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Calculation of Proton-Deuteron Elastic Scattering at 10 MeV with a Realistic Potential
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We present the first results of a calculation of the differential cross section and of polarization
observables for proton-deuteron elastic scattering at 10 MeV proton laboratory energy, for the Paris
potential. The method used is the “screening and renormalization approach” which allows one to
correctly take into account the Coulomb repulsion between the two protons. Comparison is made
with the precise experimental data of Sagataal. [Phys. Rev. C50, 576 (1994)] and of Sperison
et al. [Nucl. Phys.A422, 81 (1984)]. [S0031-9007(98)07756-4]

PACS numbers: 25.10.+s, 03.65.Nk, 24.10.—i, 25.40.Cm

During the past decade, the theoretical calculation ofn this paper, we present the first results obtained along
neutron-deuteroffind) scattering observables has becomethese lines for varioupd elastic scattering observables,
feasible using the most up-to-date models of the nucleorat an energy above the deuteron breakup threshold. For
nucleon(NN) interaction including three-nucleon forces our calculations we use the screening and renormalization
[1]. The goal behind this endeavor is to get a betterapproach [5,6] (for a recent review, see [7]) as formulated
understanding of interesting physical phenomena sucfor momentum space integral equations. Here, we only
as three-nucleon forces and off-shell behavior of thesketch the basic idea. It consists of separating the long-
nuclear interaction; but also signatures of the quarkange from the shorter-range Coulomb effects and treating
substructure may be obtainable. Furthermore, extractiothe former separately. The (technically convenient, but
of NN on-shell information which is difficult to deduce not mandatory) starting point is a separable representation
from NN scattering experiments could be possible. Suclof the nuclear interaction for each partial wave taken into
expectations are, however, to be confronted with theaccount. For this purpose any of the well-tested separable
experimental situation which for neutrons as projectiles ixpansion methods can be used. ThenTtheatrices de-
rather unsatisfactory: despite great efforts, the availablscribing scattering in thap subsystem are purely sepa-
data are sparse and of an accuracy which as yet does naible while the ones for thep subsystem contain the
allow one to meaningfully differentiate between all of the additional nonseparable Coulomb amplituf, as calcu-
various theoretical assumptions entering the calculationslated from a screened Coulomb potentidt. denotes the

For the proton-induced reactié¢pd), on the other hand, screening radius. Clearly, by switching off the Coulomb
a rich body of accurate data is available and is still beingnteraction, the amplitudes for the neutron-induced reac-
continuously expanded. There, however, the theoreticdlon are recovered.
situation has been unsatisfactory until now. Either, when We enumerate the identical particles [the two protons
being of similar sophistication as in thel case, reliable (neutrons) in the proton-(neutron-)induced reaction] by 1
calculations had to be confined to energies below th@nd 2, and the odd particle by 3. Thus iaesubsystem
deuteron breakup threshold [2,3] or, when performed af" matrix is assumed to be given as
positive energies, had to resort to a simple ansatz for
the nuclear interaction [4]. But the few cases where!. (R ZlXﬂ)Aamn (1;)| + 8asT", a=123.
experiments have been performed for the and thepd 1)
reaction, for the same observable, at the same energ¥h _ . .
clearly show that the presence of the Coulomb force' "€ elementA,ly,, for a = 1,2, is to contain the
in the latter case, in general, modifies the observablege”teron pole which is guaranteed if at the pole the
appreciably. Hence, the standard procedure of comparir@dguteron “form factor’| v.1q) is related to the deuteron
“realistic” nd calculations withpd data must be considered bound state wave functiofs,) in the standard manner
unsatisfactory in that the expected (smaller) effects of thénote that only the p-subsystem form factoﬂ%n ) con-
above-mentioned interesting topics might be more or lestain Coulomb distortions). Here and in the following, the
veiled by the neglected Coulomb effects. energy dependence of the various operators is suppressed.

Thus, in order to make adequate use of the high preciSince for finiteR all potentials are of short range, conven-
sion pd data it is of foremost importance to reliably esti- tional three-body scattering theory is applicable.
mate the influence of the Coulomb repulsion between the We use the effective-two-body formulation of the three-
two protons, for all energies, with realistic nuclear forces.body theory proposed in [8] in which the two-fragment
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amplitudes T 1., are obtained as solutions of multi- known to be of the order of at most 10% of the purely

channel Lippmann-Schwinger-type equations which inhuclear parts, this approximation is estimated to lead to
operator matrix form read as inaccuracies in thepd amplitudes of less than 1%. In

B _ (R R) ~R) (R fact, the sole reason for using the CBA is that even then
T® =V® + VEG T®. @) the required CPU time increases by approximately a factor
Denoting the incoming and the outgoing center-of-massf 25 over a calculation without the Coulomb interaction.
(c.m.) momenta byq, and q;z and the corresponding  We have used the Paris potential, in fact a separa-
bound state quantum numbers hyand n, respectively, ble representation (PEST1-6) thereof which is known to
the physical transition amplitudes from chanrf@elm)  provide an excellent approximation to the original local

to channel(Bn) are then given aé]’gl,f,)am(qu,qa) = potential [13]. This choice was motivated by the avail-
«q I’T(R) lq.). Here, ability of numerical below-thresholgd phase parameters
B n,am qu . . .
®) ® [2] against which we could check our code. The inter-
Vinam = {¥pn![8paGo + 8538a3GoTRGo] 17 R)) action is taken into account in the stafess — 3Dy, 'S,

(3) andin allP waves. lIsospin is not introduced. To reach

. . . ®) ® the unscreening limit for cross sections, a valke=
is the effective potential anGo.g,.am = dpaAanm isthe 100 fm of the screening radius was found to be sufficient.
effective free Green functionG, is the free resolvent and For polarization observables, however, for c.m. scattering
8pa =1 — 8pa. For more details, see [5,7]. Note that, angles larger than 7Ghe same goal was achieved only
for the case considered here, Egs. (2) and (3) are exact. with amplitudes calculated witt® = 300 fm, while for

The important point is that the diagonal paMm «m  Smaller angles even screening radii larger thRn=
contains, fore # 3 and with thea subsystem being in 625 fm would be needed; such calculations were presently
the deuteron state, as its longest-ranged part (in the limitot attempted because of expected excessive increase of
R — «), the so-called c.m. Coulomb potential®. It necessary computer time. We finally mention that con-
describes the Coulomb scattering of protan(= 1 or  vergence with respect to the number of total angular mo-
2) off the total charge of the deuteron concentrated irmenta was reached fdp,.x = 19/2.
its center of mass and is the only part which requires In Figs. 1-6, we present a set of scattering observables
application of the renormalization procedure. As showncalculated for a proton laboratory energy of 10 MeV.
in [5,6], multiplication of the on-shell solution of (2) Shown are the results using the solution of Eq. (2) with
by appropriate, explicitly known renormalization factorsthe Coulomb interaction switched on and off; in the latter

Zar(gqe) andZpg, R(qb) guarantees the existence of case, we arrive at the corresponding observables for the
I 712 TR EVZ. 1/2 nd reaction. For illustrative purposes, we also include
M Zp.r (45) T gn. am(qﬁ’qa’ +) (o) the observables obtained by the standard procedure for

= 550 0umtS (@ qa) + (qpc )|TSnCam(E+) lale)y, (4) approximately taking into account Coulomb effects which

where E. = E + i0. Here, ($ is the amplitude, and

quf,é) is the scattering wave function (for an asymptotic T T T U T
momentumy,, and energyq>/4M, M being the nucleon
mass) belonging to the unscreened Coulomb potential ]
v¢ = limg_.. vR. Note that the definition (4) of the 200

43

charged-composite particle amplitude coincides with the —~
one following from time-dependent scattering theory [7,9]. 2

We recall two of the main advantages of this approach: —g
() In Eqg. (2) only the amplitudes for ablinary processes <=
are coupled, and (ii) in Eq. (3) thep Coulomb amplitude =
is taken into account in three-dimensional form. Thus, <
no problems arise from lack of convergence of Coulomb 3
partial wave series. In contrast, for methods based on
(integro-)differential equations for wave functions in coor-
dinate space two (of several) as yet unresolved difficulties
originate in this context (cf. the discussion in [10]).

When solving Eqg. (2) we have made only the so-called L S L L
Coulomb-Born approximation (CBA) which consists of Ocm.
repIaC|_ng everywhere the CoulorriB operatc_>r by the. FIG. 1. Differential cross section at 10 MeV proton labo-
potential. In the Coulomb parts of the effective potentlalratory energy vs c.m. scattering angle. Experime):

(3) this has been shown (fa® — =) in [11,12] to be Ref. [14]. Solid line: Full calculation; dashed line: only
accurate to better than 10%; and, since the latter ar&xternal” Coulomb corrections; dotted lined cross section.
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FIG. 2. Proton analyzing power.

data(l) from Ref. [14];nd (O) data from Ref. [16].

consists of keeping only the “external,” and neglect-
ing all “internal,” Coulomb corrections.

Explicitly, the

Notation as in Fig. bd

FIG. 4. Deuteron tensor polarizatioffiy.
Fig. 1. Data(H) from Ref. [17].

Notation as in

(including standard three-nucleon forces) but seems to

partial-wave amplitudes for thed reaction are multi- require readjustment of some inpAiV' phase parameters
[15]. It clearly shows up also when comparing ot

plied by the c.m. Coulomb partial-wavematrices to ac- . L .
count for the asymptotic distortion, before summing themreSUIt with thend data of [16]. Not surprisingly, this

up to the three-dimensional amplitudes to which then thémderestimation pr_oblem c_on_tinues to persi;t when going
c.m. Rutherford amplitude is added over to thepd reaction. A similar “puzzle” exists faiT;

Inspection of Fig. 1 shows that the differential crogs®> ¢an be inferred from Fig. 3. For energies below the

section data of [14] are well reproduced. However, thedeuteron breakup threshold these facts have already been

calculated proton analyzing pow, displayed in Fig. 2 pointed out in [3]. However, the experimental difference

; d ' "' A,(nd) — A,(pd) seems to be rather well reproduced
lies well below experiment [14]. For thed reaction y our calculation. For the various deuteron tensor
this underestimation of the region around the maximum ig)y N o ;

known as the A, puzzle” the resolution of which appears polar|zat|qns shown in Figs. 4-6, we ?Ch'e".e areasonable
not to be attainable with standard nuclear potential modelgEprOdUCtlon of the data of [17]. It will be important to

0.05

Lo b

s N vl

e = ] )

1 -0.057 3

~0.00 . : ]
4 . Rwrily) E
4 1 N/ ]
. -2.10 3
] 3 .

-0.05 — -0 15—
2 60 120 180 © 60 120 160

®c.m. ®c.m.
FIG. 3. Deuteron vector polarizatioif’;;. Notation as in FIG. 5. Deuteron tensor polarizatiofi,;. Notation as in

Fig. 1. Data(H) from Ref. [17].
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Fig. 1. Data(Hl) from Ref. [17].



VOLUME 81, NUMBER 22

PHYSICAL REVIEW LETTERS

30 NvEMBER 1998

[\
]
N

-0.02

.04

[BRERNERESRERNRARNEANEE RN RN ENE]

[\
o

INEINRNRSRRERAARERRSNRRIRRRRRRNREE RNRRANNINA SRRURRNNE]

.08

(2]

- S —

) 60 120 180
®c.m.
[4]

FIG. 6. Deuteron tensor polarizatiofi,,. Notation as in

Fig. 1. Data(Hl) from Ref. [17].

5
investigate the energy dependence of the Coulomb effects[ ]
in the various observables. [6]

From this the following conclusions can be drawn. [7]
(i) Coulomb effects play a minor role for the differen-
tial cross section (with the exception of the small-angle
region) but lead to sizable corrections in several polariza-[8l
tion observables, in the maximum, minimum, and small-
angle regions. This feature has already been observed foll
energies below the breakup threshold in [2,3]. (ii) The
above-mentioned standard approximation for taking int 10]
account Coulomb effects, while being of acceptable accu-
racy for the differential cross section, fails for the more
sensitive polarization observables. [11]

Clearly, the numerical results presented here are still
lacking the full sophistication achieved for thel reac- [12]
tion. Indeed there exist several possibilities for improve-
ment. Most important is the use of more modeviv
potentials for which we need low-rank separable expan-
sions of high quality. This should considerably improve[lg]
the agreement with thed data, and, hence, also lead to
more realisticpd results. Moreover, as is known froma

quite generally improve on the polarizations in the small-
angle region and, in particular fdr,, will reduce spurious
oscillations.
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