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Polarization observables inp-d scattering below 30 MeV
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Differential and total breakup cross sections as well as vector and tensor analyzing povedsdoattering
are studied for energies above the deuteron breakup thresholdigtd?8 MeV. Thep-d scattering wave
function is expanded in terms of the correlated hyperspherical harmonic basis and the hastidix is
obtained using the Kohn variational principle in its complex form. The effects of the Coulomb interaction,
which are expected to be important in this energy range, have been rigorously taken into account. The Argonne
AV18 interaction and the Urbana URIX three-nucleon potential have been used to perform a comparison to the
available experimental data.
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I. INTRODUCTION been applied so far. The Faddeev equations in momentum
space have been adapted to take into account the long-range
In Ref.[1] the authors recently presented an application oiCoulomb interaction using the screening and renormalization
the Kohn variational principl¢KVP) in its complex form to  approach[6]. Recently, a detailed comparison between the
calculate the elastic observablesprd scattering for ener- solutions of the Faddeev equations in configuration space
gies above the deuteron breakup thresiBIBT). The KVP  and the KVP has been performed, though restricted to ener-
was implemented to describe continuum states of three OUljies below the DBT[7]. In the present work we turn our
going particles including the distortion due to the Coulombggtention to describingp-d elastic observables above the

interaction in the asymptotic region. Only two energies WerepgT, |n this case the application of the KVP is feasible and

consideredE ;=5 and 10 MeV. The validity of the KVP for - 1he cajculation of the elastis matrix does not require large
the elasticS matrix describing the 2-2 process irp-d scat- computational devices.

tering for energies above the DBT has been extensively dis- The study of the three-nucleon K3 continuum provides

cuslr?et?];n IrQeestrJ{ aper the analvsis of the elastid reac- important information about the capability of moderiN
P pap y as potentials to describe the three-nucleon dynamics. At

tion is extended up td,,=28 MeV, covering the region - ) .
where Coulomb effects are expected to be important Thgresent, a few realistiblN potentials are available that re-
. produce a large set of two-nucleonNpR data with y?~1

large amount of accurate experimental data allows for inter X ; : )
esting comparisons. It should be noted that, at present, tH&€r datum. They are substantially equivalent in reproducing
analysis of the polarization data at energies above the DB#®!I the details of the\N scattering, but in the description of
has been done mainly by comparined calculations top-d nuclear systems witlh>2 differences appear. In addition,
data[3,4]. Differential cross section and vector analyzing the three-nucleon system is the simplest one in which three-
power data exist for botn-d and p-d scattering, allowing nucleon force(3NF) effects can be studied. The first signal
for an estimate of the Coulomb effects. Converselynad ~ for the necessity of a 3NF comes from the underbinding of
data are available for the deuteron analyzing powerhe triton when onlyNN forces are used. Widely used 3NF
iT11,T20.T21,T22. These quantities are evaluated from ex-models are based on the exchange of two pions with an in-
periments using a polarized deuteron beam on unpolarizei@rmediateA excitation. In general these models include a
proton targets. The inverse experiment of unpolarized protogertain numbers of parameters which are not precisely deter-
or neutron beams on a polarized deuteron target seems to béined by theory, so some of them can be taken as free pa-
extremely difficult at low energies and has not yet been dongameters in order to reproduce, for example, the tritoftbe
Experiments using charged particles are certainly easier tainding energy. As a consequence, other observables which
perform and show smaller error bars than those using a negcale with the three-nucleon binding energy improve as well.
tral beam. On the other hand, the theoretical description oExamples are the bound state r.m.s radii and the zero energy
collisions with more than one charged particle in the finaltotal cross section im-d andn-3H scattering. On the con-
state has represented a difficult problem for many years. In tiary, vector and tensad¥-d analyzing powers do not present
recent work a complete solution of the reactien+H such a scaling.
—H"+e” +e~ has been obtained by Rescigebal.[5] by Accurate measurements @-d observables below the
transforming the Schinger equation using the so-called DBT have been reported recenfl$—10. A comparison of
exterior complex scaling and making use of supercomputerthe theoretical predictions to these data shows an underpre-
to solve the associated equations numerically. This was thdiction of the deuteron vector analyzing power;; by
first complete solution of a three-body collision with all the ~30%[11]. A similar discrepancy had been observed earlier
charged particles moving away from each other in the finaln the neutron analyzing powé,, a problem which is usu-
state. Regarding thp-d reaction, different techniques have ally known as the\, puzzle[12]. As the energy increases the
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observed discrepancies i, andiT; reduce and tend to works of Nuttall[26] and Merkurie\{27], where the discus-
disappear, though not completely, above 30 M&Y. Ac-  sion, however, was limited to the-d reaction. In the work
cordingly, the study of these observables over the energgyf Rosenberd28] a first attempt to deal with charged par-
region considered here is important for understanding such gcles has been made. The first extensive demonstration of
behavior. _ ) the applicability of the principle to thp-d collision has been
Accurate N and 4N scattering wave functions are nec- given in Ref.[2]. The main result derived in Reff2] is that

essary for calculating a number of nuclear reactions. Thene effect of the Coulomb interaction can be taken into ac-
technique used in the present work is based on the expansiQ@nt in such a way that the form of the principle remains
of the wave function in terms of Jastrow type correlated hy'unchanged when the energy goes from below to above the

perspherical harmoni€CHH) ba;is functiqns. Whep the cor- .DBT. Below the DBT the collision matrix is unitary and the
relation factor reduces to a pair correlation function the pair

correlated hyperspherical harmorieHH) basis is obtained prob!em can b_e formulated in terms of the_ real reactance
The CHH and PHH bases have been used to calculaté thnéat.”.X (K ma.tn)-(). Above the D.BT the elastic part O.f th?
bound states of thé\=3,4 nuclei[13,14, N-d scattering collision matrix is no longer unitary and the formulatlon in
[15,16], andp-°3He andn->H scattering 17] at energies be- terms of theS matrix, the complex fqrm of th.e KVP, Is con-
low the three-body fragmentation. Moreover, wave functions’€nient. Referring to Re{2] for details, a brief description
obtained through those expansions have recently been us8fthe method is given below. The scattering wave function
to study the radiative capturp+d— 3He+y below the (WF) ¥ is written as the sum of two terms:
DBT [18] and the hep process, namely, the weak cappure
+ ®He— *He+e" + v, at the Gamow peakl9]. These two V=Wct+W¥,. @
reactions have considerable astrophysical relevance. The )
former is the second reaction in tpe solar chain and has a The first termW¢ describes the system when the three-
prominent role in the evolution of protostars whereas the hepucleons are close to each other. For large interparticle sepa-
process plays an important role in the solar neutrino probtations and energies below the DBT it goes to zero, whereas
lem. The calculation of the-d wave functions above the for higher energies it must reproduce a three outgoing par-
DBT will provide the input for further studies of radiative ticle state. It is written as a sum of three Faddeev-like am-
capture and photodisintegration and electrodisintegration gflitudes corresponding to the three cyclic permutations of the
3He. particle indices 1,2,3. Each amplitud®(x;,y;), where

In the present paper we present the results obtained for the ,y; are the Jacobi coordinates corresponding ta theer-
differential and total breakup cross sections, nucleon analyzmutation, has total angular momentud, and total isospin

ing powers Ay, and deuteron analyzing powers TT, and is decomposed into channels using coupling,
iT11, Tao, T2, and Ty, for N-d scattering at different en-  namely,

ergies. The calculations have been done using the two-

nucleon AV18 potential20] with and without the three- N¢

nucleon URIX force[21]. The results are given at nine WX, V)= 2 b (X Vi Va(iK,1), 2
different energies in the range 5 M&\E ;<28 MeV. It a=1

has to be noted that, disregarding small correctidfg,,

=2Ey (1E,), whereEy (Eg) is the nucleor{deuteronm in- ya(J'k,i)={[Y|Q(Xi)YLQ(Yi)]Aa[SLKSL]SH}JJZULK'[L]TTZ, 3
cident energy and in the following we defig,,=Ey. The

highest energy considered here B;=56 MeV (E,, wherex;,y; are the moduli of the Jacobi coordinates angd
=28 MeV) at which the deuteron analyzing powers areis the angular-spin-isospin function for each channel. The
available[22]. Just above the DBT, deuteron vector and ten-maximum number of channels considered in the expansion is
sor analyzing powers are availableEf,=5 MeV[23]. For  N.. The two-dimensional amplitudg,, is expanded in terms
El.b=18 MeV differential cross sections, proton, and deu-of the PHH basis

teron analyzing powers have been measured at several ener-

gies[24]. In Ref. [25] differential cross section as well as _ o l,Ly

vector and tensor observables have been measured between ®«(Xi:Yi)=p "4 o) ; ug(p) PP ()|, (4)

8.5 MeV=E|,<22.7 MeV, though data fol,; are miss-

Ing at some energies. where the hyperspherical variables, the hyperragiagd the
The paper is organized as follows. In Sec. Il the Kohnphyperangleg, , are defined by the relations= p cos¢; and
variational principle is reviewed. In Sec. Ill the numerical = psing. The factor (2)P:<,L(¢) is a hyperspherical poly-
solut.ion of the related differer_nial equations are compared tQ 5 nig| andf ,(x;) is a pair correlation function introduced to
previous results. Cross sections and observables are COmjecelerate the convergence of the expansion. For small val-
pared to the data in Sec. IV, and the conclusions are given ifog of the interparticle distande,(x,) is regulated by the

the last section. NN interaction whereas for large separations the correlation
function is chosen to satisffy,(x;)—1 [13].
The second termy 5, in the variational wave function of
Eqg. (1) describes the asymptotic motion of a deuteron rela-
In the literature several investigations regarding the valid4ive to the third nucleon. It can also be written as a sum of
ity of the KVP above the DBT can be found, starting with the three amplitudes with the generic one having the form

II. THE KOHN VARIATIONAL PRINCIPLE ABOVE
THE DEUTERON BREAKUP THRESHOLD
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d2

! ! d !
Osfxiy)= 2w (ORL(Y) D A;f,(p)d—pﬁsgf,(p)%ms; (p)

=0, a K’
X{LLY) (x)shT18'TsY L (YD oo [t T, My
(5) +?E Nkk’ (p)

ug (p)=D2y(p). (12

wherew; (x;) is the deuteronVF component in the state
|,=0,2. In additions!*=1,/*=0 andL is the relative angu-
lar momentum of the deuteron and the incident nucleon. Th
superscript\ indicates the regularN=R) or the irregular
(A=1) solution. In thep-d(n-d) case, the function® * are
related to the regular or irregular Coulorpherical Bessgl o o1 solution, the second order estimate of Shmatrix is

. H A H
functions. The_ function§)* can be combined to form a gen- obtained after replacing the first order solution in Etf)
eral asymptotic state [15,30.

For each asymptotic statéS™ VL ; two different inhomoge-
neous terms are constructed corresponding to the asymptotic
%)), functions withA\=0,1. Accordingly, two sets of solu-
tions are obtained and combined to minimize the functional
(11) with respect to thes matrix elements. This is the first

In order to solve the system SE1 appropriate boundary
Qs (%, y)=Q% (X Vi) + >, Irss ot (X, Vi), conditions must be specified for the hyperradial functions.
Lsd% ¥ Lsd% ¥ - For energies below the DBT they go to zero when o,

(6)  whereas above the DBT energy they asymptotically describe
the breakup configuration. The boundary conditions to be
applied in this case have been discussed in R&f81] and

0 B R | are briefly illustrated below. To simplify the notation let us
QUs %, Y1) =UooQs i ¥i) +UoaisfXi i), (7) label the basis elements with the index[ «,K], and intro-

L R | duce the following completely antisymmetric correlated
Qi sdXi,Yi) =U10Q s X, Vi) +U1d X ,Vi).  (8)  spin-isospin-hyperspherical basis elements

where

The matrix elements;; can be selected according to the four 3
different choices of the matri=K matrix, K ! matrix, S _ @)plalL e

_ . ’ ’ Pup,Q)=2, T.(x) PPV, (jk,i), (13
matrix, or T matrix. A general three-nucleon scatteriigF w(p (1) izl () PR () VelikiD, (13
for an incident state with relative angular momentupspin

Sand total angular momentuthis which depend op through the correlation factor and form a

nonorthogonal basis. In terms of ti#&,(p,(2) the internal

Vis= 2 [y +Qlsxy)], (9 Ppartiswrittenas
i=1,3
Nm
and its complex conjugate 8, 5. A variational estimate of Wo=p 52>
) . . P U (P)Pu(p,Q2), (14
the trial parameters in th&VF W, s, can be obtained by ¢ p=1 *

requiring, in accordance with the generalized KVP, that the

functional with N, the total number of basis functions considered. The

5 “uncorrelated” basis eIementB‘;(Q) are obtained from Eg.

- _ + (13) by setting all the correlation functiorfs,(x;)=1. It is

def(u) (VisdH-El¥Lgy) (10 important to note that the elemerﬂ%ﬁ(ﬂ) do not form an
) o orthogonal basis, as has been discussed in [R&f. where
be stationary. Below the DBT due to the unitarity of tBe the standard hyperspherical harmoitH) basis has been
matrix, the four forms for thet matrix are equivalent. How- ysed to calculate the three-nucleon bound state. Those basis
ever, it was shown that when the complex form of the prin-ejements having the same grand-angular quantum number
ciple is used, there is a considerable reduction of numericat, —| 4+ +2K, the sameA, and S,, but belonging to
instabilities[29]. Applications of the complex KVP foN-d  ifferent channels, are not orthogonal to each others. More-
scatteringbelow the DB can be found in Re{30]. Above  gyer, some of them are linearly dependent. In R&2] such

the DBT it is convenient to formulate the variational prin- states have been identified and removed from the expansion
ciple in terms of theS matrix. Accordingly, we get the fol- ;sed to describe the triton bound state.

3J,SS+_J3,SS
[ 'CLL']_ »CLLI_

lowing functional: In the present case, the basis elemén§p—,Q) re-
ss SS  a . duce to the uncorrelated onésfb(ﬂ) in the asymptotic re-
[PSCo =S +i(PsJH—E[V o). (1)  gion sincef (x)—1 for large interparticle distances. There-

fore, it appears useful to combine the correlated bdssin
The variation of the functional with respect to the hyper-order to define a new basis with the property of being ortho-
radial functionsui(p) leads to the following set of coupled normal whenp—o. This can be readily accomplished by
equationghereafter named SE1 noting that the matrix elements of the noinbehave as
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Ny (p)= [ 40P,(0.0)1 P00, ) K= [ 00 Q%0) K Q%@). (20
(3) “
SNO@ 4 ﬂ+0(1/p5), for p—c, The dimensionless operatgr originates from the Coulomb
3 interaction as
(15 3 5
where, in particular, ~_ My > e* 1+7,1+7, 1)
X~ 242Q <, cosp. 2 2
N©, —f dQ PY(Q) TP, (). (16) _ _ _
It should be noticed thag,,,, =0 if u,u’>Np,.

Let us define a matri}) such that the matrik) 'IN©©U = Nis In practice, the functions ,(p) are chosen to be regular
diagonal with diagonal elemenrsf either 1 or 0. The val- at the origin, i.e.,»,(0)=0 and, in accordance with the
uesN,=0 correspond to statei® (Q) that depend linearly equations to be satlsfled fgr—oo, to have the following
on others New uncorrelated and correlated bases are defingdhavior (< Nm)

as _
Nm Nm R
QM= 2 Uy, P9, wulp)== X (7N, b€ (22
/*L’:]- un'=
N, whereb,,. are unknown coefficients. This form corresponds
Q,(p, Q)= Z U, uPu(p, Q). (17)  to the asymptotic behavior of three outgoing particles inter-
n'=1 acting through the Coulomb potent[&3]. In the case oh-d

The basis functiong,,(p,(2) are still not orthogonal for any  scattering f=0) the outgoing solutions evolve as outgoing
f|n|te values of p. When p—», the elementsQ,(p,Q))  Hankel funct|onsH(1)(Qp)[wM(p)e b,e'*].

—Q7(Q). Due to the fact that some of the uncorrelated  For values of the indexu>N., the eigenvalues of the
eIementsP «() are linearly dependent, some elementsnorm areN,=0 and the leading terms in E¢L9) vanish.
Q0 L(Q) are |dent|cally zero. Therefore, some correlated eleSo, the asymptotlc behavior of thesg, functions is gov-
ments have the propert@,(p,(2)—0 asp—x. In the fol-  erned by the next order terms. A lengthy analysis of thé 1/
lowing we arrange the new basis in such a way that forand 1p* terms for each matrixX=A,B,C,N shows that

values of the indexx<N,, the eigenvalues of the norm are these functions behave a{Q.#~x1"2Q0) where the quan-

N,=1and forN,+ 1< u<N,, they areN,=0. tities Q,,,>, are related to the asymptotic expansion of the
In terms of the new basis, the internal p#t is simply  matricesA,B,C,N. This asymptotic behavior has been ob-
N tained neglecting all couplings between tp¢h equation

g (>N, and all the others. If couplings up togf/are taken
Ve=p ,Z‘l ©u(P)Qulp: ) (18 into account the quantitieQ’,> become matrices and we
ave (u> Nm)

where the old set of hyperradial functions is related to the
new set through the transformation== ,,U, , @, . The Nm .,
variation of the functiona(10) with respect fo the new hy- w,(p)—— 2 [P 2n2e0)] ¢ (23
perradial functionsw,(p), which are now the unknown n'=1
guantities entering mto the description of the internal part of
the WF ¥, leads to a set of inhomogeneous second ordel”
differential equations formally equal to SE1, and hereafteSnOWn that foru>Np,, the element9,—0 asp—. The
called SE2, in which each matr%=A,B,C,N of Eq.(12) is specific form of the(compleX matrix 2 is such that in all

substituted b= U'XU and the inhomogeneous tednt by ~ C3585¢xQu—0 asp—. Accordingly, the states withe
D =U'DN >N, do not contribute to the outgoing flux.

For p—, neglecting terms going to zero faster thar?, In Ref. [31] the set of equations SE2 has been solved

the asymptotic expression of SE2 reduces to the form numerically _by choosing a grld_ of values for the_ hyperr_adlus
from the origin up to a certain valugy. The differential
hZ
) { i

where thec,, are unknown coefficients. Previously we have

@KLK, +1) operators have been substituted by finite differences in such
- %JFQZ)NM% M, a way that SE2 reduces to a set of linear equations that can

w' dp* p? be solved by standard numerical methods. In order to com-
pletely determine the problem, boundary conditions must be
N 2Q X +O( 1 0.(p)=0 (19 imposed atp=p,. To accomplish this, Eq(19) has been
;g w'iP ' solved forp>pq taking into account coupling terms up to

p~ % by an expansion of the functions,, in powers of 1p
whereE=%2Q%/M K, =G,+3/2 and the matrixy is de- and verifying the outgoing boundary conditions of Egs.
fined as (22),(23). Then, the continuity of the solutions and their first
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derivatives has been imposed at the matching rgeju3he Let us defing u,m) to be a correlated totally antisymmet-
value of pg is not important provided that the asymptotic ric element of the expansion basis. Heréndicates the cor-
expression of SE2 is already reached. This condition is weltelated HH stateQ ,(p,{)) andm=1, ... M indicates the
verified for values of the matching radiys=80-100 fm. Laguerre polynomial >)(z) or, for m=M + 1, the auxiliary

However, the functions ,(p) show an oscillatory behavior  fnction w, . In terms of these basis elements the internal

outside the range of the potential, typically for hyperradialpart of the wave function is

valuesp>30 fm. Therefore a large number of grid points

were necessary to obtain stable solutions. Thus, in [3éf.

the calculation ofN-d scattering states above the DBT was Vo=, ALl w,m). (26)
restricted to a simplified interparticle potential, namely, an mm

swave interaction. In such a case the number of coupled

equations to be considered was sufficiently small. When reThe variation of the functiondl ’S?7] with respect to the
alistic NN interactions are considered the number of coupledinear parameters leads to the following set of linear equa-
equations to take into account increases considerably. As teons:

consequence, the dimension of the matrices after the reduc-

tion of derivatives to finite differences can be quite large. In o \

order to keep the dimension of the matrices low, an alterna- 2 A (m.mH—E[u" m")=Dj, o, (27)

tive method of solution in the regiop=<p, is to expand the m
hyperradial functions in terms of Laguerre polynomigl$

plus an auxiliary function where the inhomogeneous term is

+AL 0, (p), Dy =2 (wmH-ElQlsfxy))-  (28)

(24)

M
4
_ 512 my (5) S
©up)=p™ 2 ATLL (z)exp( 5

The first order solution of th& matrix is obtained solving
wherez=yp andy is a nonlinear parameter. The linear pa- the algebraic equations

rameters Al“j (m=0,... M+1) are determined by the
variational procedure. The functions defined above are 1SS US'S U
matched to the outgoing solutions of H49) at p=po. > ISTX =Y (29

The inclusion of the auxiliary functiongﬂ(p) defined in -

Eq. (24) is useful for reproducing the oscillatory behavior
shown by the hyperradial functions fp=30 fm. Otherwise

a rather large numbevl of polynomials should be included
in the expansion. A convenient choice is to take them as the Xng =(Qls;t Vs H-E|Q{s),
solutions of a one dimensional differential equation corre-
sponding to theuth equation of SE2

with the coefficients X and Y defined to be

s
YEL’:<QESJ+\PESJ|H_E|QESJ>’ (30
2
_ _ d _ _ _
ALulp) d_pz +B,.(p) dp +CLu(p)+ QN (p) |®,(p) whereW | ;is constructed using the solution of Eg7) with

the corresponding inhomogeneous term. The second order

=D"(p). (25 estimatg JSng,] is obtained replacing the first order solution

in Eq. (12).
The functionsw,, are chosen to be regular at the origin _ In addition to the asymptotic form of the wave function
and they are matched to the solutions of B@) which have  discussed above, there is a region of the configuration space
been obtained through an expansion in inverse poweys of in which a neutron and a proton continue to interact ih a

as has been previously discussed. Wﬁm the matching =0 zero energy relative state, both nucleons being far from

at p, has been done disregarding the couplings between tHge third one. This spgcific_ configurati_on has been discussed
different equations in the regiom> i o ;( ) by Merkuriev for the first timg27,33, in a more complete
q giorp=po, 1€, @,(p form by Alt and Mukhamedzhand®4] and recently by Friar

—€l(Qup=2,1n2Q0) Ag stated before, these states do not congng Paynd35]. Though this asymptotic term gives an im-
tribute to the outgoing flux and their importance in the CoN-portant contribution to the breakup amplitude when
struction of the scattering state diminishes very rapidly for_, /2, its effect in the description of the elast&matrix
large values op. The approximation introduced fpr>po in  elements using the KVP is extremely small. In fact, this re-
the ipplication of the boundary condition to the states Witrgion of the configuration space belongs to the regidis]
#>Np, has been checked by increasing the value of theand[(, ;] defined in Ref[2], that have been shown to give
matching radius. In the cases considered here the solutiorsnegligible contribution to the error terfe|H — E|€) enter-
obtained for theS matrix show a complete stability for val- ing the calculation of the elasti® matrix using the KVP &

ues of the matching radiyg,>100 fm. represents the difference between the exact and the trial
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wave functiong In the present work the term in which a culatep-d scattering aE,,=5 and 10 MeV. In particular, in
neutron and a proton are inla 0 relative state is implicitly  Ref. [2] the convergence of the phase shift and mixing pa-
included in theW ¢ term and constructed through the expan-rameters for the state=1/2" has been studied by increasing
sion in terms of PHH basis. A truncation of the basis isthe number of angular-spin-isospin channels. The convention
performed after a complete stabilization of the second ordedliscussed in Ref.38] has been adopted in the parametriza-
[JSELSI,] elements. At the same time, the breakup amplitude i¢ion of the S matrix in terms of phase-shift and mixing pa-
obtained at the first order in terms of the coefficiehis rameters. In order to illustrate the variation of these param-
defined in Eq(22). The convergence of the breakup ampli- €t€rs with energy the doublet and quarft P, and D
tude has been found to be very slow whgp- /2 and this ~Phases, denoted &1L, are reported in Fig. 1 as well as
fact is related to the difficulties of the expansion to reproducdn® mixing parametersyz, , 73+, €12-, and egp .
the aforementioned term in the regidi®;] and[Q, ;]. The Both t_he real and imaginary parts are shown. It is interesting
application of the KVP to describe the breakup amplitudef© notice _that the splitting in the real part of_the phages with
will be given in a forthcoming paper and will not be dis- €dual spinS and angular momenturh but differentJ, in-
cussed any further in the present work. creases Wlt_h energy. Conversely,_ the imaginary parts of the
Finally, due to flux conservation the following condition Phases, which are related to the inelasticity of a state with a
has to be satisfied between the matrix elements of the elastiiven value ofJ, reveal a tiny splitting. After summing all

Smatrix and the coefficients of the outgoing breakup wavesthe contributions, the total breakup cross section can be ob-
tained, as is discussed in the next section.

JSS |2 2_

S,EL, g +§ Iul*=1. 3D IV. p-d CROSS SECTIONS

The coefficientsb,,, which are defined in Eq22), are the The caI(_:uI_atiorll th scattgrinbg ogserv%bles _using ;hﬁ

linear parameterd™ ! of Eq. (24). The above relation al- present variational technique Is based on the estimate of the
[ elasticS matrix for all states withl<J,,,,«. Each observable

lows the calculation of the total breakup cross section from : . :
the elasticSmatrix elements, as has been recently discusse ob'ga}lned from a trace.operanon after the evaluation of the
in Ref. [36]. ransition matrix, following the formalism of SeyldB89].
The value ofJ,,,, has been chosen by requiring that partial
waves withJ>J,.x give negligible contributions to all the
observables considered. In the present work results for cross
In order to study the solution of E¢L2) by means of the Sections, vector and tensor analyzing powers UpE(g
expansion given in Eq(24), we have first calculated the =28 MeV are presented, and correspondingly the value
phase-shift and inelasticity parameters fied andp-d scat-  Jmax= 19/2 has been found to be appropriate.
tering using the spin-dependestvave potential of Malfliet Let us start with the analysis of thed cross sections. For
and Tjon. The results are presented in Table | for two energf-d scattering the total breakup cross section accounts for all
valuesE,,,=14.1 and 42.0 MeV. The calculations have beenpossible configurations in which all three particles are mov-
done usingN,=8 hyperspherical polynomials per channel,ing away from each other. Its expression can be given in
as in the case already studied in R&f1] where the set of terms of the elasti€ matrix [36]
equations SE1 was solved using the finite difference tech- 1
nigue. Moreover, since the potential is central, the phase e Tt _a.atl
shifts 25715, and inelasticities’>" 17, do not depend on fhe oo(P-d) =iz 62 (23+ Dulls =SSy, (32
total angular momentund. Only the caseL=0 has been
considered and the results are given in Table | for increasinwhere k?=2uE. /A2 (u is the nucleon-deuteron reduced
values of the number of Laguerre polynomidls For the mas$ andl; is the 3x 3 identity matrix, except fod=1/2
sake of comparison the results of RE31] are reported as which is the 22 identity matrix. The quantitys; is the
well as the benchmark results of REB7] obtained by solv-  elasticS matrix for the statel. The sum runs over all possible
ing the Faddeev equations in configuration spdaes Ala-  values ofJ and parity(the sum over the two parities is im-
mos group and momentum spad@ochum group. We ob-  plied). In principle the sum runs frold=0 to infinity, but
serve a very fast convergence withand, in general, 16 to there is a rapid convergence since e&ghmatrix becomes
20 polynomials are enough to obtain the phase shift andloser to unitary ad increases. In Fig. 2 the theoretical pre-
mixing parameters with four digit accuracy. With the numberdiction for o,(p-d) is given together with the two sets of
of Laguerre polynomials that has been taken into account data available in the literature. The first data set corresponds
very low dependence on the nonlinear parameteas been to energies just above the DB[RO] whereas the second
observed. In fact the results reported here do not change fatarts at 20 Me\{41]. The solid line is the AV18 prediction
variations of the parameter in the range 1.5 frxy  andis found to be in reasonable agreement with both sets of
<2.5 fm 1. Moreover, the dimension of the matrices in- data. The inclusion of the URIX potential does not produce
volved in the solution is one order of magnitude smaller tharappreciable modifications and both results, with and without
that used in Ref[31]. the inclusion of the 3NF, nearly coincide. The low sensitivity
The case of realistic interactions has been considered ito the 3NF can be understood by noticing that the contribu-
Refs.[1,2] where the AV18 interaction has been used to caltion to o, comes from a balance between the spin factor

Ill. NUMERICAL RESULTS
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TABLE |. Phase-shift and mixing parameters for different values of the nurivbaf the Laguerre
polynomials used in the expansion of the hyperradial functions siii@ve potential of Malfliet and Tjon has

been considered.

n-d atE,=14.1 MeV

M 250 27]0 450 4770
4 104.44 0.4672 68.993 0.9669
8 105.33 0.4663 68.963 0.9774
12 105.42 0.4658 68.951 0.9781
16 105.49 0.4646 68.952 0.9782
20 105.48 0.4648 68.952 0.9782
24 105.48 0.4649 68.952 0.9782
28 105.48 0.4649 68.952 0.9782
Ref. [27] 105.50 0.4649 68.95 0.9782
Los Alamos 105.48 0.4648 68.95 0.9782
Bochum 105.50 0.4649 68.96 0.9782
p-d atE,=14.1 MeV
4 107.37 0.5006 71.665 0.9654
8 108.34 0.4984 72.615 0.9799
12 108.42 0.4988 72.602 0.9794
16 108.45 0.4984 72.602 0.9795
20 108.43 0.4984 72.604 0.9795
24 108.44 0.4984 72.604 0.9795
28 108.44 0.4984 72.604 0.9795
Ref.[27] 108.43 0.4984 72.604 0.9795
n-d atE,=42.0 MeV
M 250 27]0 450 4770
42.198 0.4575 38.218 0.8917
8 41.818 0.4934 37.680 0.9028
12 41.147 0.5009 37.607 0.9016
16 41.271 0.5010 37.724 0.9027
20 41.332 0.5020 37.723 0.9031
24 41.340 0.5022 37.722 0.9033
28 41.341 0.5022 37.722 0.9033
Ref. [27] 41.33 0.5026 37.71 0.9034
Los Alamos 41.34 0.5024 37.71 0.9035
Bochum 41.37 0.5022 37.71 0.9033
p-d atE,=42.0 MeV
M 250 27]0 450 4770
4 38.048 0.3988 39.937 0.8738
8 44.701 0.4961 40.554 0.9103
12 43.479 0.5079 39.844 0.9011
16 43.618 0.5059 39.934 0.9036
20 43.660 0.5055 39.947 0.9043
24 43.667 0.5056 39.947 0.9046
28 43.667 0.5056 39.947 0.9046
Ref. [27] 43.65 0.5058 39.94 0.9047
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FIG. 1. Phase-shift and mixing parametérs degreesas a function of energya) 2S,,, and *S,,, their real and imaginary parts are
indicated by O,+) and (O, X), respectively(b) 2P, and 2Py, their real and imaginary parts are indicated I8y, ¢) and (J,X),
respectively.(c) 2D, and Dy, their real and imaginary parts are indicated &, ¢) and (J,X), respectively(d) Py, *Pgp, and
4Pg)», their real and imaginary parts are indicated &y, ¢), (0J,%), and (¢ ,*), respectively(e) *Dy,, *Da,, *Dsp,, and*Dy,, their
real parts are indicated b®, O, ¢, and A, respectively. Only the imaginary part dD,, is given (+). (f) Mixing parameters
Nz s Mape, €10- , andegp,_ , their real parts are indicated ky, [, A, andV, respectively. The imaginary parts ef,,_ and ez,
are indicated byt and X, respectively. The imaginary parts @f,,, and n;,, are close to zero and are not shown.

2J+1 and the quantity {'J_S]Sj].} which can be consid- which is appreciably modified by the 3NF, has the |argest

ered as a measurement of the inelasticity of the gthwided ~ inelasticity, but due to a small spin factor it gives a contri-
by tr{l;}). Above 5 MeV the statd=3/2" gives by far the bution of the same order as other states that are much less

main contribution to the observali@6]. The state]=1/2*,  “inelastic” and modified slightly by the 3NF. The final result
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200 . T " T y and AV18+ URIX curves practically overlap each other. A
more quantitative analysis &,,=18 MeV gives Xﬁ,=1l
using the AV18 interaction and nearly the same value for
AV18+ URIX. Coulomb effects are mainly observed at for-
ward and backward angles whilst they are strongly reduced
at the minimum. Tiny Coulomb effects at the minimum are
confirmed by comparing-d to p-d data, as can be seen in
Ref. [3].

As far as the agreement between theory and experiment is
concerned, the situation for the differential cross section
above the DBT is different when compared to what has been
observed below the DBT. As mentioned before, at very low
energies the differential cross section can be described with
Xﬁ,~1 using AV18+ URIX, while when the AV18 is used
alone a substantially worse resu){t;ﬂ> 10, is obtained. In

0 ra , ) , ) fact, the AV18 curve remains above the data points all over
0 10 20 30 the angular distribution. As the energy increases the tendency
E,, [MeV] for the AV18 curve is to go below the data at the minimum.
This problem is appreciable already at 28 MeV, as can be

FIG. 2. Thep-d total breakup cross sectian, below 30 Mev ~ Seen in the last panel of Fig. 3. Around 20 MeV the AV18
calculated using the AV18 interaction. The experimental results oft URIX curve starts to rise above the AV18 curve and closer
Gibbons and Macklif40] (open trianglesand Carlsoret al.[41] ~ to the data. This effect is clearly shown in Rg4] where
(open circle are given for the sake of comparison. Faddeev calculations using sevek and 3NF interactions
have been compared to the data at 3, 65, 135, and 190 MeV.
In the energy range analyzed here we observe that there is
one energy, around 18 MeV, where the AV18 and AV18
+URIX curves mostly overlap. In order to analyze further
is behavior, in Table II, the values at the minimum of the

cross section calculated with AV18 and AVE&RIX
are compared to the data. The corresponding values of the
AV18 n-d cross section are also given in order to have a
guantitative idea of the size of the Coulomb effects.

150 -

o, [mb]
S
QS

50 -

after summing up all these contributions is that the sittoait
sizablg effect of the 3NF orJ=1/2+ has no impact irry.
Regarding the elastip-d differential cross section, a
huge amount of high quality data has been collected during1
the past years. Low-energy measurements have been takgr
recently at TUNL at different energy values belok,,
=1 MeV [10,42,43. An analysis of the quality in the de-
scription of these data has been performed using the AV1
and the AV18+ URIX interactiong44,45. It was shown that
3NF effects can be revealed throughy& analysis of the
data. Essentially these effects are related to a correct descrip-

tion of the *He binding energy. In fact, using the AV18  The vector and tensor analyzing powers are examples of
+URIX interaction it is possible to describe tiped differ-  polarization observables. There is a large amourg-dfand
ential cross section & ,=1, 2, and 3 MeV with 8 per  d.p data for the vector analyzing poweks andiT;; as well
datum (Xﬁ) close to 1. This value increases significantly as for the tensor ana]yzing powWersy, Toq, Tos. The Study
when the AV18 potential is considered alone. The agreemensf these observables is important because they are sensible to
between the theoretical and experimental differential crosshe noncentral terms of the nuclear interaction. These terms
section worsens, though not dramatically, as the energy inare responsible for small components in the wave function
creases. For example, &g,=135 MeV a value ofxy  which in general are less known. Therefore, the accuracy
=16.9 (225.2) was recently obtained witlvithout) the in-  shown by the modern interactions when reproducing the vec-
clusion of a 3NH46]. Again the inclusion of a 3NF reduces tor and tensor analyzing powers in the three-nucleon system
the x? per datum considerably. gives important information about parts of the nuclear inter-
The results obtained for the-d differential cross section action not completely under control. As is well known, in the
are given in Fig. 3 for nine values of the enerdy,, low-energy region the vector analyzing powers are heavily
=5,7,9,10,12,14,16,18,22.7,28 MeV. For each energy threenderpredicted by all modefdN interactions and the origin
curves are shown corresponding to calculations using thef this discrepancy is not yet completely understood. Pos-
AV18 potential(solid line), the AV18+ URIX potential(dot-  sible ways for solving this puzzle have recently been inves-
ted line, and calculations fon-d scattering using the AV18 tigated, based on the inclusion of new terms in the three-
potential (dashed ling The theoretical predictions are com- nucleon potential47,48 or on a newNN potential obtained
pared to the experimental data of R€f4,25,23, with the  from chiral perturbation theorf49]. These studies represent
exception of the calculations at 16 MeV which are comparecnly a first step in the understanding of the puzzle and fur-
to data obtained at a slightly different ener@y6.5 MeV).  ther investigations and refinements of the models are needed.
The analysis of the results at the different energies showA similar underprediction of the proton analyzing powey
that 3NF effects are small in this energy range and the AV1%has been found in calculations gn3He scattering, as was

V. POLARIZATION OBSERVABLES
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FIG. 3. N-d differential cross section up to 28 MeV. Calculations are showmfdrscattering using the AV18solid line) and AV18
+UR (dotted ling potentials and forn-d scattering using the AV18 potentigdashed ling Data are from Ref[24] at E,
=5,7,9,10,12,16,18 MeV, from Reff25] at E|,,=22.7 MeV, and from Ref{22] at E|,,=28 MeV.

recently pointed out50]. Therefore, a solution to the puzzle three curves correspond to thed A, calculated using AV18
should concern both theN8and 4N systems. (solid line) and AV18+ URIX (dotted ling, and then-d A,

In the present paper, we will discuss the quality of thecalculated using AV18(dashed ling The calculations
description of the vector and tensor polarization observableare compared to data from Ref[24] at E;
achieved by the AV18 and the AV#URIX interactions in  =5,7,9,10,12,16,18 MeV, and from Ref25] at Ep
p-d scattering up to 28 MeV. In Fig. 4 the results fay are  =22.7 MeV. As expected, Coulomb effects are appreciable
given for the same nine energy values given in Fig. 3. Then all the energy range. Below 18 MeV the effects are appre-
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TABLE Il. The minimum of then-d and p-d differential cross section8n mb/sp at different energies,
calculated using the AV18 and AV#8UR potential models. Experimental data for fhr&l cross section are
from Refs.[22,24,25,44

Energy AV18fn-d) AV18(p-d) AV18+ UR(p-d) exp.

1 MeV 148.9 177.5 170.7 170:21.3
3 MeV 92.7 96.0 92.3 91:40.7
5 MeV 53.1 56.2 53.8 52%0.4
7 MeV 32.9 35.3 33.9 3290.2
9 MeV 21.3 23.1 22.1 21:80.2
10 MeV 17.3 18.9 18.2 18:00.2
12 MeV 11.8 12.8 12.5 12:20.1
16 MeV 6.0 6.5 6.4 6.20.1

18 MeV 4.5 4.9 4.9 470.1

22.7 MeV 2.7 2.8 2.9 2.890.03
28 MeV 1.8 1.8 1.9 2.190.02

ciable at the maximum. Above 18 MeV the shapeAf from Ref.[24] at E;;,=5,7,9 MeV, from Ref[25] at E,,,
changes and a clear minimum appears, where Coulomb ef10,12,16.5,22.7 MeV, and from Ref[22] at E,
fects can be observed. The order of magnitude of these et=28 MeV, taking care again that at 16 MeV the comparison
fects is 15%. Instead, 3NF effects are not so important. Thigs to data obtained at a slightly different eneidy.5 MeV).

is a characteristic of the Urbana potential that modifies theéAs a difference between the proton and deuteron analyzing
quartetP waves(which produces the main contributionAg powers, we observed that Coulomb and 3NF effects are of
below 30 MeVj in such a way that there is a cancellation the same size at the minimum iaf ;; above 16 MeV.

among the different contributions, so the global effect on the In Figs. 6—8 the tensor observabldsg,T,;,T,, are
observable is small. A similar analysis holds fr,, shown given, respectively. As before, the three curves correspond to
in Fig. 5, since these two observables have rather similathe p-d T;; calculated using AvV1gsolid ling) and AV18
structures. The calculations fofr;; are compared to data + URIX (dotted ling, and then-d Tj; calculated using AV18

TABLE lIl. x? per datum obtained in the description of the vector and tensor analyzing powers at several energies using the AV18 and
AV18+ UR potentials.

Energy Potential Ay iTq1, Tog Ty Ty
1 MeV AV18 276 112 3.5 4.5 2.8
AV18+UR 190 61 1.0 25 0.7
3 MeV AV18 313 205 4.8 6.7 12
AV18+UR 271 144 5.4 11 2.4
5 MeV AV18 211 99 6.8 12 7.8
AV18+UR 186 59 26 36 1.5
7 MeV AV18 303 90 19 38 1.9
AV18+UR 239 56 40 81 4.2
9 MeV AV18 292 165 42 70 38
AV18+UR 218 134 63 86 7.2
10 MeV AV18 288 29 10 6.2 24
AV18+UR 224 23 13 6.1 7.6
12 MeV AV18 313 50 19 39
AV18+ UR 227 34 16 22
16 MeV AV18 296 80 114 70
AV18+UR 246 61 139 48
18 MeV AV18 293
AV18+UR 250
22.7 MeV AV18 78 89 44 24
AV18+UR 72 61 59 17
28 MeV AV18 19 10 7.1 11
AV18+UR 13 10 11 8.5
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FIG. 4. Nucleon vector analyzing powgy, up to 28 MeV. Calculations are shown fprd scattering using the AV18&solid line) and
AV18+UR (dotted line potentials and fom-d scattering using the AV18 potentidglashed ling Data are from Ref[24] at Ey,
=5,7,9,10,12,16,18 MeV and from RéR5] at E|,,=22.7 MeV.

135 135

(dashed ling The calculations are compared to data fromcase ofT,; is of particular interest since Coulomb effects are
Ref. [24] at E4=5,7,9 MeV, from Ref.[25] at E,,  still appreciable at 28 MeV. This observation suggests that
=10,12,16.5,22.7 MeV, and from Ref[22] at E,, comparisons ofl-p data to calculations where the Coulomb
=28 MeV. As a general trend, the agreement with the datanteraction has been neglected should be done with caution.
for the tensor observables is better than for the vector obfhe effect of the 3NF is somehow contradictory since in
servables. Coulomb effects are appreciable in the three olsome cases its inclusion improves the description of the ob-
servables at low energies. As the energy increases the inclgervables but in other cases it does not. For example, a net
sion of the Coulomb interaction in the analysis of the tensoimprovement is obtained in the description of the minimum
observables is less important, mostly fby, and T,,. The  of T,, below 12 MeV. Also the maximum of ;o and T, is
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FIG. 5. Deuteron vector analyzing powdr,; up to 28 MeV. Calculations are shown fprd scattering using the AV18&olid line) and
AV18+UR (dotted line potentials and fom-d scattering using the AV18 potentidgtashed ling Data are from Ref[24] at Ey,
=5,7,9 MeV, from Ref[25] at E|,,=10,12,16.5,22.7 MeV, and from Rd22] at E,,,=28 MeV.

better described with the AVHBUR potential. Conversely to a recent measurement performed at 1 Mié¥] and in the
the description of the minimum oF,, and T, is better de- second row with respect to the measurements of [3¢fat
scribed by the AV18 potential alone. The casdefis again  E;;p=3 MeV. These two energies are below the DBT and
of interest since 3NF effects seem to be bigger in this tensoare useful for analyzing the trend gf starting at low ener-
observable than in the others. Unfortunately experimentagies. By inspection of the table, the manifestation of Aye
data forT,; are not available at all the energies. puzzle is evident since th;e,i for the vector observables is a
In order to give a quantitative estimation of the agreemenfew hundreds at low energy. Above 18 MeA|, andiT,
between the theoretical calculations and the measuremenishange shape being closer to the shapd gfwith a pro-
the Xﬁ, for the polarization observables is presented in Tablemounced minimum followed by a maximum. After that en-
. In the first row of the table, the(ﬁI is given with respect ergy the values of(ﬁ decrease in such a way that, at the last
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FIG. 6. Tensor analyzing powdr,, up to 28 MeV. Calculations are shown fprd scattering using the AV18solid line) and AvV18
+UR (dotted ling potentials and fon-d scattering using the AV18 potentiadashed ling Data are from Ref(24] at E,;,=5,7,9 MeV,
from Ref.[25] at E|,,=10,12,16.5,22.7 MeV, and from Rd®22] at E,,,=28 MeV.

energy, vector and tensor observables have similar valuegector and tensor analyzing powers have been calculated us-
which are of the order of one tenth. These final values aréng one of the modermNN interactions, namely, the AV18
comparable to those ones obtained recently in RE] at  potential. In order to evaluate 3NF effects the three-nucleon
135 MeV. potential of Urbana has been taken into account. The effects
of the Coulomb interaction has been considered in the frame-
work of the complex Kohn variational principle.

The internal part of th@-d scattering wave function has

In the present paper we have studed elastic scattering been expanded in terms of the PHH basis. The KVP has been
above the DBT, up t&,,,=28 MeV. The differential cross applied to obtain a set of differential equations for the hyper-
section and the total breakup cross section as well as thadial functions. The set has been solved imposing outgoing

VI. CONCLUSIONS
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FIG. 7. Tensor analyzing powér,; up to 28 MeV. Calculations are shown fprd scattering using the AV18solid line) and AV18
+UR (dotted ling potentials and fon-d scattering using the AV18 potentiadashed ling Data are from Refl24] at E;,=5,7,9 MeV,
from Ref.[25] at E|,,=10 MeV, and from Ref[22] at E|,,=28 MeV.

boundary conditions at a certain value of the hyperragius ties with J<19/2, corresponding to nine energies upEtg,
= po and expanding the hyperradial functions in the region=28 MeV. The elasticS matrix has then been used to cal-
[0,00] in Laguerre polynomials plus an auxiliary oscillating culate the observables of interest and compare them to the
function. The solution should not depend on the valugpf data. Moreover, the corresponding observablesifdrscat-
providing that forp>py the asymptotic behavior has been tering, where the Coulomb interaction is absent, have been
reached. Such a technique has proved to be adequate sintaculated too. From the analysis of the results some conclu-
the results from Ref.31] has been reproduced as well as thesions can be drawn about the capability of the AV18 and
benchmark of Ref{37]. AV18+ URIX interactions to reproduce the data. A quantita-
The calculations have been extended to all states and pative measure of the agreement achieved by the theory in the
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5 MeV | I 7 MeV | I 9 MeV |
0.00 0.00 0.00
N
PN
-0.05 -0.05 -0.05
-0.10 ——4+—+—+—4+—+—+-+—+—+— -0.10 +—+—F—+—++—+—+++—+— -0.10 +—+—F—+—+——+—+——+—
10 MeV 12 MeV | I 16 MeV
0.00 0.00 0.00
N
-0.10 -0.10 -0.10
-020 ———++—++++1++— -020 -0.20
18 MeV
0.00 0.00
0.00
A -0.10 -0.10
-0.10
-0.20 -0.20
-0.20 PR R Y N SN SR SR N -0.30 PR R Y N S ST SR SH S -0.30
0 45 90 135 180 0 45 90 135 180 0

FIG. 8. Tensor analyzing powér,, up to 28 MeV. Calculations are shown fprd scattering using the AV18solid line) and Av18
+UR (dotted ling potentials and fon-d scattering using the AV18 potentiadashed ling Data are from Refl24] at E,;,=5,7,9 MeV,
from Ref.[25] at E|,,=10,12,16.5,22.7 MeV, and from Rd®22] at E,,;,=28 MeV.

description of the data has been given througff @nalysis. the AV18+URIX differential cross section is above the
No appreciable 3NF effects have been observed in the totalv18 differential cross section, reversing the order observed
breakup cross section and small effects appear in the diffeat lower energies. This situation becomes much more evi-
ential cross section. However, results using the AV18dent, for example, &E,,=60 MeV [4]. In order to further
+URIX model produce a lowex? value than those where analyze this behavior in Table Il the minimum of the AV18
the AV18 interaction has been used alone. At low energieand AV18+ URIX cross sections are compared to the data.
this is a manifestation of the correct description of fiée  The minimum of then-d differential cross section calculated
binding energy by the AV18 URIX interaction. But as the with the AV18 potential is also given in order to estimate
energy increases, there is a different sensitivity to the 3NF. IlCoulomb effects. The results of the table are useful for ana-
particular, at the highest energy considergg,=28 MeV, lyzing what has been called the “Sagara discrepari&t].
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In the case of vector and tensor analyzing powers théwo-nucleon scattering, and correctly describesNbe A, at
Urbana 3NF has little impact below 30 MeV. The centrifugal low energied52]. So, if this is the case, a possible solution
barrier is still strong and there is not too much sensitivity toto the puzzle should come from an improvement of the cur-
the short range part of the interaction. Conversely there argently used 3NF models. Indeed, in accordance with chiral
important Coulomb effects. In order to improve the descrip-perturbation theory, these 3NF's include those terms of larger
tion of the vector analyzing powers new terms could be CONmagnitude. On the other hand, tAg puzzle can be solved
sidered in the three-nucleon potential. In such a case both thg, rather small changes in certaPwave phase shifts,
vector and the tensor analyzing powers should improve aghich can be obtained by adding a small term to the three-
well. nucleon potentia[47]. However, as the energy increases

The present picture of theNBscattering from the theoret- other discrepancies arise in the polarization observables that
ical point of view is the following. At low energies there is a could have different origins. Hence, since the three-nucleon
large underprediction of the vector analyzing powerscontinuum can be calculated at present with great accuracy, it
whereas the differential cross section and tensor analyzing reasonable to expect that the actual 3NF models can be
powers are well described. Up to 30 MeV we see an im-djusted to describe theNBdata. The necessary calculations
provement inAy andiT, indicating that theAy puzzle is a |l require large computing time, but is our opinion that this

low-energy problem. On the other hand, a progressive detgsroject will certainly help to understand the long unsolved
rioration in the description of the cross section and tensoproplems in low-energy nuclear physics.

observables is revealed throughya analysis. For energies
above 30 MeV we can refer to the very recent work of Ref.
[4] and we see that this picture remains essentially the same
up to very high energieG@round 135 MeY. Above this en-
ergy a number of new conflicts appears. One of us(A.K.) would like to thank W. Tornow, E. Lud-

At present a few realistic local and nonlodéN interac-  wig, H. Karwowski, and C. Brune for useful discussions, and
tions have been determined by accurately fitting the twdhe Triangle Universities Nuclear Laboratory for hospitality
nucleon scattering observables. All of them give rise to theand support where part of this work was performed. The
A, puzzle in the three-nucleon system. It seems difficult toauthors wish to thank L. Lovitch for a critical reading of the
derive a newNN interaction, which still accurately fits the manuscript.
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