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Influence of the short range nonlocal nucleon-nucleon interaction on the elastie-d scattering:
Below 30 MeV

P. Doleschalt
Research Institute for Particle and Nuclear Physics, P.O. Box 49, H-1525 Budapest, Hungary
(Received 6 October 2003; published 13 May 2004

A previously defined short range nonlocal nucleon-nucl@dN) interaction, which more closely matches
common expectations and reproduces¥feand3He binding energies, is tested in elastic scattering. Nonlocal
P-wave interactions with modified on-shell behavior were constructed in order to produce better low-energy
n-d analyzing powers. At low energies some of the changes are due to the chtrgictding energy, however,
there are effects due to the characteristic properties of the nonlocal interactions. There is an indication that
p-d calculations based on the present nonlddhl interactions(with or without the modifiedP-wave inter-
actiong would produce the same quality or better agreement with the low- and medium-energy experimental
data than the corresponding lodéN interaction plus Bl force model.
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I. INTRODUCTION range tail, the modified Argonne potenti@RGm) could be

. . . . . N sed as a reference local potential to compare with the non-
This paper is the continuation of an investigation reporteo|JOcal INOY interactions
earlier[1]. The INOY (inside nonlocal outside Yukawa tail .

than the earlier nonlocal interactiofs3]. The local Yukawa  1a triton and®He binding energies with high precision, al-

tail was cut off in 1-3 fm region, i.e., below 1 fm there is no though this is a consequence of the low deutebbstate
local potential at all while around 3 fm the local potential probability (P,=3.60% and the proper tuning of th&S,
t_Jecomes the intact Yuka}wa tail. The internal _nonlocal POteN; taractions. The 13S, and3SD; interactions of Ref[1] are

tial was supsequently fitted to tHeN data W'th the Iocgl phenomenological mod@&IN interactions which do not seem
potential being _kept fixed. Th_e overlgp region of _the fIXEmlto contradict the physical expectations about the nature of the
local and the fitted nonlocal interactions is practically theNN interaction and reproduce tH¥N measurements with
same 1-3 fm interval as the cutoff region of the Yukawa tail,high precision.

although the nonl_ocall interaction is rather Sma” abqve The vector analyzing power puzzle is one of the oldest
2._2'5 fm. Its pulk is within the.l.5 fm sphere, which satis- problems in the three-nucleon Faddeev calculations. Al-
fies a more rigorous expectatigs] for the range of the though it was evident that the low- and medium-energy vec-

nonlocality. :
. . . tor analyzing powers strongly depend on the presence and on
The new shorter rangts, INOY interactions[1] include o o shell behavior of the tripl&-wave interaction$s,9],

aIready the charge independence and charge symmetfy, disagreement between the theory and experiments was
break_mg(CSB) effects, €., thenn, pp, andnp interactions partly due to the used simple rank-1 separdihe¢ interac-

are slightly d|fferent and fit prqperly tmzp andnp data, and tions. Later, improving the on-shell behavior of the separable
thenn scatterlng_length._The higher partlgl-wave componenthDl tensor force and decreasing the low-energy phase shifts
of the nonlocal interaction constructed in the present papefs inq 3p, interaction, a good description of tiped nucleon
have no CSB effect: the nuclear parts of tieandppin-  ,av7ing power was achieved at 10 Mg, while the fit

terZ(I:Itlpr;s ar(i the same. lculated with | N dto the deuteron vector analyzing power was poorer. How-
interactions were calculated with equal neutron andg, e - e comparison of the-d calculations with thep-d

proton masses and vylthout glectromagnetlc_ terms, only N0k easurements was problematic itself, and therefore no con-
relativistic Coulomb interaction was taken into account for

C o ) ) clusion was made about the quality of the fits, especially that
the pp pair with a charge distribution defined in Rg#]. The at energy 22.7 MeV the agrecclemer?{c between thepexperi);"nents
same approximation is applied for the Argonng potential

7h I ; h | is add nd calculations became worse. The first calculations with
.[ 1, however, a small correction to the nuciear partis addeqqjisticNN potentialg/11] showed the same problems of the
in order to reproduce the correct scattering lengths and de, ., analyzing powers. The newestd calculations by
teron binding energy. This modified Argonne potentiab- )

I ) Kievsky et al.[12] did not produce better agreement with the
tat.ed. by ARG produces the sameN%k_npdmg energiegl] experimental data in the 0—30 MeV region.
(vy|th|n 1-2 kev "?‘CC“raC.l’ as the original Argonne one. Earlier resultd3] indicate that the disagreement between
Since the INOY interactions and the Argonne potentialsy,

- . e calculated and measured vector analyzing powers is in-
(both the original and the modified onéwave the same long dependent of the locality or nonlocality of thé¢N interac-

tion. Since the low- and medium-energy vector analyzing
powers are sensitive mostly to the on-shell behavior of the
*Email address: doles@rmki.kfki.hu triplet P-wave interactions, modifiethased on the allowed
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TABLE |. Parameters of the I&n/pp andnp interactions.

‘So(pp/nn) 'So(np) S °Dy
V, (MeV fm™3) -408.0 -391.7 -255.9 0.0
a (fm™) 2.6 2.519 2.463
a/ (fm™) 1.650 2.0 2.0
X (fm) 0.0 0.0 0.0
X (fm) 1.0 1.0 1.0
Vi (MeV fm™3) 1.839x 10 1.217x 10 6.672x 10° 3.811x 10°
-237.966 -127.209 -198.713 -646.7
-1.205 -0.7298 -0.4695 0.4105
VA(nn) (MeV fm™3) -244.755
bj, (fm™Y) 1.950 1.737 1.592 0.7955
1.8 1.210 1.151 1.392
0.55 0.5 0.5 1.225
c (fm™) 1.6 1.7 1.761 0.3
1.4 1.0 1.4 1.725
0.55 0.5 0.6 1.5
2, (fm) 0.0 0.0 0.0 0.0
0.42 0.45 0.45 0.7
1.0 1.0 1.0 1.4

range of phase shifts defined by Tornow and Torr{@&j)
triplet pp and np P-wave INOY interactions with shorter
range were defined. Shorter range nonldéyl and D-wave
interactiong(including the®DG; stat¢ fitted to the Nijmegen
phase shift§14] were also constructed. Then interactions
were chosen to be the nuclear part of the corresponging
potentials. For higher partial-wave components of Mg
interactions the modified Argonneg potential is used.

The low-energyN-d tensor analyzing powers in principle
are suitable to extract thé\y/Ag ratio of the deuteron
asymptotic normalization constants, although an actual
analysis was not successfdl5]. Other author$16] reported
a value ofA5/Ag=0.02564) extracted from tensor analyzing
powers in sub-Coulomfd, p) reactions, and at present this is
the accepted value, although it is smaller than the value
0.02735) obtained from théH(d, p)°H reaction[15] or the

TABLE Il. Parameters of thé- andF-wave interactiongthe nonlocal part of théP, and 3P, interactions are identical famn, pp, and

np pairs.
Py *Po Py 3P(pp/nn) 3P,(np) $F »(pp/nn) 3Fo(np)
Vi (MeV fm™3) -392.4 -440.0 -300.0 -150.0 -160.0 0.0 0.0
a (fm™) 1.442 2.0 0.96 2.7 2.9
a (fm™) 1.250 1.8 1.5 1.8 1.8
X (fm) 0.0 0.0 0.0 0.0 0.0
X (fm) 1.0 1.0 1.0 1.0 1.0
Vi (MeV fm™3) 2.259x 10° 7.8x10° 1.422x 10* 3.0x10° 3.5x10° 5.4x10° 5.223x 10°
382.0 -0.2 485.3 -224.2 -270.0 -26.38 -29.18
-5.596 0.0183 -0.91 -0.87 -0.6314 -0.5482
| (fm™) 2.059 1.0 1.2 3.4 3.4 0.9516 0.9608
0.7392 0.5 0.91 1.9 2.0 3.0 3.0
0.7 0.3 0.62 0.62 0.6 0.6
c (fm™ 4.0 2.0 35 2.5 2.5 0.8 0.8
2.3 1.0 2.0 1.0 1.0 1.2 1.2
1.0 1.0 0.8 0.8 0.8 0.8
2, (fm) 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.6 1.8 0.8 0.6 0.6 0.8 0.8
1.2 1.6 1.2 1.2 1.2 1.2
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TABLE lll. Parameters of thé- and G-wave interactions.

'Dy(pp/nn) Da(np) *D, *D3 %Gs
Vi (MeV fm™3) -200.0 -200.0 -200.0 -148.2 0.0
a (fm™) 2.0 2.0 2.0 2.228
a (fm™) 1.6 1.6 1.6 15
X (fm) 0.0 0.0 0.0 0.0
x| (fm) 1.0 1.0 1.0 1.0
Vi (MeV fm™3) 1.150% 10° 8.0x 10* 1.55x 10° 1.06x 10° 3.0x 10°
-173.0 -233.0 -68.4 100.4 -337.1
-0.6660 -0.69 -0.8 -0.9393 -2.329
bj (fm™) 1.8 1.65 1.9 1.926 0.6479
1.4 15 0.845 3.0 0.8952
0.55 0.55 0.6 0.6 0.6
c (fm™) 25 25 3.0 35 0.8
15 15 15 15 1.2
1.0 1.0 1.0 0.8 0.8
2, (fm) 0.0 0.0 0.0 0.0 0.0
0.7 0.7 0.7 0.6 0.8
1.4 1.4 1.4 1.2 1.2

value 0.027122) from a phase shift analysis of p scatter- Ap/Ag value is a necessity for the local potential picture,
ing [17]. The local potentials produce deuterrstate prob- while the INOY interactions are capable of producing a
ability higher than 5-5.5%18,19 and this leads to values lower deuterorD-state probability and a highé,/Agvalue.
for Ap/Ag around 0.0250-0.025%4]. Therefore the low Since the asymptotic normalization constaAts/ Ag of the

TABLE IV. Parameters of the tensor part of the nonlocal interactibad’).

3SD, SPF,(pp/nn) 3PF,(np) °DG;
Vi (MeV fm™) -455.5 -46.14 -53.51 -749.5
a' (fm™) 2.5 4.0 4.0 1.346
a, (fm™) 1.2 1.286 1.33 15
¢ (fm) 0.0 0.0 0.0 0.0
X, (fm) 0.9 1.0 1.0 1.0
VZ (MeV fm™) 23.86 -206.8 -186.7 -175.8
a? (fm™) 1.158 1.973 1.894 1.076
al, (fm™) 2.0 1.435 1.444 15
xZ (fm) 0.9 1.0 1.0 1.0
X%, (fm) 0.0 0.0 0.0 0.0
v}l, (MeV fm=3) -5.227x 10° 5.835x 10° 4.781x 10° 1.004x 10*
-12.53 34.48 34.10 226.4
-0.08051 0.1748 0.1892 -0.3562
bj,, (fm™) 1.843 3.0 3.0 3.0
0.6554 1.3 1.329 1.602
0.3204 0.6 0.6 0.6
¢, (fm™) 1.0 12 12 3.0
0.3944 0.4 0.4 0.4
0.6 0.8 0.8 0.8
Z,, (fm) 0.0 0.0 0.0 0.0
0.6 0.85 0.85 0.85
1.2 1.3 1.3 1.3
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TABLE VI. Deuteron properties, triplet scattering lengths, and

ranges. effective ranges.
ARG CD-Bonn ARGmM IS ARG CD-Bonn ARGmM IS
app (fm) -7.8064 -7.8154 -7.8064 -7.8064 &p (MeV) —2.224575 -2.224575 -2.224575 -2.224582
Mop (fm) 2.788 2.773 2.784 2.769 Pp (%) 5.76 4.85 5.764 3.600
a,n (fm) —-18.487 —18.968 —-18.487 -18.601 Qp (fm?) 0.270 0.270 0.2699 0.2751
Fon (FM) 2.840 2.819 2.839 2.824 Ag (fm™172) 0.8846 0.8850 0.8851 0.8850
anp (fm) -23.732 -23.738 -23.748 -23.748 AplAg 0.0250 0.0256 0.02509 0.02697
Fnp (fM) 2.697 2.671 2.696 2.678 Frms (fM) 1.967 1.966 1.96735 1.96514
a; (fm) 5.419 5.4196 5.4192 5.4190
ry (fm) 1.753 1.751 1.7532 1.7531
TABLE VII. The pp phase shiftgthe unit of Ty, is MeV).

Tiab 'S 3Py P, 3P, &2 %,

1 32.768 0.135 -0.087 0.014 -0.001 0.000

5 54.826 1.585 -0.975 0.213 -0.053 0.002

10 55.159 3.708 -2.244 0.651 -0.201 0.013

25 48.509 8.221 -5.406 2.522 -0.812 0.105

50 38.688 10.073 -8.981 6.000 -1.712 0.336

100 24.860 6.095 -13.769 11.411 -2.639 0.813

150 14.907 0.324 =17.717 14.587 -2.844 1.206

200 6.920 -5.128 -21.423 16.411 -2.746 1.447

250 0.108 -10.040 -24.983 17.434 -2.547 1.485

300 -5.911 -14.482 -28.416 17.896 -2.324 1.302

350 -11.335 -18.548 -31.714 17.912 -2.108 0.918

TABLE VIII. The np phase shiftgthe unit of Ty, is MeV).

Tiab 'S 35, &1 D, Py %Py 3P, %P, &2 3,
1 62.078 147.740 0.114 -0.005 -0.188 0.179 -0.117 0.021 -0.001 0.000
5 63.620 118.168 0.734 -0.192 -1.493 1.623 -1.021 0.247 -0.049 0.002
10 59.939 102.604 1.270 -0.708 -3.053 3.627 —2.263 0.703 -0.183 0.011
25 50.870 80.641 1.924 -2.922 -6.332 7.814 -5.367 2.580 -0.754 0.089
50 40.522 62.839 2.126 -6.672 -9.659 9.438 -8.928 6.038 -1.627 0.298
100 26.811 43.398 2.337 -12.473 -14.449 5.405 -13.772 11.479 —2.558 0.740
150 16.941 30.871 2.761 -16.537 -18.618 -0.322 -17.783 14.781 -2.776 1.106
200 8.859 21.253 3.241 -19.574 —22.232 -5.729 -21.537 16.759 —2.685 1.330
250 1.832 13.293 3.697 -22.011 -25.214 -10.604 -25.132 17.922 -2.491 1.369
300 -4.459 6.446 4.120 -24.078 —27.609 -15.019 —28.585 18.496 —-2.280 1.208
350 -10.176 0.424 4,518 -25.887 -29.551 -19.062 -31.899 18.591 -2.082 0.862
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TABLE IX. The D- and G-wave phase shift¢he unit of T\y, is MeV).

Tiab D,y(pp) D,(np) D, *Dg €3 3G
1 0.000 0.001 0.006 0.000 0.000 -0.000
0.043 0.041 0.222 0.002 0.013 -0.000
10 0.165 0.156 0.846 0.005 0.081 -0.004
25 0.696 0.682 3.710 0.045 0.553 -0.053
50 1.714 1.735 8.970 0.326 1.616 -0.262
100 3.790 3.905 17.251 1.494 3.504 -0.951
150 5.587 5.767 22.073 2.772 4.821 -1.758
200 7.060 7.284 24.481 3.731 5.699 -2.534
250 8.332 8.596 25.432 4.310 6.306 -3.236
300 9.488 9.793 25.506 4,584 6.771 -3.872
350 10.531 10.881 25.028 4.643 7.176 -4.470

deuteron produced by the IS and IEH interactions are new set ofp-d calculations was published 2], and the ef-
different, the dependence of the tensor analyzing powerdgect of the Coulomb interaction on the differential cross sec-
especially that of thd,,, on the value ofA;/Ag (or on the tion and on the analyzing powers is given. Expecting a simi-
deuteronD-state probability can be investigated. lar Coulomb effect for the nonloca@liN interactions, then
The basic problem thah-d calculations are compared -d calculations could be compared with tiped measure-
with p-d measurements is at least partially solved because a

N-D DIFFERENTIAL CROSS SECTION (mb/sr)
N-D DIFFERENTIAL CROSS SECTION

90 100 110 120 130 110 120 130 140
c.m. ANGLE (deg) c.m. ANGLE (deg)
FIG. 1. Minimum of theN-d differential cross section. The FIG. 2. Minimum of theN-d differential cross section. The
experimental points are the-d measurements of Sagdr2). experimental points are the-d measurements of Ref32].
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c.m. ANGLE (deg) FIG. 4. Nucleon analyzing powers depending on the type of the

NN interaction. Then-d experimental points are from R¢80] and
FIG. 3. Nucleon analyzing powers depending on the type of théhe p-d experimental points are those of Sagptd].
NN interaction. Then-d experimental points at 3 MeV are from
Ref. [25], at 1.88 MeV from Ref[25], and thep-d experimental The P- andD-wave interactions were constructed with the
points are from Ref[28]. same type off-diagonal attraction which was essential in
cases of the INOY'S, and 3SD, forces. As a consequence,
ments at least in a qualitative way. Of coursed calcula-  the P- andD-state wave functions are also enhanced at short
tions with the INOY interactions would be necessary to givedistance.
the accurate answer. The 1P1 and theD-wave interactiongincluding the3D63
The properties of the constructéd and D-wave INOY  tensor forcg fit the Nijmegen phase shiftgl4] with high
interactions are given in Sec. Il. The effect of the INOY precision; the tripleP-wave interactions fit a slightly modi-
interactions on the elastic scattering is presented in Sec. IIfied set of phase shifts which are nearly within the limits

the summary and conclusions are given in Sec. IV. determined by Tornow and Tornoji3] for the pp P-wave
phase shifts in the 10—100 MeV interval. TRB, phase
Il. THE P- AND D-WAVE INOY NN INTERACTIONS shifts were decreased, tiB; phase shifts were increased in

the absolute valuessomewhat more than what was defined by

The shape of the INOYN interaction is defined in Ref. Tornow and Tornow and the3P, phase shifts were in-
[1]. Some parameters are fixed for all potentials. These arereased relative to the corresponding Nijmegen phase shifts.
ay,=1.0 i, R;,=1.0 fm, andB=y=2.0 fm’. The num-  The same magnitude of the change was applied fomthe
ber of diagonal termgn; /) is equal to 3 except for théP,  phase shifts, although the allowed ranges of change are
interaction for whichn,,=2 is used. larger [13]. In this way the3P interaction became less at-

The nuclear part of then andpp forces are identical for tractive, the®P; interaction became more repulsive, and the
all INOY P- and D-wave interactions. It has to be empha- 3P, is more attractive. It has to be emphasized that these
sized also that within the presented framework the centrainodifications were achieved by the change of the nonlocal
parts of the INOY interactions already include the diagonalpart of the interactions with an unaltered cutoff Yukawa tail,
part of the tensor force in contrast to the usual formulation otcontrary to the modifications applied in R§20], where the
local potentials. The parameters which are given with one ostrength of tripletP-wave interactions were changed and
two digits are fixed ones, they were not fitted. consequently the Yukawa tail was also modified. The addi-
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FIG. 6. Nucleon analyzing powers depending on the type of the
NN interaction. Thep-d experimental points are those of Sagara
[12].

FIG. 5. Deuteron vector analyzing power depending onNhe
interaction. Thep-d experimental points are from Rgfl2].

tionally chosen difference of the multipliers for tim and  function of the ISa interaction is similar to those of the other
pp pairs [20] is a strong CSB effect which is absolutely INOY interactions: the internal part is enhanced as compared
arbitrary, although not forbidden as a trial. In the presento the wave functions provided by the usual local potentials.
paper the nuclear parts of then and pp pairs are equal, It is the direct consequence of the chosen form of the non-
which seems to be more realistic. locality and it is also characteristic for tigestate wave func-
The parametrization of the short range INOY interactionstions of the Bonn potential21,23. _ _
are given in Tables I-IV, the singlet scattering lengths and The higher partial-wave components of tibl interaction
effective ranges are shown in Table V, the deuteron propeivere cut off in the orbital angular momenta: up to lap,
ties, triplet scattering length, and effective range are showialue all components were taken into account and the cou-
in Table VI, and the phase shifts are shown in Tables VII-IX.Pling to the highet values were neglected. At low and me-
Because of the modified phase shifts of the triflevave ~ dium energies thé,,,=3 value proved to be sufficient, how-
interactions, the new short range ING and D-wave in-  €Ver, the®DG; tensor force was included.
teractions are denoted as the set M interactions. For Faddeev calculations separable expansions dfifite
The set M of theP- and D-wave interactions were tuned interactions were performed using ttternst-Shakin-Thalgr -
to reproduce théHe binding energy with the IS set 88, method[23]. The number of terms was varied and th(_e satis-
and 3SD_L interactionS, however?H became S||ght|y under faCtOI'y values are the fO”OW|ng ones: rank-5 eXpa:nS|0nS for
bound(Epe=-7.7181 MeV,E,,=-8.4812 MeV. the 'Sy, *P, 3Pg, 3Py, 1Dy, and®D,, rank-4 expansions for
the F5, °Fj, °F, rank-11 expansion for théSD,, and
rank-10 expansion for théPF, and 3DG; interactions.
For the total angular momenfa>11/2 of the ] system
Besides the above mentioned interactions the ISa tensdhe solutions were substituted by a one term iteration of the
force [1], which reproduces the deuteron properties of theaddeev equation. The highest included total angular mo-
Argonnewv,g [7] potential, was also used. The parametriza-mentum was thel=23/2. The full Faddeev matrix for the
tion of this interaction is given in Refl]. The S-state wave J<11/2 was also approximated: the coupling between the

Ill. CALCULATIONS
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FIG. 7. Deuteron vector analyzing power depending onNhe F_IG. 8. Nucleon analyzing powers depending on the type of the

interaction. Thep-d experimental points are from RefL2]. NN interaction. Thep-d experimental points are those of Sagara
[32].

P-F, D-F, and F-E partial-wave components of thEdN
interactions were neglect¢@4]. All of these approximations  gjeysky’s [12] n-d andp-d results calculated with the origi-
were checked, and the accuracy is within the relative error of 5 Argonneu, interaction. The results are shown in Figs.
1% for the measurable quantities. 1-18

The following notation is used in the figures. '

(1) ARGm denotes that in all partial waves the modified
Argonnevg potential was used. _ A. The differential cross section

(2) 1Sa-A denotes that th&s, interactions belongs to the i ) i .
set IS, the*SD, interaction is the 1Sa one, and the rest is the At low and medium energies some theoretical quantities
Argonne potential. depend on the I8 binding energy produced by the chosen

(3) IS-A denotes that théSQ and BSDl interactions be- NN(and a pOSSIble '8) force. In the minimum of the differ-
long to the set IS and the rest is the Argonne potential. ~ ential cross section this scaling effd@9] is rather charac-

(4) 1S-M denotes that théS,, 3SD;, interactions belong teristic for then-d scattering: below 12 MeV the increase of
to the set IS, th@- andD-wave interactions belong to the set the triton binding energy deepens the minimum, above this

M, and the rest is the Argonne potential. energy the effect is the opposite. On the other hand, natu-
(5) ARG-nd denotes tha-d calculations of the Kievsky rally, the scaling becomes weaker at higher energies: up to

et al. [12] with the original Argonnevg interaction. 9-10 MeV the difference in the minimum of the differential
(6) ARG-pd denotes the-d calculations of the Kievsky cross sections is caused by the differeNti8nding energies,

et al. [12] with the original Argonneyg interaction. while at 22.7 MeV the scaling is responsible only for half of
(7) ARG+UR+pd denotes thep-d calculations of the the effect.

Kievsky et al. [12] with the original Argonney,g interaction The minimum of the differential cross section with the

plus an Urbana I8 force normalized to the 8 binding ARGM, ISa-A, IS-A, and IS-M sets at 5 MelFig. 1) rep-

energy. resents the scaling very characteristicdtlye set 1ISa-A pro-

Calculations are made between nucleon laboratory eneduces practically the same result as the set ARGMthe
gies 1-36 MeV. Then-d results are compared with Coulomb shift of the minimum between the ARG-nd and
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interaction. Thep-d experimental points are from Rdf32].

FIG. 10. Maximum of the calculated-d vector analyzing pow-
ARG-pd calculations is valid fon-d minimum of the IS  ers depending on energy. The open circles and squares are the cal-
-A and IS-M calculations, one gets a result near to theculated values, and the curves are interpolations.
ARG+UR-+d one, which agrees rather well with the experi- | . , )
mental values. However, the results at 22.7 M&W. 2) are actions substitute the corresponding Argonne potentaks
less promising: the 1S-A and IS-M results are already higheYS'Y near to each other. The effect by the
in the minimum than the-d experimental data and the ex- S-A interaction on the neutron analyzing power is mostly a

. . scaling effect; on the deuteron vector analyzing power it is
ected Coulomb shiff12] ought to push them even higher, ; 4
\?vhile the ARG+UR—§d r]esul?s are ‘r)wear to the experirr?entalpartly a scaling and partly an effect of the different deuteron

D-state probability of the IS interaction.

minimum. It has to be noted that the set ISa-A produces a .
. ; ; Below the breakup threshold the neutron analyzing pow-
slightly different result compared to the set ARGm, which grs calculated with the 1S-M set of interactions agree with

o N csaasoes S o eren e exising -0 measurements25:29 (Fig. 3 and a

' nucleon laboratory energy 3 MeV the expected Coulomb
shift [27] seems to produce a result near to fhel measure-
ment[28].

The basic behavior of the nucleon and deuteron vector At nucleon laboratory energy 5 MelFigs. 4 and b the
analyzing powers as a function of theN interaction is rather  IS-M set of interactions seems to reproduce the experimental
similar. However, a more detailed comparison reveals somproton analyzing power if the Coulomb shift relative to the
characteristic differences. The general feature is that thé&S-M n-d result is the same as that of the Argonne potential.
modified INOY P-wave interactions significantly improve It has to be also noted that the IS-M result agrees with the
the theoretical description of the vector analyzing powersexistingn-d measuremen30]. However, the deuteron vec-
(Figs. 3-9. It is shown again that the nonlocality itself has tor analyzing power of the set IS-M seems to have a maxi-
no significant influence on the vector analyzing powers: thenum which is too high because the Coulomb shift seems not
results with the modified Argonne potenti?ARGm) and to be enough to decrease thed maximum to thep-d ex-
with the set ISa-Awhere the IS'S) and the IS&SD, inter-  perimental values. Of course the accurate Coulomb effect for

B. The vector analyzing powers
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FIG. 11. Deuteron tensor analyzing povilep depending on the _ )
NN interaction. Thep-d experimental points are from Rfl2]. FIG. 12. Deuteron tensor analyzing povlgy depending on the
NN interaction. Thep-d experimental points are from RgflL2].

the nonlocal interactions could be somewhat different. o
At energy 9 MeV(and up to 14—16 Meythe situation is and ISa-A results are nearly the sgnaed the modification

the opposite: the Coulomb shift with the Argonne potential isOf the P-wave interactions(IS-A versus IS-M in most

too large to the 1S-Mh-d results(Fig. 6) to reproduce the cases has a small or negligible effect. The largest difference

maximum of the proton vector analyzing power, while theiS produced by the change of tR8D; tensor forcglS versus

calculated deuteron vector analyzing powEig. 7) of the ~ ARGM). _

set IS-M seems to reproduce tped data if the Coulomb The expected Coulomb effect seems to shiftthe cal-

shift produced with the Argonne potential is valid. culations with the set IS-M and IS-A to the proper direction.
At energy 22.7 MeV the minimum around the 110° c.m. The only exception is the minimum of tf#, (Figs. 12 and

(center of magsangle becomes more characteristic than thel). At energy 22.7 MeV the relative sensitivity to the dif-

maximum(Figs. 8 and 9and both vector analyzing powers ferentNN interactions becomes less, and all results seem to

seem to become acceptable if the expected Coulomb shifts ¢ satisfactoryFigs. 17 and 18 although theT,, with the IS

applied to then-d results of the I1S-M set. interactions is betteiFig. 18 than the ARG +UR pd result.
Finally the energy dependence of the maximum of the

calculatedn-d vector analyzing powers are plotted up to

nucleon laboratory energy 36 MeWFig. 10). It can be seen IV. SUMMARY AND CONCLUSIONS

that around 30—36 MeV the maximum seems to be stabi-

X ; : . The nonlocal interaction defined in Rdfl] reproduces
lized which agrees with the higher-energy measurements. 4t rep

the AN binding energies within a 1 keV accuracy without the

introduction of a Bl force. The aim of the present work is the

test of this interaction in the low- and medium-energy elastic
The deuteron tensor analyzing powgFgs. 11-18 are  scattering.

basically determined by th&sD, tensor force and modified The basic conclusion is that the nonlocality itself has a

by the P-wave interactions. This was known already in very small effect on the low- and medium-energy scattering

1970s[31]. The nonlocality effect is very smalthe ARGm  process. The results with the ISa-A set of interactions are

C. The tensor analyzing powers
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FIG. 13. Deuteron tensor analyzing povigs depending on the NN interaction. Thep-d experimental points are from Rgfl2].

NN interaction. Thep-d experimental points are from Rgfl2].

this rule which is an indication that it additionally depends

practically the same as those with the modified Argonne poen the deuteron properties.
tential (ARGm). Therefore it can be stated that a strong non- The IS-M set of interactions changes the vector analyzing
locality of theNN interaction inside the 0—1.5 fm region and powers due to the modification of the on-shell properties of
a weaker nonlocalityoverlapping with the cutoff Yukawa the triplet P-wave interactions. It has also effects on other
tail) in the 1.5-3.0 fm region do not produce any significantmeasurable quantities, however, these are less significant.
deviation from the calculations with a loclIN potential(in The scaling effect is characteristic for the minimum of the
the present case the slightly modified Argonne poteniial differential cross sections. Up to 10 MeV the scaling seems
the deuterorD-state probability and asymptotic normaliza- to be the dominant factor: if theNBbinding energy is correct,
tion constaniA,/Ag are equal for both potentials. It has to be the minimum seems to agree with the experimental data in-
noted that the triton binding energies for the 1Sa-A set ofdependently whether the correctN3binding energy is
interactions and for the ARGm potential are nearly the sameachieved with the local H8 force model or with the nonlocal
[1], therefore even the scaling effd@9] is missing. INOY interactions. However, at higher energies the results

The situation is different if the nonlocal interaction pro- are contradictory. At energy 22.7 MelFig. 2) the bestp
duces different deuterorD-state probability and conse- -d minimum is produced by the Argonne interaction alone
quently different asymptotic normalization constay/As. (ARG-pd). The INOY interactiong1S-A and I1S-M pro-
There are two effects caused by the IS-A set of interactionsduce higher values for the minimum and there is an effect of
one comes from the different triton binding enekgjye scal- the modified tripletP-wave interactiong1S-A versus IS
ing) and the second one comes from the different deuteronM). It is clear that if the expected Coulomb effect is the
properties. The maximum of the neutron vector analyzingsame as with the Argonne potential, the INOY interactions
power produced by the IS-A set of interactions seems tgroduce too high values for the minimum of the differential
exhibit the scaling effect: its change is proportional to thecross section. At energy 28 MeV, where the Coulomb effect
change of the minimum of the differential cross sectionis small, the local+Bl force model gives too low minimurp
(Figs. 3, 4, 6, and 8 However, the maximum of the deuteron 1.9 mb/sr[12]), while the IS interaction is very near to the
vector analyzing powe¢Figs. 5, 7, and Pdoes not follow experimental minimum2.192)mb/sr [34]). However, the
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FIG. 15. Deuteron tensor analyzing poviley depending on the FIG. 16. Deuteron tensor analyzing powies depending on the
NN interaction. Thep-d experimental points are from Refl2]. NN interaction. Thep-d experimental points are from Rgfl2].

backward experimental points at energy 28 MeV deviateactions(see, for example, the different Coulomb shifts for
from the calculations, while at energy 22.7 MeV they nearlythe *He binding energy1]), calculations with the Coulomb
coincide. This is a contradiction which may indicate thatforce have to be performed in order to find an answer to the
some of the measurements may be erroneous. There seem$ioblem of the energy dependence of the vector analyzing
be a problem. powers.

It is evident that the experimental vector analyzing pow- The tensor analyzing powers seem to be another case.
ers could not be reproduced without changing the on-shelTheir sensitivity to thé®-wave interactiongespecially below
behavior of the tripletP-wave interactions or without the 10-15 Me\j is much smaller than the effect caused by the
introduction of a different Bl force [33]. The present choice different®SD, forces. This effect is present already below the
of the modification of the tripleP-wave interactions is only breakup thresholdat 2—3 Me\j and theT,, is the cleanest
a possibility which shows that with a very small change ofmanifestation of the disagreement between the experiments
the pp data fit [13], the N-d vector polarizations can be and their theoretical description. At the low and medium en-
changed much more significantly. It has to be emphasizedrgies the Coulomb effect cannot be neglected, and the beau-
again that the rule of the modification is more rigorous thartiful description of the experimental-d T,, around 10 MeV
that of Witala and Glocklg20]: (i) the Yukawa tail is unal- with n-d calculations using the Argonngg potential is mis-
tered and only the inside nonlocal part is changéd;the leading. The results of Ref12] clearly show that at energy
nuclear parts of then andpp interactions are the same. The 9 MeV (Fig. 16 the Coulomb effect is much above the ex-
vector analyzing powers calculated with the IS-M set of in-perimental uncertainty at the backward angles, and this Cou-
teractions became significantly better, however, an improvelomb effect removes the earlier agreement betweemtlie
ment in the full 0—30 MeV energy interval was not calculations angh-d measurements. The calculation with the
achieved. There still seems to be a problem in the3N force improves the resuithis effect is mostly produced
5-15 MeV region, while below and above these energieby the correct®He binding energy however, at energy
both vector polarizations are described well by the presen22.7 MeV the effect of the I8 force is the opposite and
triplet P-wave interactions. Since the Coulomb effect is notmoves the backward minimum of the theoretida} in the
necessarily exactly the same for the local and nonlocal interwrong direction(Fig. 18. Except for the energy 5 MeyFig.
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FIG. 17. Deuteron tensor analyzing poviles depending on the FIG. 18. Deuteron tensor analyzing poviles depending on the
NN interaction. Thep-d experimental points are from RgB2]. NN interaction. Thep-d experimental points are from RgB2].

13), where the measured minimum ®f, at c.m. angle 120°  pyt p-d calculations may perform the same job successfully.

seems to be less than the expegted theoretical minimum, The present results indicate that the low- and medium-
the theoretical values for thB,, with the IS interactions are energy tensor analyzing powers calculated with the INOY
better than those with the local NJorce model. interactions may be capable of reproducing most of the ten-

The Ty, is singled out because it has a relatively simplesor analyzing powers if the Coulomb shifts are similar to
structure, however, all tensor analyzing powers are sensitivgyose with the local potential. The only exception is the mini-
to the new nonlocal IS tensor force. Part of this sensitivity iSsmum of theT,, around the 80°-90° at energy 5 and 9 MeV
due to the scaling effecthe differences in M binding ener-  \yhere both the IS interaction and the locaN-force models
gies, and part is an effect of the different asymptotic nor- 4.
malization constanfy/As. Unfortunately the scaling effect As a final result one may conclude that the nonldgal
and that of theAp/ As cannot be separated since tiél3nd-  interactions do not produce any surprising effect for the low-
ing energies also depend on the deutelestate probability  and medium-energy elastic scattering and as a model nuclear

and consequently on th&/As [4]. However, the calcula- force is comparable to the local NForce model.
tions with the 3 force normalized to thel8 binding energy

deviates from the ones calculated with the IS interactions and

the difference could be the effect of the differefyy/Ag ACKNOWLEDGMENTS

value. Therefore the low-energy tensor analyzing powers The author thanks Dr. A. Kievsky for supplying their
may serve as a testing ground for the value of the asymptotitabulated results and the unpublished experimental data of
normalization constamp/As. In fact this feature of the ten- Sagara. The work has been supported by OTKA under Con-
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