose explanation requires presumably a full treatment of
the pp Coulomb force problem. Calculations [51] within the framework of finite rank potentials and
including the Coulomb force show indeed such enhancements and at the same time a lowering of
the maximum (see Section 8.5). Whether the difference between pd and nd data also requires CSB
effects in the *P; NN forces [517] can only be decided, if the Coulomb force problem is treated
correctly in conjunction with the best present day NN forces.

Now the PSA of Nijmegen and Arndt do not fully agree with each other; furthermore each one
has error bars. In the Nijmegen case they are explicitly given, in Arndt’s case they are recommended
to be the deviations between the results of the single energy and the multi energy analysis. Also
the NN phases of the newest potentials can be considered as results of independent PSA’s, since the
forces have been fitted to the NN data and the y? per datum is as good as in the Nijmegen PSA. If
we regard the *P; phases in Table 8 we see a spread of about 3%, which has therefore to be taken
as a typical uncertainty in PSA values of that type. What influence has this uncertainty onto the 3N
analyzing power A,? Let us first regard the np and pp system. We modified the 3Py, *P; and *P, -3 F,
phases by 3% in such a direction, that the corresponding NN force predictions increase the maximum
in the 3N A,. This requirement is that the *P, force has to be weakened and the *P; and *P, —* F,
forces strengthened. In this study we used the Nijml potential. The effect on the pp analyzing power
is hardly visible as shown in Fig. 73 in one example at E,, = 9.85 MeV. The reason is that the pp
A, results from an interference of a very small nuclear and a dominating Coulomb amplitude. In the
np case however the nuclear amplitude is much stronger and the effect of the 3% variation is clearly
visible, see also Fig. 73. In fact the 3% variations in the np system are somewhat too strong, while
in the pp system, based on A, alone, even larger variations appear to be possible. The outcome for
the 3N A, is also displayed in Fig. 73. We see a significant increase in the maximum towards the
experimental data, but it is not sufficient to solve that puzzle.

We would like to emphasize that only NN forces, which describe the NN system sufficiently well,
should be used to deal with the 3N analyzing power puzzle [520].

Finally we would like to mention an explanatory purely phenomenological study [517], where we
allowed for a much stronger CIB breaking in the 3P NN force components. The only constraint was
to describe the np and pp A, data about as well as the so called realistic NN potentials. It turned
out that there are very many ways to choose the *P NN phases. We chose one of them, which at the
same time of course should favor the description of the 3N analyzing power A,. In this manner a
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Fig. 73. Analyzing power A, for pp (a), np (b) and nd (c) scattering. Comparison of the Nijml prediction (——) to
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significant reduction of the old discrepancy could be achieved [517]. Also we think that this study
can be refined to reach a very low x?. Unfortunately that phenomenological CIB is quite opposite to
what the meson theoretical study tells [322].

Right now the puzzle remains. If the *P; phases of the Nijmegen PSA will turn out to be final,
then in view of the experience gained up to now with the adjusted NN forces it seems unlikely that
the experimental A, can be described with NN forces only. Three-nucleon force effects will thus be
required, where however the first trial with the TM force totally failed.

7.4. Eigen phase shifts and mixing parameters for elastic nd scattering above the breakup threshold

In the past there have been several trials [429,279] to work out a PSA for elastic Nd scattering
below and above the breakup threshold. With not sufficient theoretical guidance at that time some
unrealistic simplistic assumptions were made, as we know now, not expecting that all possible
complexities are indeed realised. In a channel spin representation (the channel spin 3 being the sum
of spins of two colliding nuclei, here the deuteron and a nucleon) all possible transitions between
the two 3’s (1/2 and 3/2) and the relative orbital angular momenta (here called A) really occur, the
only restriction being the conserved total 3N angular momentum and the parity. The resulting 3 x 3
S-matrix has been already displayed in Section 5. Now above the breakup threshold all quantities
in (209)-(214), the eigen phases and the three mixing parameters €, £ and 7 can in principle be
complex and they are. The spin and momentum dependencies of the NN force acting between the
projectile nucleon and the constituents of the deuteron are transformed in the full 3N dynamics into
effective forces between the projectile nucleon and the deuteron as a whole. These effective forces
contain information about the coupling between elastic scattering and the breakup process. We used
several NN forces and evaluated the phase shift and mixing parameters defined in Section 5. Though
the 3N scattering observables are quite stable with respect to replacing one NN force by another
some phase shift and mixing parameters change thereby significantly. This is displayed in Table 13
for 13 MeV. We notice that the predictions for n in the state 1/2* have a spread of up to 20%.
Also mixing parameters for higher J7-values vary up to 4-5%. Among the eigen phases especiaily
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Fig. 74. Examples for eigen phases and mixing parameters for elastic nd scattering above the breakup threshold. Their real
and imaginary parts are indicated by (o) and (*),respectively.

810 for J7=1/2* and &1, for J” = 3/2~ stick out with variations of up to 5%. Apparently the 3N
observables studied up to now are influenced by many of these S-matrix parameters and the variations
seen in Table 13 are averaged out.

As example for the energy variations we display two eigen phase shift and two mixing parameters in
Fig. 74 based on the Bonn B NN force. We notice imaginary parts which are comparable in magnitude
to the real parts and which reflect the strong transitions between different 3’s and A’s through the
loss of flux into the breakup channel. It might be worthwhile to evaluate the scalar coefficients in
a "Wolfenstein parametrization” of the elastic scattering amplitude, quantifying the different types
of spin and momentum dependencies. As worked out in [438] there are 12 independent scalar
combinations built out of the two spin vectors and the momentum vectors in the initial and final state.
In the NN case there are only five (on shell).

Regarding Fig. 74 one notices a strong variation of the 7 in the energy around 8-10 MeV. Does
that signify some special dynamical event? We looked into the energy dependence of the underlying
S-matrix elements, which govern the observables and found them to be smooth. Thus that strong
energy variation of the %2~ is just an artifact of the specific parametrization and seems to have no
physical meaning. For more details see [239,240].

Finally we come back to the 3N analyzing power A,. Using its representation in terms of the eigen

3/2~
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Table 13

Eigen phase shift and mixing parameters for elastic nd scattering at 13 MeV for various recent NN forces. The format is
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(real part, imaginary part). Notice the strong variations in § 1o and 7 for 1/2%.

J" &, CD Bonm AV18 Nijm 93 Nijm I Nijm II
i 83, (=769, 5T (~7.65, .56) (=758, 57) (-7.67, 57) (=17.70, 57)
8y, (=7097,1931) (—75.46,18.39) (=74.21,18.77) (=73.03,18.76) (—74.99,18.63)
) (127, .13) (94, .09) (1.06, .12) (110, .11) (1.03, .09)
378y, (=73, 830) (—.86, 8.11) (—47, 824) (—.83, 822) (—.83, 825)
83, (36.66, 3.42) (36.71, 3.27) (36.86, 3.38) (36.73, 3.41) (36.34, 3.36)
€ (23.01, 4.98) (2249, 4.67) (22.89, 4.89) (22.88, 4.89) (22.66, 4.89)
3* 83, (7509, .29) (75.24, .28) (7542, .29) (75.67, .29) (75.08, .29)
8y, (684, 157) (6.83, 152) (6.86, 1.55) (6.84, 1.56) (6.82, 1.5%)
83, (=8.17, .57) (—8.15, .56) (—8.05, .57) (—8.15, .57) (—8.17, 57)
) (-1.65, —.22) (—1.68, —21) (—1.66, —.21) (—1.67, —.22) (—1.65, —22)
€ (2.08, .51) (197, .51) (2.02, 52) (2.03, 51) (2.04, 50)
£ (457, -.11) (455, -.10) (457, —.11) (457, =.11) (453, —.11)
37 8y, (245 11D (249, 1.14) (245, 1.10) (247, 1.12) (249, L.11)
8y, (499, 862) (4.66, 8.30) (5.21, 8.55) (482, 8.52) (472, 8.53)
8y, (3058, 2.90) (30.78, 2.83) (31.00, 2.90) (30.87, 2.91) (30.66, 2.87)
) (4.16, —19.33) (3.80, —2021) (4.67, -—19.11) (3.95, —19.65) (3.62, —19.60)
€ (—15.15,-4.59)  (—14.77,—-4.20)  (—14.94,-4.46) (—1504,-442) (—14.82,-4.35)
£ (=231, 4.88) (—2.14, 4.98) (-2.37, 4.72) (—2.24, 4.94) (—2.14, 4.89)
3 83, (—1.00, .02) (-1.00, .02) (—1.00, .02) (~1.00, .02) (=1.00, .02)
81, (669, 155) (6.65, 1.50) (6.68, 1.52) (6.67, 1.53) (6.65, 1.52)
81, (-9.32, .59) (-9.32, 58) (=9.23, 59) (-9.30, .58) (=9.32, 58)
7 (-4.37, 74) (—4.30, .70) (—4.32, 71) (—4.35, 72) (—4.34, 72)
€ (~63, —.24) (—63, —.24) (—.66, —.25) (—.62, —24) (—.63, —.24)
£ (=3.14, —.11) (=3.11, —.11) (=3.15, —.12) (=3.13, —.11) (=312, —.11)
37 &, (3751, 239) (37.31, 2.36) (37.38, 2.39) (37.55, 2.41) (37.21, 2.38)
81, (—118, .23) (—1.18, .22) (-1.17, 22) (-1.18, .22) (-1.18, 22)
83, (299, .08) (3.00, .08) (3.01, .08) (299, .08) (299, .08)
n (=70, .09) (—.68, .08) (—.69, .09) (=71, .09) (=71, .09)
€ (29, 45) (33, 43) (33, 44) (30, 44) (29, 44)
£ (1.96, —.03) (192, -.03) (194, —.03) (198, —.03) (198, —.03)
" 8y, (-763, 57) (—7.64, .56) (-1.57, 57) (-7.62, .56) (—7.64, 57)
8y, (61, .04 (.61,  .03) (61, .04) (61,  .04) (61,  .04)
8y, (—98, 02 (-98, .01) (—.98, .02) (-.98, .02) (-98, .02)
7 (=273, —.19) (—269, —.19) (=2.73, —.20) (=271, —.19) (=2.70, —.19)
€ (—45, —.08) (—44, —.08) (—47, —.08) (—.45, —.08) (—44, —.08)
£ (6.10, .35) (6.02, .35) (6.10, .36) (6.06, .35) (6.03, .35)
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Table 13 — continued

Jn Ssa CD Bonn AV18 Nijm 93 Nijm I Nijm II

- 8%5 (.40, 01) (.40, 01) (.40, 01) (.40, 01) (.40, 01)
5%} (—1.12, 22) (-1.12, .21) (-1.12, 21) (-1.12, 21) (—1.12, .21)
81, (345, .08) (345, .08) (346, .08) (345, .08) (3.45, .08)
n (—9.42, —1.40) (—9.26, —1.33) (-9.35, —1.38) (—9.37, —1.38) (-9.31, —1.36)
€ (.14, —.24) (.13, —.23) (.15, —.24) (.14, —.24) (.14, —.24)
¢ (—2.24, .06) (-2.19, .05) (—-2.21, .05) (—2.22, .05) (=221, .05)

phase shift and mixing parameters, one can search for those of them, which rule that observable in the
most sensitive manner. The clear result is that these are the eigen phase shifts 6;;;1, c‘)‘;ﬁ, and 5;;31
The next question then appears, is there a close connection between specific NN force components
and these three eigen phases. Thus we varied all NN force components individually by 10% in
strength and looked for those eigen phase shifts and mixing parameters which were affected most
strongly. It turned out in a very clear cut manner that just the 3P NN force components are mostly
responsible for the three eigen phases, which again determine A,. Thus we rediscovered again what
one has known before without using the language of eigen phases and mixing parameters, namely
that the 3P forces govern A, at low energies. This opens now a door to possibly solve the A,-puzzle.
If a Nd PSA would succeed to extract these three eigen phases their values would put constraints on
the underlying 3P NN forces. The NN forces presently existing certainly generate incorrect values
for those eigen phases, the reason being either on- or off-shell defects or action of 3NF’s of a new

type.

7.5. High energy limit

At high projectile energies the deuteron binding energy can be neglected and one might expect
that the deuteron can be considered to be a nucleon target with the other nucleon just a spectator.
Thus a simple scattering process (first order in ¢) should finally emerge. But on the other hand the
second nucleon, though very weakly bound, is rather close by and this might necessarily lead to
some rescattering effects. We investigated that question already in Section 6.1 for the QFS breakup
configuration and found that first order rescattering was present even at 220 MeV. This is presumably
due to the fact that the de Broglie wave length A = h/qq at this energy is still 2.9 fm, larger than the
typical distance of np in the deuteron. Now we repeat that study for all breakup configurations. Thus
we solve Eq. (154) exactly and compare its solution to the first order term, tP, the sum of the first
order and second order term in ¢, etc. We used AV18 as the working vehicle and studied 65 and 140
MeV. As in the sensitivity study of Section 7.1 we went through all the phase space in steps of 5° or
10” for E = 65 MeV and 140 MeV, respectively, in the angles 6;, 6, and in steps of 10° in ¢, and
compared the breakup cross sections evaluated in first order, up to second, third and fourth order in
t to the exact results. As a measure we used

[(a(S)D — g(S)ful)2dS

(o (5)7y2ds (228)

AD =
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Fig. 75. The locations (open circles) for strong rescattering (second group, see text) in the 61-6; planes for fixed ¢12’s.
The events of the first group reaching the exact result within 5% after the fourth order in ¢ are shown as solid circles. The

remaining events lie in between. This refers to 65 MeV.

where g (8)? is the fivefold differential breakup cross section evaluated up to the ith order in the
t-matrix ¢, o(S)/" is the cross section to all orders in 7 and S the arclength on the kinematically
allowed locus in the E|-E, plane.

At 65 MeV we decomposed all the events into three groups, a first one where after the fourth order
in ¢ one reaches the exact result within 5%, a second one, where after the fourth order rescattering
one is still away from the exact result by more than 100% and the remaining cases, which are in
between, but require more than the fourth order in ¢. Since the events of the second group are located
either at or near ¢, = 0° or ¢, = 180° we show their location in #;-6, planes for various fixed
values of ¢;,. As we see from Fig. 75 the domains of strong rescattering (second group) are mostly
at ¢, = 0° and die out near ¢, = 30° and then again another region occurs for ¢, = 180° and close
to it. Representative cross sections out of these domains are displayed in Fig. 76. The structures seen
are all caused by FSI's (also nearby ones). We see strong divergencies. As one example out of the
third group Fig. 76 shows also a space star configuration, where after fourth order in ¢ one is still off
by 20% from the exact result.

It is also interesting to note that in first order in ¢ the smallest A-value among all the configurations
considered was 0.13 and the largest one 10.5, up to second, third, fourth orders the corresponding
numbers were 0.09 and 3.8, 0.02 and 5.54 and finally 0.018 and 5.09, respectively. This shows both,



W. Glickle et al./ Physics Reports 274 (1996) 107-285 235

l _v) T d‘V T mb l/ L} L} i T d‘ b ¥ T
df1;dQ2.dS [MeV 5r5] ! ‘\ 1.5 dﬂldxgzds [M‘“—Tx ar ] Y
O =45° 0, =45° [\ 912 =0° 61 = 65° 6, = 75° S o =00
Eiap = 65.0 MeV 1] || Elap = 65.0 MeV :
or 1 10 ]
0.51 T 0.5 4
0.0F, - - . . 0.0 .
0 10 20 30 40
080 T 5 T T T T ' T T T
__do {m—b] I3 e
dQ,dQ,dS LMeV sr? ) ~ .
61 = 45° 6, = 70° ¢y = ! | 180° 0.15} ST T _
0.60 -fala.b = j\ 65.0 MeV 11/\“ ] // \\
i \ A /\\ / . \\ A
; d b :
; 010k /»/}'\ \/’ TS (] Y /A\\ |
0401 ] i \ b1 = 6y = 54° ¢1p = 120%
47 AV Elab = 65.0 MeV
0.20} | 005 |
0.00F | ) 0.00 . .
0 20 10 60 80 0 20 40 60
S [MeV] S [MeV]

Fig. 76. Three representative cross sections out of the second group in Fig. 75 for ¢ 12 = 0° and 180°. The cross sections
evaluated up to the first, second, third and fourth order in ¢ (not using Pade) are given as (- - - -), (--+--- ), (----),and
(- - -), respectively, the fully converged result as ( ). The cross section for ¢12 = 120° is a space star configuration
out of the third group, where rescattering is less strong, but even after the fourth order one is still 20% off the exact resuit.

convergence and severe divergence.

Now at 140 MeV the corresponding numbers are 0.094 and 8.32, 0.012 and 1.54, 0.008 and 0.84
and finally 0.0016 and 0.51, respectively. Thus even the worst case in relation to the number of
rescatterings appears to converge.

At 140 MeV we have chosen again 3 groups of events, one with A < 5% and one with A > 20%
after the fourth order in ¢, and the rest. The angular regions spanned by the events of the second
group are now much smaller and occur only for ¢, = 0° and 180°. This is displayed in Fig. 77
together with the regions for the events of the first group. Finally Fig. 78 shows two cross sections
out of the two separated regions for the second group. Again the structures are linked to FSI’s or
nearby FSD’s.
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the events of the first group reach the exact result within 5% after the fourth order in r.
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Fig. 78. Two representative cross sections out of the second group in Fig. 77. Description of the curves as in Fig. 76.

Now from a practical point of view, calculating the first order rescattering process (second order
in ¢) is as difficult as calculating a process of an arbitrary order in ¢. It requires the full integral
kernel with all its singularities. The only advantage is, that working only to second or third order
saves computer time in comparison to evaluate processes as high as the 10™ order, say.

Using the extreme impulse approximation in the breakup cross section formula (Eq. (99)), the
first term in Eq. (221), and strict QFS condition (note that the D-wave part of the deuteron state
does not contribute, since it vanishes for zero argument) — one easily finds

1A

do .
- =lrmiq 1+ @5 (0) 1
Tdad|, =R T O Z Y
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300, /1 + mymsvavs |t (%q0)2+6
al\ 390 E 0)217 2M3VrV;3 o d
4

Besides known factors we see the momentum space deuteron wave function at zero argument and
the spin averaged NN off-shell differential cross section. Depending on the isospin quantum numbers
v we have np, pp, or nn scattering.

For practical purposes it might be more convenient to formulate Eq. (229) in the lab. system. It
results from Eq. (106)

2
(229)

3
29oMmNmvy — ¥ >

1A 2

o (§q0)2 \
— mom; V3|t + € Sa mvmyy —
21r3¢3(0)m3k2k§32
& (230)
\/k2(2k3 ks - (Kigp — K2))2 + K3 (2ky — Ky - (Kigp — K3))?
with

and the QFS condition k, = 0.

The NN t-matrix is off-shell. For higher energies, above 100 MeV say, the €, term causing the
t-matrix being off-shell will loose importance, as will be demonstrated.

We compared the breakup cross section under np and nn QFS conditions for the full solution of the
Faddeev equations to the expression (230), which is valid only in the extreme impulse approximation
and to the full impulse approximation, which includes the remaining two terms in Eq. (221). Shown is
also the expression (230), where the off-shell NN t-matrix is replaced by the on-shell one (neglection
of the two €, corrections). This is displayed in Fig. 79 for the energies 65, 140 and 220 MeV. All the
calculations are just based on j,,, = 3, which is certainly not sufficient at the two highest energies,
but we expect no principal change with an increase of j,,.

We see a very strong deviation between the IA and the full calculation at 65 MeV, but even at 220
MeV there remains a gap of ~ 20%. This is of course consistent to what we already discussed in
Section 6.1. There we found that the rescattering terms of first order in ¢ are not negligible even at
the highest energy of 220 MeV.

It is interesting to note that there are energy dependent angular domains, different for np and nn
QFS, with angle independent factors between the full calculation and the IA. As an example at 140
MeV the angular regions are between 34° and 53° (43° and 75°) where the factors are 1.2 (1.1) for
nn (np) QFS, respectively. This is just a numerical result and we have not yet any deeper insight.
It appears very interesting to check that angular independent factor experimentally by comparing the
3N breakup cross section under np QFS conditions with the corresponding angular distribution for
np scattering. A positive result would allow to measure the deuteron quantity

2
oo(p =0) = \/; / dr 1* go(r) (232)
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A positive check of the 3N reaction theory in the np QFS might also lend credit to believe in the
reaction theory for the nn QFS, which would then allow to extract the nn differential cross section
from nd quasi free scattering.

Let us now regard spin observables in the nd breakup process. Let us first consider the question
whether two-nucleon spin observables can be extracted. If at all one has to work under QFS conditions.
We assume the extreme IA to be valid, whence

(—)3*" 24(0)

<¢0|U0‘¢> - _—7—2_— \/Z;C(%%l,md_ml’ml)
3
X o {prymavavs|t (E - 1;1‘42) |%q0mde —mpyy — v > (233)

Can that be used to extract for instance the NN analyzing power? Inserting (233) into (132) one
arrives immediately at

A, = AEYIN(PVsz, 2govn — V1) (234)

where ANN is the on-shell NN analyzing power (except for the €, correction) for the scattering of
nucleons from the initial to the final quantum numbers as indicated. Thus as for the cross section np,
pp, and nn analyzing powers can be gained.

The same applies to the nucleon spin transfer Kvv as is easily verified,

v gt 3 -
Ky - Ky (pV2V3’ 4q0VN Vl) (235)

NN spin correlation coefficients work exactly the same way if in the 3N breakup process the
spin directions of the two nucleons are detected in the final state in coincidence. Then this outgoing
polarization

Tl'(NNfO'kU'I)
Py = —m——
“ Tr(NN') (236)
boils down to
Py = C;EIIN(PVzVa, i‘quN -v) (237)

Note we used the notation N from Eq. (146) for the breakup amplitude, as described in Section 2.4.
In case when the nucleon and the deuteron are polarized in the initial state linear combinations of
NN correlation coefficients arise. This is simply seen from

Tr(NoP,NT)
Ck'[ = ——
Tr(NN?)

For N be chosen as given in Eq. (233) the trace in the numerator of Eq. (238) is up to a factor,
which cancels against the one in the denominator

(238)

Fig. 79. nn and np QFS breakup cross sections at 65, 140 and 220 MeV as a function of the neutron lab. angle. Comparison
of the full Faddeev calculation ( )Y, Uy=tP (----) Upo=(1+ P)tP (- - -), among each other and to expression
(229) without the €4 correction in the NN t-matrix (------ ).
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Tr(No P,NT) Z Z C (331, mg —my,m)C (331, my — my, m,)

mymemy mamym.,my,
*
X Loy awma —m (o-k)mNm;, (Pl)md,m; tmzmg.m;,m,;—m (239)

Now we can define

Ti = Ommu ) Om-muw € (531 ) C (351, ', m0) (P iy (240)
mq,m m
Thus
Tr(NGPINYD) < D D" L (T mum, Lo Crsm (241)

mamy my pnty i

Since I’LZ can be decomposed into Pauli matrices

rY =3%"apo, (242)
one finds
Cis =Y &tin Com (PV203, 3qo¥n — V1) (243)

This again appears to be an interesting case to verify experimentally that reaction theory.

We exemplify these predictions in Fig. 80. There we display A, and Kyy' for np and nn QFS’s and
compare the full calculation to the impulse approximation (evaluated off-shell) and the corresponding
NN spin observable. While at 65 MeV impulse approximation and thus also the direct NN observable
deviates strongly from the full 3N scattering result, at 140 and 220 MeV the situation is much
more favorable. For some observables impulse approximation (evaluated off-shell), the on-shell NN
observable and the full calculation (which includes all rescattering processes) agree very well in a
certain range of the lab. angle of nucleon 1. On the other hand for np A, at 140 MeV off-shell effects
remain noticeable and this is also true for nn Kyy' at 140 and even 220 MeV. Thus a careful analysis
is required. Again only a j,,, = 3 calculation is shown, but we expect taking larger j,,. no basic
change in these results. Quasielastic scattering of nucleons on the deuteron can therefore be used
with proper care to extract NN spin observables under QFS conditions at the two highest energies
considered. Therefore we propose for instance to measure in this manner nn spin observables after it
has been verified experimentally that corresponding np observables can be extracted correctly from
the 3N breakup process under QFS conditions.

QFS configurations are especially suited for this aim due to the fact that as we pointed in Section 6.2
the 3NF effects are practically negligible for these configurations at high energies. We shall come
back to that point in Section 7.8.

In the literature several data sets under QFS conditions exist, which were interpreted as NN data.
As examples we mention [303,477,495,313], whose pd QFS data were used in Arndt’s PSA for np
data.

In [313] for instance spin transfer coefficients were extracted at 140 MeV in an angular range,
which starts at 20°. At least for Kyy' shown in Fig. 80 this would require substantial corrections
which can also be true for the other spin transfer coefficients discussed in {313]. If that would be
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the case they should not be included in a np data set. In [495] np K;V,' has directly been extracted
from quasielastic pd scattering at 212 MeV. The angles chosen were between 19.5° and 40°, which
according to Fig. 80 lie outside the safe region and where substantial rescattering corrections are
needed.

We would recommend to rely only on data which lie in an angular range, where the four curves
in Fig. 80 fully overlap. Another example which appears to be very doubtful is the np analyzing
power extracted under QFS conditions at 140 MeV in [303]. As already mentioned off-shell effects
are not negligible and moreover at the angles chosen rescattering corrections are substantial. A pd
experiment [477] carried through at 217 MeV under pp and pn quasielastic conditions is more
favorable as Fig. 80 shows. In that study A, was measured in the free pp system and compared to the
quasielastic pp data. The agreement is quite good, which motivated the authors to have confidence
also in the pn quasielastic data. Except for the smallest angles the remaining ones are in the safe
angular range and thus acceptable according to our present study. A more detailed investigation is
planned.

In order to verify this reaction theory more completely also the other extreme configurations with
strong rescattering in FSI’s or configurations near FSI's should be measured.

Does elastic neutron—deuteron scattering also simplify at high energies? This will be studied in the
next section.

7.6. The nucleon-deuteron optical potential and its high energy limit

Since one can calculate nucleon-deuteron scattering exactly, including the breakup process, the
question of introducing the auxiliary concept of an optical potential into that scheme is perhaps
artificial. Also there is obviously too little nuclear medium, only two nucleons, which could serve to
build up a mean field for the projectile nucleon. Nevertheless this is a system whose optical model
properties can be determined precisely, with its inherently nonlocal nature and complicated spin and
momentum dependencies. To that aim we would like to write down the defining equations and their
high energy limit.

As shown in Sections 2.1 and 2.2, the operator for elastic scattering U obeys the Faddeev type
equation

U = PG;' + PtGoU (244)
This is not yet the equation searched for, since the kernel also includes intermediate breakup states.
We separate tGy as

1
=V
E+i€-—Ho—V

where G, is the deuteron and G, the continuum contribution in the spectral decomposition of the
two-body Hamiltonian. Then it is a simple exercise to see that Eq. (244) is equivalent to

tGy = VG, + VG, (245)

Fig. 80. Ay and Kgl under nn and np QFS conditions at 65, 140 and 220 MeV as a function of the neutron lab. angle.
Comparison of the full Faddeev calculation ( ), Ups=tP (---),Us=(1+ P)tP (- - - -) among each other and to
the NN on-shell quantities (- -- ).
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U= V + VGdU
V =PV + PVG.V (246)

We replaced PG;' by PV, which is the same if applied onto the initial (on-shell) channel state ¢.
In the first of the two Eqs. (246), however, V is applied onto arbitrary off-shell states. Thus by that
replacement we modified the operator U off-shell, but not on-shell.

Now the first equation of (246) is just appropriate to describe elastic nd scattering. Applied to the
initial channel state ¢ = |@,)|q,) and acting by (g|(@,| from the left we get

(gl {@alUlea)lgo) = (gl{alViea) o)
+ [ dg edViedld) (E+ie-ei— od?)  {dlealUlealao) 47)

This is an equation describing potential scattering and the optical potential can be read off to be

V(g.4) = (gl{ea|VIea)lq') (248)

How do we get V? The second equation in (246) is not suitable for a numerical treatment and we
rewrite it into a more convenient form. Define

t.Go = VG, (249)
and

VGV =T, (250)
then

T, = t.GyPV + t.GoPT, (251)

which is the equation to be solved. Knowing T, one can read off V from the second equation in
(246) as

V=PV + PT, (252)
Finally the breakup operator U, given as
U=(1+P)T (253)
can be put into the identical form
U=1(1+P)U (254)
using the identity
H(P-1nP=1 (255)

Evaluating U, via that second form in Eq. (254) one has obviously to solve first U projected from
the left onto the deuteron state and then Eq. (247) is used again, now projected from the left onto
free states. This last step is just a quadrature. This scheme is an alternative to solve nd scattering to
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what has been described and used up to now. Let us go into more details. Comparing the definitions
of ¢ in Eq. (245) and ¢, in Eq. (249) one finds

te =t — VG,Gy! (256)

Thus 7. has no deuteron pole, what is anyhow evident from its very definition (249). Eq. (256) also
shows that ¢, is not symmetric in contrast to ¢ and obeys the Lippman-Schwinger equation

te =V = V|ds)(da| + t.GoV (257)

The solution of Eq. (251) is as difficult as the solution of the Faddeev Eq. (154), even if it has
no deuteron pole. The difficulty arises because of the driving term. On top of that Eq. (251) has
to be solved quite often according to the different ¢ ~ values needed in (247). In our present way
of solving the Faddeev equations, the central Eq. (154) has to be solved only once for the initial
momentum ¢,,. For future parallel computers this might be, however, no obstacle.

The optical potential V(q, ¢') of Eq. (248) can be decomposed into the various scalars formed out
of the deuteron and nucleon spin vectors and the nucleon momenta g and ¢'. Each of those scalars
will be multiplied by a scalar function in g and ¢'. This appears to be a worthwhile exercise including
its transformation into configuration space in order to see the complexity of the optical potential, even
for such a simple target as the deuteron. Instead of pursuing that further we would like to regard only
the high energy limit of that optical potential.

Assuming the first term, PV, in (252) and the lowest order one for 7, to be the leading ones at
high energies the optical potential will be

V(q, q) = (q'|{¢a| PV + Pt.PGoV|ea)|q) (258)
Using the Schridinger equation of the deuteron this can be easily rewritten into
V(d. ) = (q{edP(E - Ho)|ea)lq) + (¢'|{¢a| PP |pa) q)
3 3
+7-(4" = 40) (¢ [(¢alPlea)la) + (4" — q0) (4'|(@al PtcPGol¢a)la) (259)

The first term has often been regarded in the past [88,23] in the treatment of elastic nd scattering.
It is called the nucleon-exchange term. Because of the cyclic and anticyclic permutations contained
in P the deuteron in the ket vector is composed either of nucleons 1,3 or 1,2 whereas the deuteron
in the bra vector contains nucleons 2,3. Those processes are often depicted as

(260)

The second term on the right hand side of Eq. (259), when explicitly written out is

(q'|(@alPt-Plea)lq) = 1(q |{@altea + teslea) @)
+1(q |{@altc2lea) )3 + 1{q |{@altc 3]0} |q)2 (261)
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We added indices to the bra and ket vectors to show which pair forms the deuteron and which
nucleon is the free one. Thus for instance the free nucleon 1 goes with the deuteron formed out
of particles 2 and 3, etc. The first term on the right hand side has obvious physical meaning:
nucleon 1 interacts with the two constituents of the deuteron via the NN t-matrix 7. (in ¢ the
deuteron contribution is taken out in the states 3S, — 3D;). The last two terms can be rewritten as

— g palter Pislea)|a) —1 (' 1{ealtes Pialea)|q), using the antisymmetry of the deuteron state in
the particle numbers 2 and 3. Thus Eq. (261) can be given the form

(q'{@aP t. Plea)|q) = 1{q'|{@altca (1 = Pi3) + 1.3 (1 — Pia)|es) ) (262)

which nicely shows the effect of antisymmetrization between projectile nucleon and target nucleon.
Now 1., and .3 act of course in antisymmetric states leading to t., (1 — Py3) = 2¢., and similarly
for t.. Finally because of the antisymmetry of |¢,;) we end up with

(q'|{@al P t. Plpa)|q) =4 1{q {@altcalea) g (263)

It remains to be seen at which energy the optical potential as given in Eq. (259) is a valid and

quantitative limiting form.
Finally let us regard the channel-spin representation introduced in Section 5 for the optical potential,

Vv 5.2 5(¢', q). Like in Eq. (208) it fo]lows from

Va rai(d,q) =) /dp’p’zso,f(p')/dppz«p:(p)

]
x{p’q’(l'l)1(A'%)I’JM|V|pq(ll)I(AEI)IJM) (264)

Numerical studies of that whole issue appear to be very interesting, since it would be the only case
where all the properties of the optical potential could be determined starting from first principles.

7.7. Connection between total nd and nn and np cross sections in the high energy limit

An interesting issue at high energies has been pointed out long time ago [403]. The total cross
section for nd scattering at high energies should be equal to the sum of the total cross sections
for nn and np scattering. This has been verified at that time to the extent that the nn forces were
assumed to be known. Let us see under which conditions that result can be derived. Assuming Born
approximation in Eq. (247) it follows for ¢ = g,

(20l(@alUl®a)|90) — (46l(¢alUlPa)|g0) ™

= {qol{@alVIea) @) — (4] (¢alVIea) o) ™ (265)
Taking into account Eq. (259) one finds, using the optical theorem on the left hand side
. o1 1
2iIm{go[{®alU|¢a)|90) = —ZIW%%;%:
= (@ol{@a| P (1. — 1) Ploa) o) =2 ({ltc — tl|d)2 + 2{Pltc — tl|)3) (266)

Again the indices indicate the choice of two-nucleon subsystems and ¢, (£]) refers as before to
the 23 subsystem. According to Eq. (256) . is equal to ¢ minus a term which contains the deuteron
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states (acting to both sides) for the subsystem 23. Thus that second term does not contribute for
large ¢o’s, since deuterons are formed of different pairs. It is an easy exercise to verify that. Thus
we are left to regard the right hand side of (266) with ¢, replaced by r. This also follows directly
from Eq. (57). Inserting complete basis states in momentum, spin and isospin spaces and using the
recoupling between different sets of Jacobi momenta one arrives after some algebra at

At — tl)a =Y ZZZ/dq 04| — 3g0 — qmsmyvspy)

mym3 m1 L4 1) V
X (o + 3qmymavyvs|t — t'|qy + sqmumipyvi) (=3¢ — gmmivizi|ed) (267)

For gy significantly larger than the dominant momenta in the deuteron state |g| has to be close to
|3go| in order to keep the argument of ¢, sufficiently small. Then the initial and final momenta for
the t-matrix are large. Since the t-matrix for small variations around large values of the momenta is
fairly constant it can be taken outside the integral evaluated at ¢ = —14, and we get

lgol—
2olt — @) 57 NSNS (Rggmumvws|t — £ 3 gomumiyyvs)

mmy mi vivy oy

/dlI(¢d| - %‘Io - qm3m1V3V1)(—%q0 — gmymviv|@g) (268)
The deuteron state is
( > (_)1/2—1/3(S
msm vy = =0y,
pmsm v 1|¢d \/5, ¢
XY eup) Zm(mcuu poma— p)C (331, my, my, my — ) (269)

1=0,2
Now we neglect the small d-wave admixture leading to

(_)1/2—1/3 1
(pmamyvsvi|@g) — _\/5_—5,;3,—./, ®o(p) —EC (331, m3, my, my) (270)

/dq<¢’d| — 3o — qmamv3v){—3 4, — qmymvivi|@a)
2
- %61/3,1'; 51’3.—!’] 8m;,mgc (12-%1’ m3m1md) (271)

Altogether we are left with
2
2{plt — ), — %ZZC (%%1, my — mymy)
3 _ 43
><(4q0mde — mvy —'Vl't t ]Aqomde—leN ——V]> (272)
The energy argument of ¢ is (1/m)(34o)* neglecting again €. Thus we have on-shell NN t-matrices.

The second term in (266) with |@), replaced by |¢); leads automatically to the necessary antisym-
metrization and we get
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202(plt — @)2 + 2(@le — £lg)s) — D € (341, my — mymy)’

m »

3
x(;qomde — myy — vt — t*l%qomzvma — My — V1)as (273)

where | ), = (1 — Py)| ). Since ¢ is symmetric we can also antisymmetrize the bra vector. Then
using the unitarity relation for ¢ we get

2 .
202(Blt — 11 @)z + 2(Blt — t1@)s) — 1D " C (311, my — mymy)” (—2ami) 2goim
m
2
X Z /dl’ Ja( 4q0mde —myy — V1f’|4CIoPm2m3V2V3>| (274)

mams3 v2v3

The total cross section for NN scattering initiated by fixed spin and isospin magnetic quantum
numbers is

oS (mymsy vywy) = 2m)*(Am)?L N / dp’ |(pp'mym} vyl |t pmamsvyps) | (275)

! 1,
mym; vy

(Note the factor 1/2 is due to the identity of the particles).
Thus neglecting the D-wave admixture of the deuteron Eq. (266) leads to

o (mymgvy) = ZC (331, my — mlml) o (mymg —my vy — vy) (276)

mr

Except for that this is an exact result within that nonrelativistic scheme. We are not aware of a proof
given in the literature before.

Finally we average over the initial nucleon and deuteron spin magnetic quantum numbers to arrive
at the usual definition of the total Nd cross section. After a simple algebra and introducing also the
usual spin averaged NN cross section we get

o (vn) = Z one(mymavy) = o (vy, —%) + o (vw, %) for go — oo (277)
mynig
For instance choosing vy = —1 we have nd scattering and then the right hand side contains
tOt + a.tot

np*
We checked the validity of that relation evaluating exactly the total nd, np and nn cross sections.

We restricted the NN force to act up to j,... =3 and used Bonn B as representative NN potential. To
our surprise we see in Fig. 81 that already around 30 MeV that relation is fulfilled within about 5%.
Thus there have to occur cancellations in rescattering terms, which were not considered in our most
simplifying steps leading to Eq. (277). This calls for a deeper theoretical consideration.

Can that result be used to determine the total nn cross section? Since that nn cross section is much
smaller then the np cross section the 5% deviation leads to a rather inaccurate estimate for o!?' at
least for the energies considered in Fig. 81. This might change at higher energies, where however a
relativistic framework is required in order to arrive at quantitatively meaningful results.
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Fig. 81. Comparison of the total cross section for nd scattering (——-) to the ones for nn scattering (- - -), np scattering
(- - - -) and their sum (---«-- ). As NN potential Bonn B with jmax = 3 was used.

7.8. 3NF effects at higher energies

We saw that the TM 3NF effects at low energies were not favorable for observables, where a
discrepancy to data existed using NN forces only. The 3NF effects increased the discrepancy like for
A, in QFS and FSI configurations. The only observable which improved was the nd doublet scattering
length, which, however, is correlated to the triton binding energy. Observables scaling with the triton
binding energy might also improve, unfortunately the ones we mentioned previously have not yet
been measured.

Since 3NF effects in scattering are an essentially virgin land, it might be justified to point out also
the TM 3NF effects at higher energies of 65 and 140 MeV as examples. Our results might change
however in future since, because of limited computer resources, we could include the 3NF only up
to two-body angular momenta j,,,, = 2. Also the two-nucleon force was kept up to j,.,., = 2 in the
presented cases. With stronger computer resources coming up these investigations have to be pushed
to a higher number of partial waves. Nevertheless we would like to exhibit some results which show
very dramatic effects and optimistically one might expect that they will survive the future improved
studies at least to some degree.

We investigated all our standard elastic scattering observables and many breakup configurations
including spin observables. We also considered in addition all nonzero spin correlation coefficients,
where in the initial state nucleon and deuteron are polarized. The study was based on the Bonn B NN
force and the TM 3NF restricted to 7= — 7 exchange. For the cut-off parameter we choose two cases,
A, = 4.55m,,, which together with Bonn B leads to the correct *H binding energy, and A, = 5.8m,,
the "recommended value” which, however, leads to overbinding. In Fig. 82 we show elastic scattering
observables at 65 and 140 MeV for which we found especially big 3NF effects.

In the breakup process we restricted ourselves in a first survey to the standard four configurations,
QFS, FSI, Coll, and Star. It turns out that the nn and np FSI peak heights are totally unaffected
by such 3NF effects. This is also true for np and nn QFS cross sections. Some small effects were
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Fig. 82. TM 3NF effects with cut off parameters A = 5.8m; (- - -) and A = 4.55m, (- - - -) at 65 and 140 MeV for
various spin observables in elastic nd scattering. The underlying NN force is Bonn B ( ).

observed in case of Coll and Star configurations. Let us regard now spin observables. For QFS
conditions they are very little affected, while the other configurations show for some spin observables
very dramatic effects. Examples are displayed in Fig. 83. Though the calculations have definitely not
yet reached the final degree of convergence these observables might be interesting candidates to start
an experimental search for 3NF effects.

8. Other rigorous techniques and open questions
8.1. Configuration space treatment

Like for the 3N bound state [312,44] also for 3N scattering the Grenoble group pioneered [ 167,
338] the configuration space treatment of the Faddeev equations. In configuration space the integral
formulation is only good for extracting the proper asymptotic behavior [169,338,172] in the elastic
and the breakup channels, but not for the actual calculations. One has to use the differential form,
which is often called the Faddeev—Noyes equation [352]. For identical particles it reads

(Hy+V —E)Y =—VPy (278)
where the total state ¥ is built out of the three Faddeev components

vY=(1+P)¢y (279
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The partial wave decomposition is analogous to the one in momentum space and we refer the reader
to [34,222,151,368,369]. In the standard Jacobi coordinates introduced in Section 2.4 Eg. (278)
is a second order partial differential equation in the two vectors r and R. In fact because of the
permutation operator on the right hand side, skew arguments show up in that ¢ and the equation,
partial wave decomposed, picks up an integral on the right hand side. Thus one gets a coupled set of
integro-partial differential equations in the two variables r and R. From a numerical point of view it
can be advantageous to use polar coordinates p and ¢ instead of r and R.

For scattering processes the reduced Faddeev component ¢ (r, R) = rRy(r, R), assuming s-waves
for simplicity, behaves asymptotically as [169,185]

- ) 1
FR) — 0u(r) (singoR + €% 1) + 0 (575 (280)

for r fixed and R — oo. This describes the elastic channel and f is the elastic scattering amplitude.
The correction term gets contributions from the breakup process [169,185]. For r and R getting
large at a constant ratio

.
E=\/§cot6, 0<6<jm (281)
j(r,R oy +0(-

r, ————A0)+ 0= 282
G R) — e A) (57) (282)

where A(@) is part of the full breakup amplitude. The total breakup amplitude is built coher-
ently [169] out of the contributions from the three Faddeev components, see Eq. (279). It is the
long ranged source term on the right hand side of (278) decreasing only like O(1/p'/?), which is
responsible that the leading term in (282) by itself represents ¢ only at unexpected large p-values,
a few hundreds to thousands of fm [176,179]. Adding however correction terms, like

e'VmEp B(6) C(9)
———( e (A(G) + JmEn + VmEo) +> (283)

helps significantly to match to that form at much smaller p-values, 100 fm or even below [179,185].

As we have mentioned in Section 5, a first application [156] using s-wave NN forces and keeping
the two relative orbital angular momenta zero, carried through at 14.1 MeV and 42 MeV worked
out very well and the agreement with our momentum space treatment was very good. Both the
elastic amplitude f and the breakup amplitude A(8) were in perfect agreement. It is therefore quite
predictable that this method will also work using NN forces in all their complexities and solving
typically 60 coupled equations for each conserved total angular momentum and parity. But this is
still to be worked out.

An interesting technical step forward in the formulation of scattering (as well as bound states)
has been done in [292,309]. The orientation of the plane spanned by the three nucleons has been
described by three Euler angles and the motion inside the plane by r and R together with the angle

Fig. 83. Various spin observables in various breakup configurations at 65 and 140 MeV. TM 3NF effects are shown (see
Fig. 82 for description of curves) on top of the underlying Bonn B prediction. 6 denotes 6 in case of FSI, 67 in case
of space star and 6™ in case of collinear configuration.
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between the two Jacobi vectors r and R. In this manner one arrives at a coupled set of integro-partial
differential equations in three variables, once the projection on the Wigner D-functions has been done.
Also the appropriate boundary conditions for the 3N scattering processes have been given [292].
This formulation might be especially useful for treating the Coulomb force problem, since partial
wave decomposition might be slowly converging.

8.2. The method of continued fractions

The method of continued fractions has been applied very successfully to fully realistic 3N bound
state calculations (including 3NF’s) [527] and also to 3N scattering calculations in the context of
pd capture [245] and elastic nd scattering [244,248]. It appears to be very flexible and applicable
to many problems, see [230,231,422,424].

Here it is briefly sketched. The Faddeev equation in integral form

¢ = + GVPY (284)
is rewritten by splitting the kernel into two parts. One introduces
~ 1
G=G-GVP —_—— 285
Inserted into (284) yields
~ 1
= G G ——— VP 286
One defines
¥ = GVPy, + GVPy (287)
and can thus rewrite (286) as
~ ~ 1
=(1-GvP)! — VP 288
Since from the very definition (285)
GVPyJy =0 (289)
one gets
~ 1
= — VP 290
The kernel is separable, thus one can proceed and easily finds
- (ol VP 4ho)
= + _ (291)
V= GlVPIe) — WalVPIR)
and
2
(ol VPI9) = (o[ VP |vo) (292)

(ol VP o) — (ol VP )
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This is the first step of a recursive procedure. The amplitude ¢ is expressed in terms of a new
amplitude ¢ defined in (287) and the quantity (i|VP|¢), which is the elastic scattering amplitude,
is expressed in terms of (g|VP|iF).

Now one defines

g =y (293)

¢ = go (294)

G9 =¢G (295)
and

' =y (296)

p" = G(O)VP¢(°) (297)

1
(¢@|VP|8©®)
Then again Egs. (284), (288), (290), (292) and (293) read

GV =G =G9 - ¢ (9] (298)

O = d® + GOVPY® (299)

w(l) =(}§(1)+G(1)VP¢I(I) (300)

GDOVPH® =0 (301)
(p©|VP|9'?)

V=T G TvRIe) — (GO VT .
(0) (0)\2

(¢(0)lVP|(ﬁ(0)> = (¢|VP|9D) (303)

(@O|VP|$?) — (@O |VP|p D)

This transition from Eq. (299) to (302) and (303) can be repeated starting now from Eq. (300)
for ¢V with the obvious result

(¢@|vPloT)

V=T T GO — (60 VPR oo
($O|VPIg)?

WP = GmTveIam) - (GO VI o

Thereby

¢ = GOVPD (306)
1

G? =GM — ¢ ORI (307)

and
GOVPH) =0 (308)

have been used.
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Apparently the general step is

> o g 4 g (8 VPI8")
A N DRl .
(SO = ($|VPI$0)? 10

(BONVPI$0) — ($O[VPIFoD)

Thus ¢ = ¢© and (Y| VP|¢) = (¢@|VP|y®) are expressed in the form of a continued fraction
expansion. The idea is that the higher order kernels get smaller and smaller and therefore for i
sufficiently large (typically 10-20), i=n

Y =™ (311)
(O|VPI”) ~ (¢V|VP|p™) (312)

Working backwards one ends up with the solution of the original Faddeev Eq. (284). Technically
the equations are treated in a hybrid manner using momentum space for the relative motion of the
third particle with respect to the pair and configuration space for the relative motion within the pair.

8.3. The pair correlated hyperspherical harmonic basis method

Expansions of three-body states into hyperspherical harmonics have a long tradition [ 108,109,448,
44942.118,314,537,31,445]. In nuclear physics they met only with very modest success, because the
strong short range repulsion of the NN forces induces strong variations into the wave function in its
dependence on the hyperspherical angle, which for three particles is just the polar angle in the r-R
plane. In order to describe these strong variations in that angular dependence for fixed hyperradius p
hyperspherical harmonics of very high order are needed (see [325,326] and references therein).

The system of three charged particles interacting by Coulomb forces only poses a similar problem
with respect to cusp effects, when two particle positions coincide. That problem was brilliantly
solved [325,326] by extracting the analytically known form of the cusp effects from the wave
function and expanding only the remainder part into hyperspherical harmonics. The convergence is
then relatively fast and the accuracy achieved for the electronic motion in atoms is extremely good.

The Pisa group [268,270] took up similar ideas. First, they decomposed the short range part of the
3N scattering state into three parts like a Faddeev decomposition and partial wave decomposed each
part in the usual manner. The resulting amplitudes depending only on r and R were then factored
into a two-body correlation part, essentially determined by the two-nucleon system alone, and a
remainder. Only the remainder was expanded into hyperspherical harmonics, which for three particles
are just Jacobi polynomials. The unknown radial functions depending on the hyperradius p and the
K-matrix elements of the outer part of the wave function are determined by means of the Kohn-
variational principle. This technique has been used up to now for 3N scattering below the breakup
threshold [270]. As already mentioned in Section 5 handling a fully realistic case, for example the
AV14 NN potential, their results in form of eigen phase shifts and mixing parameters turned out to
be in perfect agreement [238] with our momentum space results. In this method one can also easily
include the pp Coulomb force and 3N forces as well, but up to now it has been applied only below
the deuteron breakup threshold [269-271]. The step above the breakup threshold will require a safe
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handling of the asymptotic breakup behavior, which, having the experience of the configuration space
treatment of the Faddeev equations, mentioned before, appears feasible.

8.4. Finite rank expansions

Faddeev equations were originally solved mostly using NN forces of finite rank, often just rank 1
separable forces. Finite rank forces reduce the Faddeev equations to a set of coupled one-dimensional
equations for the motion of the third particle with respect to the remaining pair and this for all
arrangements. These finite rank forces were mostly chosen ad hoc with little or no physical background
behind. Therefore the interpretation of the results remained somewhat open (see Section 1 for
references). :

Therefore the idea came up to approximate two-nucleon t-matrices, based on realistic NN forces, by
a series of separable terms, like the unitary pole expansion (UPE) method [221], the Adhikari-Sloan
expansion [4], a generalized separable expansion by Oryu [362-364], which is an extension of the
Kowalski-Noyes method [296,351] and the Gamow Separable Approximation [36,134]. Another
systematic procedure is the Ernst-Shakin-Thaler (EST) method [125], for which we sketch briefly
the idea. For a separable force V, = |g) A(g| the two-nucleon LSE for the scattering state can be solved
algebraically with the result

AGSP (5)|g) (glk)
313
1 — AgIGE™ ()]g) G

where G{*’(s) is the free Green operator at the energy s. We compare that result to the LSE for the
scattering state generated by the general potential V

9 =1 +

) = k) + Ge () VI ) (314)
One requires |¢™) = D), thus

Go (V") o GV () g) (315)
If we choose (315) to be an equality, then

|8) = Vig™) (316)
and

A= (PP |y (317)
This can be generalized to n different energies. Then

Vo= VIga) (Wil Mlys;) 1V (318)

i

where |¢;) stands for |¢‘*)(s)) or |¢) in the case of scattering or bound states, respectively, and
the matrix M is defined by the relation
im = Y _ (Wil Mg} (W VIgm) = D (il V1) (0| M 1) (319)

J J
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Then by construction
Vilhi) = Vidhi) (320)

which means that the half-shell t-matrices are identical at the n chosen energies. Of course this is
also applicable to coupled channel cases [214]. Applications to present realistic NN forces, like the
Paris or Bonn potentials were pushed forward by the Graz-Osaka collaboration [215-218,387,283].

Relatively high ranks (up to 8) are needed to achieve a good representation of the half-shell and
full off-shell NN t-matrices for some given realistic NN force. Such finite rank forces were also
used in the accuracy study [102] mentioned in Section 5. But that study had also another aim.
It was shown by comparing to the exact results that these high rank approximations gave a good
representation of the Paris potential.

A more recent development in representing given realistic NN forces by expressions of finite rank
has been pushed forward in [285]. Thereby the Adhikari-Sloan expansion and the EST method are
combined and the original potential is decomposed into a short and long range part, which then are
separately expanded.

A test case determining nd model phase shifts of elastic scattering [ 153] was perfectly successful,
another application to the 3N bound state [285] worked equally well. Thus it appears that this new
type of finite rank expansion can just be considered as a sort of quadrature, a discretization of the
continuum problem, and this technique may turn out to be very economical.

8.5. The Coulomb problem in pd scattering

There is a vast literature on that subject reviewed in [18,19,82], which has by far not been realised
in terms of real numbers. It is a very tough problem and we cite important first steps: [15,307,17,
48,49,851, [20]. In configuration space one faces complicated boundary conditions in the asymptotic
breakup configurations [339,292,130] and in momentum space nontrivial singularities [209,286].

It can be questioned whether a partial wave expansion is very economical and the treatment [292]
mentioned in Section 8.1 keeping r, R and the angle between r and R as variables might be safer.

With the first strides performed successfully in solving a scattering problem in configuration
space [156] the additional inclusion of the pp Coulomb force appears feasible.

At the energy of the pd threshold a full-fledged realistic 3N calculation with Coulomb forces and
even including a 3NF has been already performed in configuration space [86]. The two Phillips lines
[86] between the doublet scattering length and the 3N binding energies for the nd and the pd systems
are displayed in Fig. 84. While the nd line goes through the experimental point, the ?a,; datum falls
well off the theoretical curve. Very likely the reason is the strong curvature in the effective range
function below 300 keV which inables the extrapolation to zero energy from incident experimental
energies above 400 keV. Renewed efforts to measure below 400 keV would be very worthwhile.

The pair correlated hyperspherical harmonic basis method, which works in configuration space,
has been already applied to pd scattering below the deuteron breakup threshold [269-271]. This
appears to be very promising. First results based on realistic NN forces and even 3N forces have
been achieved. This is the first time that the Coulomb force problem was exactly solved with realistic
nuclear forces. The Coulomb force effects turn out to be large below the deuteron breakup threshold.
The comparison with pd data revealed good agreement for the differential cross section and the
tensor analyzing power Ty, however, for the tensor analyzing powers 75, and Ty, as well as for A,
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Fig. 85. pd (o) [416] and nd (o) [431] differential cross section data at 3 MeV in comparison to theory [271] based on
AV18 and an Urbana 3NF; ( ) with Coulomb, (- - - -) without Coulomb.

significant discrepancies are visible. In Fig. 85 their results for the differential cross section based
on AV18 together with an Urbana 3NF and with and without Coulomb interaction are shown in
comparison to data. As can be seen Coulomb force effects appear mainly at forward angles and to
a smaller extend at backward angles, too. The agreement with the data is essentially perfect. Very
precise pd data [444] at low energies appeared recently; their theoretical analysis poses a challenge.

In momentum space a scheme starting with a screened pp Coulomb force and taking the limit
of vanishing screening has been investigated theoretically to quite some extent [16,18,19]. The
asymptotic Coulomb distortion in the elastic channel is generated by the Coulomb force between the
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proton and the center of mass of the deuteron, which is taken care of by adding and subtracting
that force. The 3-body transition amplitudes in the limit of no screening acquire violent oscillating
phase factors which are known (analytically in the case of exponential screening) and which can be
removed exactly (renormalization) leading to amplitudes independent of the screening radius.

A first semirealistic calculation in that scheme using a rank 1 approximation to the Paris potential
appeared for elastic pd scattering below the breakup threshold [51]. The results are interesting and
provide a first idea about the magnitudes of Coulomb force effects in conjunction with more or
less realistic NN forces. Thus for instance the pd observable A, has indeed a lower maximum in
comparison to the nd case and there is a shoulder in the left side of the maximum, absent for the nd
case. Also the tensor analyzing powers show significant Coulomb force effects.

Another more recent study in that scheme [395,20,21] is in the pd breakup process. Unfortunately
the NN force is only a rank one separable Yamaguchi force, but even then the calculations were
nevertheless already very involved and the analytical nature of that strong force of great help. The
effects for the breakup cross sections were sometimes quite large (up to 20%), but questions remain,
whether this will remain true in conjunction with realistic forces and the accompanying higher partial
waves.

A direct attack on the pp Coulomb force problem in momentum space in conjunction with realistic
forces, not using finite rank expansions, like we have succeeded to do without Coulomb forces, has
not yet been performed to the best of our knowledge.

The solution of that long pending problem especially in the pd breakup process will be a very
important step to remove the related Coulomb force effect uncertainties and to make 3N pd scattering
to a wonderful quantitative tool for testing nuclear interactions.

8.6. Relativistic 3N equations

There are various approaches towards a relativistic description. One is relativistic quantum mechan-
ics for N interacting particles, which is defined by having established a representation of the Poincare
algebra. In other words the ten generators of the Poincare group have to be found as expressed in
terms of the degrees of freedom of the N particles. There is a famous construction by Bakamjian and
Thomas [32], achieving that, but it does not have the property of cluster separability for more than
two particles. If subclusters of the N particle system are separated in space from each other, the gen-
erators should correspondingly reduce to the sum of the generators belonging to the isolated clusters
[139]. A cure of that defect has been also found [451-453], [93,389], but the actual realization is
a heavy task. That scheme can be formulated in the instant, light front and point forms, which have
been proposed by Dirac [111]. An excellent display of the concepts and the techniques are given
in [266]. To the best of our knowledge that scheme has not yet been applied to 3N scattering, but it
has been used in a 3N bound state model calculation [174].

Another very natural approach is via field theory. An obvious scheme are the 3N Bethe-Salpeter
equations [149]. Even in the ladder approximation (with respect to the exchanged mesons) they are
quite heavily stuffed with singularities in the two energy variables, which come now on top of the
usual two three-momenta. As far as we know no solution has been achieved so far for 3N scattering.
For the 3N bound state first trials [414] employing finite rank potentials are underway. That approach
with the Bethe-Salpeter equation has the clear advantage of manifest covariance.
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Related to that approach are quasipotential equations. Among them are the spectator or Gross
equations [200], which represent an approximation to field theory and might be superior to the
bookkeeping of the Bethe-Salpeter equation insofar that certain cancellations between crossed and
uncrossed box graphs (with “on-shell” propagations taken out) are taken into account. However
whether those cancellations do occur depend on the type of meson-nucleon coupling [201]. In the
spectator approach for three particles in all intermediate states two particles always are set on the mass-
shell by hand, which reduces the four-dimensional integrations to three-dimensional ones. Though this
formulation keeps manifestly covariance it necessarily introduces spurious singularities [202] coming
from meson propagators. Their effect in the two-nucleon system appears to be minor [204]. Presently
this scheme is applied to the 3N bound state problem [461]. We are not aware of applications to 3N
scattering.

Blankenbecler-Sugar equations for three particles [55,249,419] suffer definitely from the formal
defect of violating cluster separability. The quantitative importance or negligence thereof appears to
be hardly touched upon. The cited references refer to the 3N bound state, where that defect will play
a minor role.

An approximate realization of the Poincare algebra for N particles has been proposed by Foldy
[140,141]. The generators of the Poincaré group are expanded around the Galilean limit (¢ — o©) in
a 1/¢? expansion. When inserted into the algebra, conditions on the correction terms to the interaction
in the Hamiltonian and on the interaction in the boost operator (we refer here to the instant form)
arise, and this in each order in 1/c¢?. Special solutions can be found expressed in terms of the
interaction in the Galilean invariant input Hamiltonian. They lead to two-body interactions, which
depend on the total two-body momentum, to 3NF’s depending on the total 3N momentum, etc. Quite
a few applications thereof to the 3N bound state have appeared [208,52,250,288,75]. As far as we
know there are not yet applications to 3N scattering.

Finally we would like to mention another approximate scheme for the Hamiltonian by Okubo [360].
Starting from a field theoretical Hamiltonian it is block diagonalized by a unitary transformation into
two parts. One part acts only on states with N nucleons and the other on all remaining states. Thus
the coupling between the states of N nucleons and the states with mesons for instance is eliminated.
One ends up with an effective Hamiltonian in the space of N nucleons which contains then meson-
mediated nuclear interactions. This cannot be carried through exactly but only in a perturbative
expansion in the strong coupling constant g. In [170] that idea was taken up again and applied to all
the ten generators of the Poincaré group. It was shown that one and the same unitary operator block
diagonalizes all ten generators. Thus the commutation relations among the effective generators are the
same as for the original ones and therefore the effective generators in the space of N nucleons would
fulfill the Poincaré algebra if the perturbation expansion could be carried through to infinite order.
In practice it is truncated and because of the nonlinear nature of the Poincare¢ algebra errors creep
in which are pushed to higher orders by increasing the order in g in which the effective generators
are calculated. This scheme can at least be very useful in getting experience about generators for N
interacting particles and moreover they are then linked to field theory. Applications to the 3N bound
state exist in model calculations [346,347]. 3N scattering calculations have not yet been undertaken,
as far as we know.

The demand for a relativistic framework will get more and more urgent in the near future, because
of the new accelerators like COSY, CEBAF, MAM]I, etc. and more theoretical efforts will be required
than invested up to now.
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9. Applications

Whenever there is a reaction with three final nucleons final state interactions among them are likely
to occur and can have a strong influence on the observables. Without knowing them, conclusions
about the processes generating the final nucleons, in which one is mainly interested, are plagued
by uncomfortable uncertainties. We shall sketch a few of these applications: inclusive and exclusive
electron scattering on *He and *H, photodisintegration of *He and 3H or pd capture, pion absorption
on *He and *H and nonmesonic decays of the hypertriton.

9.1. Inclusive and exclusive electron scattering on *He and *H

Inelastic electron scattering on 3N bound states has various aims [494,361]: to learn about prop-
erties of *He and *H like momentum distributions, two-nucleon correlation functions, large and small
parts of the 3N wave function, to learn about the hadronic current operator, especially two-body and
possibly even three-body currents, and last not least about the electromagnetic nucleon form factors
in the nuclear medium. Will the latter ones be different or rather close to the free ones? Also the
neutron form factors have to be extracted from a nucleus like the deuteron or 3He (*H) [274]. These
are all questions to which we would like to have quantitative answers and therefore the control of
the final state interactions is mandatory. First steps were laid quite some time ago (for a compilation
of references see [193]) using simple separable forces. More recently the Utrecht group [335-337]
employed spin-dependent s-wave MT forces, which was a step forward. The Euclidean response
method [74] suitable for inclusive scattering is able to determine exactly the Laplace transformed
responses including nuclear interactions in the initial 3N bound state and the final 3N scattering state
equally well. Our contributions [182,246,247,193-195] were in the same spirit as the one of the
Utrecht group, but using now fully realistic forces. This will now be sketched briefly.

The nuclear matrix element for inelastic electron scattering has the form:

Ny = {¥57]ju(@)|Poound) (321)

where |Wpoung) and |1If}')) are the 3N bound and scattering states, respectively. The asymptotic
quantum number f stands either for the momenta of a nucleon and a deuteron or for the momenta
of three nucleons. In a nonrelativistic framework, which we use, the hadronic current operator j,(Q)
depends on the three-momentum transfer @ carried by the virtual photon. Now |¥}~’) is Faddeev
decomposed as

7)) =1+ Py (322)
and the Faddeev amplitude ¢ obeys the Faddeev equation
¥ =4+ Gt Py (323)

The driving term ¢ is different for two- and three- body fragmentations. All that inserted into N,
yields
Nu = (o] (1 4+ P) ju(Q)[Poouna) + (W|PtGo(1 + P)j.(@)|Pbouna) (324)

For pd breakup for instance ¢, is just the product of a deuteron state and a momentum eigenstate
of the free motion of the proton against the deuteron. Thus the first term is the symmetrized plane
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wave impulse approximation, carrying no final state interaction. The second term, N;**", incorporates
all the final state interactions. By simple algebraic manipulations [ 182,193,194 ] it can be identically
rewritten into

Nt = (o (1 + P)|U,) (325)
where |U,) obeys the Faddeev-type integral equation
|U;l.> = tGO(l +P)j/.L(Q)|1pbound> + tGOP|U;/.> (326)

The kernel in Eq. (326) is exactly the same as for 3N scattering in Eq. (154), only the driving
term is different and contains now the current operator applied to the target state. Iterating Eq. (326)
and inserting it into Eq. (325) displays the physics of the multiple rescattering processes in a very
nice and transparent manner. The forms are very similar also for the full three-nucleon breakup case
(see [182,193,194]).

In this manner we analyzed [246,247,193-195] already several data taken at NIKHEF [265,253],
Bates [117,401] and Saclay [327]. In every case analyzed up to now, final state interactions turned
out to be very important. Applications to processes with polarized electrons and targets are underway.

9.2. Photodisintegration and pd capture in the 3N system

Again the first steps [38,40,164,165] were laid using simple separable forces and the importance of
final state interactions were clearly visible. These reactions can be treated in much the same manner
as outlined above in Section 9.1 just replacing the off-shell virtual photon by a real photon and
applications are already underway [194]. In [245] and [142-144] first calculations have already
been performed, one group [245] using the method of continued fractions in the treatment of 3N
scattering as described in Section 8.2 and the other [142-144] using finite rank approximations
to realistic NN forces. Thermal nd radiative capture including the full nuclear dynamics has been
treated in [ 153]. Also spin observables in the pd capture process are being studied [257]. In photon
disintegration it is also expected to see processes where three nucleons are involved [415] in an
irreducible manner.

9.3. Pion absorption on *He and *H

Several series of experiments [30,25,29,450,499,501,348,500,418,22,196] have been performed in
order to study the absorption mechanism of pions at rest and in flight on the light nuclei *He and
YH. Some of them are kinematically complete, measuring all the independent degrees of freedom for
the final nucleons. Due to kinematical reasons there is little absorption on one nucleon. Mostly it
occurs on two nucleons, but there seems to be also indication of three nucleons being involved [30,
25,450,348,500,418,66,243,22]. To clarify that more reliably the effects of final state interactions
have to be under control. Obviously the nuclear matrix element will have the same structure like for
inelastic electron scattering with an appropriate “current operator” describing the absorption processes.
Therefore making certain assumptions on that operator the matrix element can be calculated taking
all the final state interactions into account as described above. Applications are underway [262].
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9.4. Nonmesonic decay of the hypertriton

The hypertriton has been investigated by variational techniques and using models for the NA
interaction and even including A-3 conversion [228,58,225,226,428,227,106,105,163,166,356,6,7].
Very recently the Faddeev equations have been solved [344,345] with the interactions among nucleons
and hyperons (A or 3 ) of meson exchange nature [402,404,468]. The Jiilich interaction [402] did
not bind the hypertriton [344] but the Nijmegen one [468] did [345], even at the correct binding
energy without any further adjustments. This might be fortuitous, though, since still little experimental
information is available on NA data [123,8,437,120,260]. Thereby the A-23 conversion played a very
decisive role. To learn more about the hypertriton its decays should be studied. Especially interesting
ones are the nonmesonic decays [94], where a A emits a pion, turns into a nucleon and the pion is
reabsorbed. There are of course more processes possible. The three final nucleons undergo final state
interactions, whose exact treatment is important in order not to blur the view on the pionic exchange
current, which has both weak and strong vertices. The process goes by #° and 7+ exchanges. A first,
somewhat schematic study neglecting all final state interactions appeared in [46]. Using the scheme
displayed above the angular and energy distributions of the three final nucleons can be calculated
taking all the final state interactions exactly into account. Data are very much needed.

10. Conclusions and outlook

Three-nucleon scattering has been always a vivid field of research both experimentally and theo-
retically in order to test nuclear forces in a first nontrivial context and to cultivate reaction theory.
Nowadays the 3N scattering problem can be solved for any type of NN force far more accurately
than the errors in present day data require and also the correct technical handling of 3NF’s is on a
good way. The most advanced calculations have been performed recently in the Faddeev formalism
for energies below and above the nd breakup threshold; below the breakup threshold the variational
pair correlated hyperspherical harmonic basis method is equally advanced and can even include the
pp Coulomb forces in conjunction with realistic interactions. Above the breakup threshold that old
Coulomb problem is still pending. Also recently several NN force parametrizations appeared, which
describe NN data up to about 350 MeV to unprecedented accuracy and thus remove on-shell de-
ficiencies, which plagued the interpretation of theoretical predictions in the past. Discrepancies to
data could be due to those defects but also due to wrong off-shell properties or closely linked 3NF
effects. Now with that set of newest force parametrizations on-shell deficiencies have shrinked to a
minimum and differences in predictions, if present at all, are due to their different off-shell properties,
like different radial shapes and/or nonlocalities. Equipped with these newest forces and the technical
tools for solving the 3N equations precisely, very many data can now be compared to that theory. In
general the agreement between theoretical and experimental 3N scattering observables is very good
and in most cases there is no difference among the different force predictions. This refers to the
NN force picture only and this tells that based on these forces there is very little room left for 3NF
effects. A closer inspection, however, reveals, as discussed in detail in Section 6, that a few interesting
discrepancies stick out and quite a few gaps in the data set exist, which should be filled in order to
make the picture more complete and convincing.
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The differential cross section in elastic Nd scattering above ~ 100 MeV deviates from theory.
Whether we see the onset of relativistic effects has to be clarified.

For spin observables in elastic Nd scattering one strong discrepancy sticks out, the low energy
nucleon analyzing power A, and the deuteron vector analyzing power iT};, which is very similar in
shape. It is well established that the 3P; (j = 0,1,2) NN force components govern strongly these
two observables. The modern NN forces adjusted to the present day NN PSA values in these states
are not able to describe A, and iT};. At higher energies, above ~ 30 MeV, where data are available,
the agreement with theory is essentially perfect.

Data for tensor analyzing powers are only available up to now in the pd system and comparison
to theory suffers in principle from unknown Coulomb force effects, which are clearly visible below
10 MeV at forward angles. At higher energies one would desire to have high precision data, like the
ones at 22.7. MeV, where the agreement with theory (without Coulomb) is perfect.

Measurements of spin-transfer coefficients in elastic pd scattering are not too numerous and exist
only at low energies. Data at higher energies would be very useful, however they should be quite
accurate in order to test theory stringently.

Spin correlation coefficients, where both, nucleon and deuteron, in the initial state are polarized
are hardly measured and data of high quality at low and also high energies would be equally useful
to probe the 3N Hamiltonian.

In the 3N breakup process we can expect that the total cross section should be very well predicted
by theory, since the total nd cross section as well as the elastic differential cross section agree very
well with theory. Unfortunately the experimental total breakup data are old and presumably inaccurate
and an experimental effort to provide new and accurate data would be very useful to form a consistent
and well established picture.

Kinematically complete breakup data are numerous, but a well established data basis confirmed
by independent measurements can not be claimed to exist. Overall we find cases of spectacular
agreement between data and theory, but also cases of strong disagreement. Right now we can not
point to breakup configurations with a well established agreement or disagreement like for observables
in elastic Nd scattering. Breakup cross sections, however, where we face a serious discrepancy should
be remeasured. At 13.0 MeV some of the old nd measurements, which strongly deviate from theory,
are presently remeasured at TUNL and preliminary analysis already reveals that the data change.
Some pd data at 22.7 MeV show also too strong deviations to theory to be caused by pp Coulomb
force effects which are not taken into account in our theoretical treatment. A very interesting case is
a nameless configuration shown in Fig. 44, where data from a nd measurement are a factor 2 below
theory.

If one really wants to test the potential energy in a 3N system seriously — and this appears to be
basic for nuclear physics — one should perform a full 47 investigation, probing the breakup process
with respect to all angular and energy correlations of the three outgoing nucleons. This would provide
the most comprehensive test of the 3N Hamiltonian and the outcome would constrain very much the
degree to which 3NF’s can be present in relation to the present day NN forces. In order to stimulate
such an experimental investigation we performed a theoretical 47 study covering all phase space and
searched for breakup configurations, where the most modern NN force predictions agree among each
other with less than 3%, say, and those where they disagree by more than 8%, say. Both cases, the
insensitive ones and the sensitive ones, would be of high interest to be measured. In the first case
discrepancies to theory would quite seriously question present day NN forces or call for 3NF effects,
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in the second case data could possibly differentiate between NN forces.

Spin observables in the breakup process deserve more attention in the future. While vector analyzing
powers measured up to now agree quite well with our predictions, some tensor analyzing powers
disagree strongly. This should definitely be remeasured. If those data would be confirmed this would
pose a serious problem to theory.

Our first experience with 3NF’s, specifically the Tucson-Melbourne 7 — 7, # — p and p — p
exchange forces, in 3N scattering was not encouraging. The effects are in general small and in case
of the outstanding discrepancy in A, they go into the wrong direction. Certainly a truly consistent
theory for 2N and 3N forces is required, in order to approach that issue properly. Possible ways to go
might be along recent work on chiral symmetry [287] and the systematic approach [388] advocated
since many years.

We find that 3NF effects have possibly a good chance to be detectable at rather low energies where
phenomena like the scaling of certain 3N observables with the triton binding energy and no scaling
of certain other observables has been predicted. Precise data for all kind of spin observables would be
needed, for instance spin correlation and spin transfer coefficients, in order to pin down 3NF effects.
At high energies, above 100 MeV, our calculations including 3NF effects are not yet matured enough
(too few partial waves), but on the present level we predict interesting and strong 3NF effects for
the analyzing power under FSI conditions and for spin correlation coefficients.

In any case that regime of about 150 MeV is interesting also in other aspects. Under QFS conditions
one might expect that the deuteron can be considered as a nucleon target. For the cross section this
is not correct and rescattering corrections are present on the level of about 20%. But for spin
observables in certain angular ranges that picture is true and NN spin observables can be extracted
from the 3N scattering process. That prediction could be checked experimentally in the pp case and
then np and even nn observables could be gained. On the other hand there are also plenty of breakup
configurations, other than QFS, where rescattering processes are dominant, which should also be
measured to verify the reaction theory.

With respect to reaction theory the concept of the optical potential can rigorously be studied in the
3N system. Though the "medium” is rather dilute, just one additional nucleon, one can calculate all
the properties of the optical potential exactly, like its nonlocality, the effects of antisymmetrization,
its spin dependencies, its leading form at high energies, etc. We only displayed some formalism and
left the numerical investigation to the future.

With increasing energy, 150 MeV and higher, relativity can certainly be no longer neglected and its
correct treatment poses a real challenge. We mentioned some possible first starting points discussed
in the literature.

Relativity will also be unavoidable in the applications, where the 3N continuum appears mostly
in the final state, like in inelastic electron scattering or pion absorption on 3He (°H) or in the
nonmesonic decay of the hypertriton. We were rather brief about these exciting subjects, since they
all deserve a broad presentation by themselves. It is only if the final state interaction is well under
control that one has a reliable view on the interesting processes like photon or pion absorption, on
the form factors involved and the meson exchange currents.

We think [187-189] that the 3N continuum due to the enormous computational possibilities
now available, will be an excellent laboratory in the future to make decisive steps forward in the
understanding of nuclear dynamics.



W. Glockle et al./ Physics Reports 274 (1996) 107-285 267

Acknowledgements

This work was supported by the Deutsche Forschungsgemeinschaft, the European Economic Com-
munity under Grant No. CI1*-CTG1-0894, the Polish Committee for Scientific Research under Grant
No. 2 P302 104 06 and the Polish-American Maria Sklodowska-Curie II FUND under Grant No.
MEN/NSF-94-161. The numerical calculations have been performed on the CRAY Y-MP of the
Hochstleistungsrechenzentrum in Jiilich, Germany and of the North Carolina Supercomputing Center
at Research Triangle Park, North Carolina, USA, and on the Convex 3820 of the Academic Compu-
tational Center (ACK) in Cracow, Poland. We acknowledge the important support of the Alexander
von Humboldt Foundation in the initial stage of this work (H.W.). Special thanks are also to Dr. Th.
Comelius for computational help in the first calculations.

Appendix A. Cross sections

Here we supplement the derivation of the cross sections for elastic nd scattering and the breakup
process carried through in Section 2.4 in time independent scattering theory by using time dependent
theory. We follow closely the steps laid out in [ 172]. We define an initial wave packet for the relative
motion of nucleon 1 with respect to the deuteron composed of nucleons 2 and 3.

do(1) = / dqlq)e™"™" fo(q) (A1)

with E, = (3/4m)q *. The momentum distribution fo(g) will finally be peaked infinitely sharply at
q = q,, but because of the normalization condition for ¢, (¢) it does not approach a é-function. Using
a Gaussian wave packet as an example one can choose as in [172]

fo(q) = b2 2m)* 2 f5(g) (A2)

where f5(q) is a sequence of functions, which approach 8(q — ¢q,) if b tends towards zero.
The complete initial channel state is

Yo(1)) = |a) / dq|q)e™" " fo(q) (A3)

where |¢,) is the deuteron wave function. It obeys the time dependent Schrédinger equation with the
Hamiltonian H; = Hy + V43. The proof for the existence of the Mdller wave operator

n(+) = lim eiHIe—int (A4)

t——00

is essentially identical to the one presented for potential scattering in [172], the only difference
being that the norm ||V|| is replaced by ||(Vi3 + Vi2)|@a)|l, which of course exists for short range
interactions. Then rewriting the representation of the Méller wave operator in the usual manner the
scattering state can be put into the form

|# (1)) = / dq|¥{P)e "Bl fo(q) (A.5)
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where the stationary scattering state has been defined as

i€
) =l e T 1201 (A6)

The antisymmetrization is easily achieved by applying (1+ P), assuming as always that the deuteron
state is already antisymmetrized. Thus

7Y, = [ da(eg0), + 1950, + [90), e B o) (AT)

where in |¥{*’) the particle i is the initial projectile.
Let Aqf(t) be the probability amplitude to find the state

|‘I’q},(l‘)) = kpd)qu) o (Egpten)t — |¢q!>e—:(qu+e4)t (A.8)
in the ’!P(+))a:
Ag, (1) = (T, ()P0 (1)), = / dge 55" (¢, |¥H(0)), folg) (A9)

with the stationary antisymmetrized state
3
1w, (0)), = [wy™), =D 197), (A.10)

It obeys the Lippmann—Schwinger equation

1w =199 + Gi(Vs + B)|#P) (A.11)
since |[¥*), . fulfill the homogeneous equation corresponding to (A.11) and |¥{* ), of course
brings in the driving term in (A.11). (See Section 2.2). Thus

: i, —Ep (P V2 + VIED)
Ay (t) = folg)) +£1_tg/dqe(54, B qéq_E“;e 2 fo(g) (A.12)

Now we can follow literally [172], take the limit » — O and easily find
. 1 d
i oy g e () |* = 21m(dy, [U|6hss)8(q; — @0) + 278(Eqy — Ey ) (b4, U, )*
(A.13)
where we switched to the notation introduced in Section 2
(Do, U100 )a = (P, |Va + WS, (A.14)
Then the number of scattered particles into the volume element dgq, is
AN =|(¢y |UIbn)al” [ da,2m8(Ey — Eyy)
=2m3m|qq|| (b, |U|$y) " dd (A.15)
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The initial current |j| carries the same factor »*(27)3? in the limit b — 0 as follows from (A.3)
and one has

: 3 _lgol
= b 320 _19ol
=5 (2m)* 2y (A.16)
We end up with the differential cross section
do
7, = Gm)’ @m'i(g, |UIéa) (A17)

which agrees with Eq. (86).
In case of the breakup cross section one asks for the overlap of |¥(*)(¢))  with

¥,,0,(D) = |Pp)lay) e Fror' = |pos) et (A.18)
where E, , = (1/m)p/ + (3/4m)q/. Thus

Ap gy (1) = (¥ , (DFD (D)), = / dq "By =BT o (WD) folq) (A.19)
Since |¥{*’) obeys the homogeneous Lippmann-Schwinger equation

), =G + Vo + V) (V) (A.20)

one finds

i(EPf‘?!—Eq—Ed)! <¢0,f|‘/l + ‘/2 + ‘/3|1p‘q(+)>
E;+es—Eyq +ie

Apyay (1) = lim / dge 2 fo(q) (A21)

The analogous steps then lead to
lim d
=0 b3 (27)3/2 dt

for b — 0 and we switched again to the notation for the breakup amplitude introduced in Section 2.2.
Thus the number of scattered particles per unit time into the volume elements dp, and dg, are

|Ap, 0, (D =27 8(Eqy + €4 = Ep, )| (0.5 Us| ) (A22)

aN = |(oAUlb)" [ dp; da278(Ey + €0 = Eyyo)) (A23)
Performing the integral for given g; and directions dp; and d§, the breakup cross section results

_ dN 3 lm2(21r)4
(3/2m)|qol/(2m)3 3 gyl
which agrees with Eq. (99).
The optical theorem follows easily from noting that for r — oo

d
- { f dg A, (D] + / dp,dq; IA,,,,,,(:>|2} =0 (A25)

do Psd-dq,dpdds|(do.s|Uo| b))’ (A24)
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Inserting (A.13) and (A.22) and taking the elastic and breakup cross sections from (A.17) and
(A.24) one gets directly

1 1
Im(é|U|p) = —(27,)3%%; Tt (A.26)

Appendix B. Breakup kinematics

We start from Eq. (103) of Section 2.4 describing an ellipse in the k -k, plane. It can be put into
the normal form by a rotation of the k;-k, plane by 7/4:

1 1
7 Kk, k= (KK (B.1)

It results in

k]=

2
lab 1
(2 — cosbyy) [k{ - -k—(cos 8, — cos 02)———————}

V2 2 —cos 6,
lab ] 2
+(2 + cos by3) [k; - E(cos 0, + cos 6,) m]
lab _ 2 2
_k . 2 ((cozﬁ_z Co:(;slfl) (co;lil_ :ozzszfz) ) +2me, (B.2)
The ellipse shrinks to a point if the right hand side is zero, which leads to the condition
cos? 9, + cos? 8, — cos 8, cos 8, cos 6, + %(4 —cosfy;) =0 (B.3)

Here cos 6y, = k; - ky = cos 8, cos 6, + sin 8, sin 8, cos(P; — ¢2).

The curve defined by Eq. (B.3) is very close in form to a circle for ¢, — ¢, = 7r/2 and to an ellipse
otherwise. Values for 6, and 8, lying inside that curve are mathematically forbidden. Otherwise one
has an ellipse, which can lie totally or partially outside the first quadrant of the k;-k, plane. The
conditions for crossing the k;-axis (k, = 0) are read off from Eq. (103) to be

K} — kK cos 8, — me; =0 (B.4)

which leads to

k' cos @, + 1/ k'ab* cos? 8, + 4me,
(k2= 5 (B.5)

Consequently, the two crossing points of the ellipse with the k-axis coincide for ¢, equal = and
") given by

_; [4mle4| 1 [4m|eg4|
=) — Y B '3 +) — 1
6"~ =cos ot < 0" =—cos P (B.6)

For 8¢~ < 6, < 8% the ellipse lies above the k;-axis. The corresponding applies for the kp-axis.
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The resulting picture for the location of all possible ellipses depending on 8, 8, and ¢y, is
displayed in Fig. 1.

Appendix C. Geometrical quantities related to permutation operators

The quantity gk"lzl % from Eq. (164) is given by
yrik e {!
I s I
Ay TSN
L § J L

o (%)ml;\/ QL+ 1! \/(21'+1)!

2L 2!V 2! 26)!

Kibhil,

[ h\ e S
E e
\—v—_/\—v—/

l l ll ll l/ ! ! !
XZ{j I f} {,\2 I f,} C(LAf,000)CU X f,000)

1
x{f h L} Ckl f,000) C(kL f,000) (C.1)
oLk

The quantity G of Eq. (197) can be written as
G e (qu) = ZPk(x) Z Z pll+/\l 2+ Az giltlllz/\v\z (C.2)

L+h=l Av+A=A7
with

gil;{z/\lAz= if}'fﬁi"{*""j’i’( ){% 7%" ttl}
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Appendix D. List of international few-body conferences

- Nuclear Forces and the Few Nuclear Problem (Pergamon Press, London, 1959).
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- Few-Body Problems, Light Nuclei, and Nuclear Interactions, Brela, 1967, eds. G. Pai¢é, I. Slaus
(Gordon and Breach, New York, 1968).

- Three-Particle Scattering in Quantum Mechanics, College Station, Texas 1968, eds. J. Gillespie,
J. Nuttal (Benjamin, New York, 1968).

- Three-Body Problems in Nuclear and Particle Physics, Birmingham 1969, eds. J.S.C. McKee,
PM. Rolph (North-Holland, Amsterdam, 1970)

— The Nuclear Three-Body Problem and Related Topics, Budapest 1971, Acta Phys. Acad. Sci. Hung.
33 (1973) 102.

- Few-Particle Problems in the Nuclear Interaction, Los Angeles 1972, eds. I. Slaus, S.A.
Moszkowski, R.P. Haddock, W.T.H. van Oers (North-Holland, Amsterdam, 1972).

- The Nuclear Many-Body Problem, Rome 1972, eds. F. Calogero, C. Ciofi (Atti Editrice Composi-
tori, Bologna, 1973).

- Few-Body Problems in Nuclear and Particle Physics, Laval 1974, eds. R.J. Slobodrian, B. Cujec,
K. Ramavataram (Les Presses de I’Université, Laval, 1975).

- Few-Body Dynamics, Dehli 1975/76, eds. A.N. Mitra, I. Slaus, V.S. Bhasin, V.K. Gupta (North-
Holland, Amsterdam, 1976).

- Few-Body Nuclear Physics, Trieste 1978, eds. G. Pisent, V. Vanzani, L. Fonda (IAEA, Vienna,
1978).

- Few-Body Systems and Nuclear Forces I, II, Graz 1978, eds. H. Zingl, M. Haftel, H. Zankel,
Lecture Notes Phys., Vols. 82, 87 (Springer, Berlin, Heidelberg, New York, 1978).

- The Few-Body Problem, Eugene 1980, eds. ES. Levin (North-Holland, Amsterdam, 1981).

~ Few-Body Problems in Physics, Karlsruhe, Germany, 1983, eds. B. Zeitnitz, Vol I: Nucl. Phys. A416
(1984), Vol II - Contributed Papers (Elsevier Science Publishers B.V., Amsterdam, 1984).

— The Three-Body Forces in the Three-Nucleon System, Washington DC, 1986, eds. B.L.. Berman
and B.F. Gibson, Lecture Notes in Physics 260 (1986).

- Few-Body Methods: Principles and Applications, Nanning, PRC, 1985, eds. T.K. Lim, C.C. Bao,
D.P. Hou, S. Huber (World Scientific, Singapore, 1986).

- Theoretical and Experimental Investigations of Hadronic Few-Body Systems, Rome, 1986, eds.
C.C. degli Atti, O. Benhar, E. Pace, G. Salme, Few-Body Sytems, Suppl. 1 (1986).

- Few-Body Systems in Particle and Nuclear Physics, Tokyo & Sendai, Japan, 1986, eds. T. Sasakawa,
K. Nisimura, S. Oryu, S. Ishikawa, Nucl. Phys. A 463 (1987).

- Few-Body Problems in Particle, Nuclear, Atomic and Molecular Physics, Fontevraud, 1987, eds.
J.L. Ballot, M. Fabre de la Ripelle, Few-Body Systems, Suppl. 1 (1987).

— Few-Body Problems in Physics, Vancouver, 1989, eds. H.-W. Fearing, Nucl. Phys. A 508 (1990).

- Few-Body Problems in Physics, Adelaide, 1992, eds. I.R. Afnan, R.T. Cahill, Nucl. Phys. A 543
(1992).

- Few-Body Problems in Physics, Marciana Marina, Isola d’Elba, Italy, 1991, eds. C.C. degli Atti,
E. Pace, G. Salme, S. Simula, Few-Body Systems, Suppl. 6 (1992).

- Few-Body Problems in Physics *93, Amsterdam, 1993, eds. B.L.G. Bakker, R. van Dantzig, Few-
Body Systems, Suppl. 7 (1994).

- Few-Body Problems in Physics, Williamsburg, USA, 1994, eds. F. Gross, AIP Conference Pro-
ceedings 334 (AIP Press, New York, 1995).
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