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Effect of the repulsive core in the proton-neutron potential on deuteron elastic breakup cross sections
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The role of the short-range part (repulsive core) of the proton-neutron (pn) potential in deuteron elastic
breakup processes is investigated. A simplified one-range Gaussian potential and the Argonne V4’ (AV4') central
potential are adopted in the continuum-discretized coupled-channels (CDCC) method. The deuteron breakup
cross sections calculated with these two potentials are compared. The repulsive core is found not to affect the
deuteron breakup cross sections at energies from 40 MeV to 1 GeV. To understand this result, an analysis of
the peripherality of the elastic breakup processes concerning the pn relative coordinate is performed. It is found

that for the breakup processes populating the pn continua with orbital angular momentum ¢ different from 0,
the reaction process is peripheral, whereas it is not for the breakup to the £ = 0 continua (the s-wave breakup).
The result of the peripherality analysis indicates that the whole spatial region of deuteron contributes to the

s-wave breakup.

DOLI: 10.1103/PhysRevC.101.054606

I. INTRODUCTION

The nucleon-nucleon (NN) interaction, the fundamental
building block of nuclear physics, has been studied intensively
using phase shift analysis [1,2], meson theory [3], chiral
effective field theory [4,5], and lattice QCD [6]. It is well
known that the NN interaction has a repulsive core at a short
distance. It also contains many spin-dependent terms and,
among them, the tensor part plays a crucial role in the binding
mechanism of deuteron. Many efforts have been devoted to
revealing roles of these characteristic features of the NN
interaction in many-nucleon systems [7—14]. These have been
studied also experimentally via electron- or proton-induced
reactions [15—-18]. In the same direction, breakup reactions
of nuclei will be a possible way of probing the role of the
short-range repulsion and tensor-induced attraction.

For many years, breakup reactions of weakly bound
nuclei have been studied theoretically and experimentally.
These studies are mainly motivated by interest in the na-
tures of unstable nuclei and strong couplings with contin-
uum states of fragile systems. The deuteron is the lightest
weakly bound nucleus and its breakup processes have been
measured since the early 1980s. The continuum-discretized
coupled-channels method (CDCC) [19-21] is one of the
most successful reaction models for describing the breakup
processes of the deuteron and unstable nuclei. Its theoretical
foundation was given in Refs. [22,23] and later numeri-
cally confirmed [24-26] via comparisons with Faddeev-Alt-
Grassberger-Sandhas (FAGS) theory [27,28]. In most cases, a
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simplified one-range Gaussian potential [29] is employed for
the pn interaction.

In this study, we consider the deuteron breakup as a pos-
sible probe for the above-mentioned striking features of the
pn interaction. In Ref. [30], Iseri and collaborators compared
CDCC results with the one-range Gaussian and Reid soft core
[31] pn interactions for the cross section and polarization
observables in deuteron elastic scattering. The difference is
appreciable in tensor analyzing powers but not so significant
except for a specific combination of polarization transfer
coefficients. According to this finding, we focus on the central
part of the pn interaction and use the Argonne V4’ (AV4') [32]
parametrization as a realistic pn interaction. It should be noted
that the roles of the tensor and other spin-dependent terms
in the Argonne V18 (AV18) interaction [33] are effectively
included in the AV4’ interaction, that only has the central part.
For simple notation, however, we regard the appearance of
the short-range repulsive core as a characteristic of the AV4’
potential in what follows.

We investigate the effect of the short-range repulsive core
on deuteron breakup cross sections at deuteron energies from
40 MeV to 1 GeV. Peripherality of the reaction process re-
garding the pn relative distance, which is crucial to understand
whether the observable reflects the inner part of the pn wave
function, is also investigated.

The organization of this paper is as follows. In Sec. II we
summarize the method of CDCC, the results are discussed in
Sec. III, and finally the conclusion is given in Sec. I'V.

II. FORMALISM

We describe the deuteron breakup on a target nucleus A
by a p+n+ A three-body model, assuming A to be inert.

©2020 American Physical Society
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FIG. 1. Schematics of the three body system in deuteron
scattering.

The coordinate labels are shown in Fig. 1.
Hamiltonian is given by

Hpn + VCL(R) + Up(Rp) + Un(Rn)s (1)

where Ty is the kinetic energy operator associated with the
coordinate X, U,(R,) and U,(R,,) are the p-A and n-A dis-
torting potentials, respectively, and V¢ (R) is the Coulomb
potential between the center-of-mass (c.m.) of deuteron and
A. The Hamiltonian H,, of the pn system is given by

Hpn =T+ Vpn(r)v (2)

where V,,(r) is the interaction potential between p and n. For
the purpose of this investigation, only nuclear breakup is being
considered and the intrinsic spin of the nucleon is disregarded.

In CDCC, the three-body wave function W, with the
total angular momentum J and its z component M is ex-
panded in terms of the pn eigenstates ¢ consisting of the
deuteron bound state and discretized continuum states of the
pn system:

The three-body

H=Tp+

imax fmax  J+L

Y R =YY" Y duFI RV, (3)
i=0 ¢=0 L=|J—¢|
Vi = 1Y@ @ iYLl m, )

where i and ¢ are the energy index and the orbital angular
momentum of the pn system, respectively; ¢oo corresponds to
the ground state of the deuteron. §/ describes the scattering
motion of the c.m. of the pn system with respect to A, with L
being the relative orbital angular momentum and ¢ = {i, ¢, L}.
The set {¢;} satisfies

fdr 43;7@(”)Y;m/(?)Hpnéiz(”)Yzm(f‘) = €i¢0yibp¢Spwm  (5)

and is assumed to form a complete set in a space that is needed
for describing a reaction process of interest.
If one inserts Eq. (3) into the Schrodinger equation

(H - E)¥Yu@r,R)=0 (6)

and multiplies it by 431 ', from the left, after the integration over
r, the following coupled-channels equations for i/ = Rg/ are
obtained:

n? R L(L+1)
——Vi ———— +VaR) + & —E )il (R
< 2in R+2MR 2 + VeL(R) + & )MC( )
==Y Fu(R)EL(R), (7)
"

where g is the reduced mass of the deuteron-A system, E is
the total energy, and the form factor F. is defined by

Feo(R) = (e (VI [UpRy) + Un(Ry) | e (NV]N). (8)
Here, the integration is understood to be done for r and f{, and
use has been made of Eq. (5).

Equations (7) are solved under the asymptotic boundary
conditions of

(- LY )
a.(R) - H,, (KR)8LLU T SeeoH,,, [ (KiR) 9)

if K; = /2ugr(E — &;)/h is real, and
dc(R) = —SceyW_p, 14+1/2(—2iK;R) (10)

if K; is imaginary. Here, H,;:r) (H,, - ) is the outgoing (in-
coming) Coulomb wave function, W—n,, L+1/2 1s the Whittaker
function, and 7; is the Sommerfeld parameter. S., in Eq. (9)
is the scattering matrix for the transition to channel ¢ from the
incident channel ¢y = {0, 0, J}. For more detail, readers are
referred to Refs. [19-21].

III. RESULTS AND DISCUSSION
A. Model setting

We consider the deuteron scattering on a representative
BNi target at incident energies from 40 MeV to 1 GeV.
At each energy, the nucleon-target distorting potential Uy
(N = p or n) is obtained by folding the Melbourne g-matrix
interaction [34] with target density similar to the procedures
described in Ref. [35]; below it is called the microscopic
folding potential. We also use the EDAD1 parametrization of
the Dirac phenomenology [36] for Uy to see the dependence
of the result on the distorting potential. We assumed that in
the Dirac phenomenology U, is obtained in the same way as
U, but neglecting the Coulomb contribution. To investigate
the role of the short-range repulsive core, we use two pn
interactions. One is the AV4’ interaction and the other is the
one-range Gaussian potential

1’2
Von(r) = =Voexp (—a—2> (11)

with Vp = 52.10 MeV and a = 1.812 fm. The parameters are
determined so that the binding energy (2.24 MeV) and the
root-mean-square (rms) radius (2.01 fm) of the deuteron agree
with the values obtained with the AV4' interaction. In what
follows, we denote this potential as 1G-av4. In Fig. 2(a),
we show the AV4’ and 1G-av4 interactions by the solid and
dashed lines, respectively. The corresponding wave functions
of the deuteron ground state multiplied by r are shown in
Fig. 2(b).

As for the CDCC model space, pn continua with £ = 0,
2, and 4 are included, and rpax = Rmax = 60 fm. At 80 MeV,
the pn states are discretized with momentum bin size Ak of
0.05 fm™" up to kpax = 1.5 fm ™!, and Jpu = 80; at 1 GeV,
Ak =0.25 fm ™" and kipay = 3 fm ™', and Jpax = 200.
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FIG. 2. (a) AV4 (solid) and 1G-av4 (dashed) potentials. (b) Ra-
dial wave functions of deuteron multiplied by r.

B. Breakup cross section

Figure 3 shows the differential breakup cross sections at 80
MeV as a function of the pn relative momentum k calculated
with the AV4/ (thick lines) and 1G-av4 (thin lines) potentials.
As for Uy, the microscopic folding potential is used. The s-,
d-, and g-wave components are shown by the dashed, dotted,
and dash-dotted lines, respectively, and the solid lines are the
sum of them. One sees that the difference between the AV4’
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FIG. 3. Differential deuteron breakup cross sections on **Ni at
80 MeV as a function of the relative pn momentum (solid lines). The
s-, d-, and g-wave components are shown by the dashed, dotted, and
dash-dotted lines, respectively. The thick (thin) lines represent the
results calculated with the AV4’ (1G-av4) potential. The microscopic
folding potential is used as Uy.
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FIG. 4. Same as Fig. 3 but at 1 GeV.

and 1G-av4 results for each partial-wave component is less
than 2%.

One may expect that at higher incident energies we will
have more chance to directly access the short-range part.
However, as shown in Fig. 4, even at 1 GeV, the AV4’ and
1G-av4 potentials do not give an appreciable difference in the
breakup cross sections. The integrated breakup cross sections
as well as the breakdown into the partial-wave components
are shown in Table I. The results obtained with the Dirac
phenomenology for Uy are also shown. Although the values
of oy, somewhat depend on Uy, the robustness of oy, against
the change in V), is found for each Uy.

Thus, it is found that the short-range repulsive core of
the AV4’ potential little affects the deuteron breakup cross
sections on *®Ni at 80 MeV and 1 GeV. We have confirmed
the same feature also at 40 and 200 MeV (not shown). Fur-
thermore, the negligible difference between the results with
the two V), is found to be robust against the change in Uy.

C. Peripherality of deuteron breakup process

As seen from Fig. 2, the short-range repulsive core in the
AV4 potential modifies the inner region of the deuteron wave
function. On the other hand, the breakup cross sections are
found to be insensitive to the difference in V,,,. A possible in-
dication of these findings is that the deuteron breakup process
cannot probe the inner region of the deuteron, i.e., the reaction
is peripheral with respect to the pn relative distance r.

To investigate the peripherality of the deuteron breakup,
we follow the idea of the asymptotic normalization coefficient
(ANC) method [37,38]. Even when the channel-couplings are
taken into account, as in CDCC, the ANC can be deduced
from an analysis of a peripheral reaction; for the details,
readers are referred to Ref. [39]. We note here that our aim
in this study is to investigate the peripherality of the deuteron
breakup process and not to determine the value of the ANC of
the pn system.
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TABLE L. Total breakup cross section and its breakdown into partial-wave components for the deuteron on ¥Ni at 80 MeV and 1 GeV.

Energy Uy Von Total (mb) s-wave (mb) d-wave (mb) g-wave (mb)
80 MeV microscopic AV4 106.7 27.3 584 21.0
1G-av4 105.3 27.0 57.5 20.7
Dirac AV4 136.8 353 73.2 28.2
1G-av4 136.8 353 73.2 28.3
1 GeV microscopic AV4 34.6 9.6 232 1.9
1G-av4 34.7 9.6 232 1.9
Dirac AV4 40.8 10.5 27.9 24
1G-av4 40.9 10.6 27.9 24

In the asymptotic region, i.e., beyond the range ry of V,,,
the deuteron wave function becomes

o(r) =255 bexp(—«kr), (12)

where k = 2upn&/ 1*)'/2 with M pn being the pn reduced mass
and ¢ the deuteron binding energy. b is the ANC if a realistic
¢ is used. In the present investigation, however, b is regarded
to be just a constant. If the deuteron breakup is peripheral,
the breakup cross section oy, is shown to be proportional to
b? [39]. Then, if we change V,,, b and oy, vary accordingly.
Nevertheless, the proportionality factor

f =ow/b (13)

does not change because of the peripherality. Therefore, f can
be used as a measure of the peripherality.

We prepare six one-range Gaussian potentials which gen-
erate deuteron wave functions with rms radii ranging from
1.7 to 2.2 fm. Their depth and range parameters are shown
in Table II. Figure 5 represents the resulting deuteron wave
function divided by b; b is extracted at 6 fm.

Figure 6 shows f, normalized to the value at ryys = 1.7
fm, for each partial-wave component of the breakup cross
section on *Ni at 80 MeV; the microscopic folding potential
is adopted. For the d- and g-wave breakup, f is almost
constant, which indicates the peripherality of the reaction. On
the other hand, f for the s-wave breakup strongly depends
on ryys. This means that the s-wave deuteron breakup is not
peripheral. In Fig. 7 we show the result at 1 GeV. The general
feature is the same as at 80 MeV but the r,,s dependence of
the s-wave breakup is slightly weaker. It is found that this

TABLE II. One-range Gaussian potentials prepared for the pe-
ripherality study. Parameters of 1G-av4 are also listed. V; is deter-
mined to reproduce the binding energy calculated with the AV4/
potential.

Name Vo (MeV) a (fm) Fems (fm)
1G-a 280.23 0.687 1.70
1G-b 131.42 1.047 1.80
1G-¢c 79.21 1.405 1.90
1G-d 54.35 1.765 2.00
1G-av4 52.10 1.812 2.01
1G-e 40.46 2.126 2.10
1G-f 31.76 2.492 2.20

weakening is due to less importance of the multistep breakup
processes at 1 GeV. In other words, at 80 MeV, multistep
processes enhance the contribution from the inner part of the
deuteron. The same trend is confirmed when we use the Dirac
phenomenology for Uy.

Thus, the negligible difference between the breakup cross
sections with the AV4’ and 1G-av4 interactions shown in
Figs. 3 and 4 can be understood by the peripherality of the
reaction, except for the s-wave breakup. On the other hand, the
s-wave breakup is found to be not peripheral, which appears
to contradict the finding shown in Figs. 3 and 4. A possible
way of understanding the phenomenon will be that the whole
spatial region of the deuteron is probed and the difference
between the deuteron wave functions with the AV4’ and 1G-
av4 interactions is smeared. As shown in Fig. 2, the solid line
is larger than the dashed line between 1 and 2 fm, whereas the
former is smaller than the latter at » < 1 fm. This may indicate
that if a breakup process that selectively probes r larger than 1
fm was found, it could be a probe of the short-range repulsive
core of V.

IV. CONCLUSION

We have investigated the effect of the short-range repulsive
core of the pn interaction on the deuteron breakup cross

I I I I
\ 1G-a (s = 1.7 fm) ——
\ 1G-b (typs = 1.8 fm) ———-
1G-c (tys = 1.9 fm) -
1G-d (tpps = 2.0 fm)
1G-e (1 = 2.1 fm)
1G-f (s = 2.2 fm) ——~ |
exp(-xr) ——

u(r)/b

r (fm)

FIG. 5. Deuteron wave functions normalized to the exponential
function at 6 fm.
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FIG. 6. f for each partial-wave component of the breakup cross
section on ®Ni at 80 MeV. The horizontal axis is the rms radii of
the deuteron adopted. The values of f are normalized to the value at
rms = 1.7 fm. The microscopic folding potential is used as Uy .

sections on *Ni at incident energies from 40 MeV to 1
GeV. While the deuteron wave function is affected by the
repulsive core at the pn distance r less than 2 fm, the deuteron
breakup cross section changes very little. This insensitivity is
found to be due to the peripherality of the reaction process
concerning r except for the s-wave breakup. The s-wave
breakup is found to be nonperipheral. The insensitivity of

1.1

09

0.7 -

0.6 Fs-wave —+— i
| d-wave <
g-wave

0.5
1.7 18 19 2 21 22

Iy (fm)
FIG. 7. Same as Fig. 6 but at 1 GeV.

the s-wave breakup cross section to the short-range repulsive
core may suggest that this reaction probes the whole spatial
region of the deuteron. The exact extent and mechanism of the
nonperipheral characteristic of the s-wave breakup will need
further investigation.
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