Photodisintegration cross section of deuteron
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The peak produced by the M1 and E1 transition strengths for the photodisintegration cross
section of deuteron is calculated in the complex scaling method and the origin of the peak
of the M1 strength near threshold energy is discussed.
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INTRODUCTION

A virtual-state character on light nuclei including
halo nuclei has been studied using different
theoretical methods, namely, the analytical
continuation method [1] and the Jost
function method [2] and the microscopic cluster
model [3].

A virtual state plays an important role in reaction
cross sections just above the breakup threshold
energy, such as producing the peak behavior.
However, the virtual state cannot be directly
obtained as an isolated pole solution in the complex
scaling method (CSM) [4-5] because of a limit of
the scaling angle in the CSM. In 2017, we proposed
a useful approach to find the pole position of the
virtual state calculating the continuum level density
(CLD), the scattering phase shift, and scattering
length calculated in the CSM [6].

In the next step, we applied the CSM to the two-
body ©®Be+n model and we observed the
photodisintegration cross section for the 1/2* state in
°Be has a peculiar enhancement near the ®Be+n
threshold energy. The origin of the peak is
investigated in relation to the virtual state of °Be in
the CSM. We showed that the real part of the matrix
element and the imaginary part of the level density
are dominant for the contributions of the
components of the E1 strength function [7].

The purpose of this work is to calculate the
photodisintegration cross section just above the
threshold energy of the virtual state using a neutron-
proton model which simulates the deuteron.
Experiments on the scattering of neutrons by ortho
and para-hydrogen have led to the conclusion that
the 1S, state is a virtual state having a negative
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binding energy [8]. We investigate the M1 transition
strength of the photodisintegration cross section of
neutron-proton system.

THEORETICAL FRAMEWORK

Two-body model in the complex scaling method
We solve the Schrodinger equation applying the
CSM

HOWr(0) = ESW/(6) (1)

where, ] is the total spin and v is the state index. The
complex-scaled Hamiltonian and wave function are
given as H® =U(0)AU(B)™ and W (6) =
u(e) ]‘%, respectively (see Refs. [5, 9] for detail).
The complex scaling operator U(6) transforms the
relative coordinate r as

U(8):r - rexp(if) 2

where, 6 is the scaling angle being a positive real
number.

Hamiltonian Hconsists of the relative kinetic energy
2
T = —;’—#vﬁ, where u is the reduced mass, and

potential V (r) for relative motion:
~ 2 2
H = —ZVT + V(T) (3)

As L? —basis functions, we employ Gaussian basis
functions, and then the radial wave function is
expressed as

N_1ch" (@)t (1) 4)

where, {¢} ()} is the Gaussian basis function set.

Yy (0) =

The expansion coefficients cf:"’ (@) and the complex
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energy eigenvalues E¢ are obtained by solving the
complex scaled eigenvalue problem given in Eq. (1).

Photodisintegration cross section

Using the complex-scaled Green's function, we
calculate the cross section of the photodisintegration
of yD — n+p in terms of the electromagnetic
multipole responses. In the present calculation, we
focus on the low-lying region of the
photodisintegration cross section and take into
account the electromagnetic dipole responses.

The photodisintegration cross section a7 is given by
the sum of those by the E1 and M1 transitions as

JV(EV) = UEl(EV) + UMl(E)/)' (®)

where, E, is the incident energy of photon.

The cross sections for the electromagnetic dipole
transitions oy, are expressed as the following
form:

1673
ogm(Ey) = 9

()

Using the CSM and the complex-scaled Green’s
function, the electromagnetic dipole transition
strength is calculated as

dB(EM1,E ) 1 1

dE, 2] + 1
x Im i(%(aﬁ(@ HQ)

v

_1E3(‘TJ}’(H)|09(EM1)|‘P](0))] (7)

where ] represents the total spin. E = E, — Ey,
andE;, = 2.23 MeV is the deuteron binding energy,

and OY(EM1) is an electromagnetic dipole
transition operator.

Continuum Level Density
We can write Eq. (7) as

dB(EM1E,) 1

dEy - 2J+1 Im Z\’{MEPV(E)} (8)

where matrix element M2
M3 = (722@)|(0)" Emv)|wy (0)
x (@,V (9)|0(EM1)|qJ]Zj(9)> ©)

and level density p, (E)

1
pv(E) - _;E E9

(10)
It is noted that M2 and p,, are complex numbers and
do not directly correspond to physical quantities.

The level density of states p) (E) for the basis
number N is expressed as

pg (E) = %38, 8(E — Ep) —= ImzR s

[
_%Im Z:iVB NRE—slk(G) (11)
The complex energies of resonant states are
obtained as E, = EZ®S —il./2, when tan™1(T,/
2ET®) < 26 and thus each resonance term has the
Breit-Wigner form
1 -Ty/2

E-Er  (E—ER)%+T%/4

Im (12)
For the continuum part, discretized continuum states

are obtained on the 260 line in the complex energy
Im

Re = tan26 .
€k

Therefore, the continuum term in the level density
can be expressed in terms of a Lozentzian function
whose form is similar to the Breit-Wigner form:

plane, () = eRe — iel™ | where

m—l = —elm
- 2 2
E-ex(0)  (E-eRe) +elm

(13)

Using the Breit-Wigner form and a Lorentzian
function, we can write the level density in the basis
function method as

pd (E) = X532, 8(E — Ep)
T,/2
ZR 1(E-ER)2+T%/4
1 N-Ng-N§ eim
+-Im%,_, (e e (14)

Solving the eigenvalue problem, we obtain energies
Ef and wave functions ¥/(8)for v = 1,2, ,N

The energies of complex numbers in the CSM are
generally classified to three groups; bound state
energies (Eg:realand < 0) , resonant state
energies (Egz) and continuum state energies
(£x(6)). Here, it is worthwhile to note that Ezand
Eg are independent from 6 while 6 -dependent
£, (0) are obtained along the 26 line in the complex
energy plane. Using the energy solutions (EZ, EJ,)
of the Hamiltonian A and the free-Hamiltonian #¢
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without potential terms, we can construct the
continuum level density (CLD) AE [10-12]

AE = pyl (E) = pjey (E) (15)

RESULTS AND DISCUSSIONS

Deuteron photodisintegration cross section

We approximate the ground state of deuteron by the
33, configuration and the virtual state is described by
the 1Sy state. For the potential we use the Hasegawa-
Nagata (HN) force (No.2) [13-14] which is
expressed by the three-range Gaussian form. The
ground state of deuteron can be expressed by a
dominant configuration of the triplet-S wave (3S:)
when the tensor force is neglected. The tensor force
brings a coupled channel equation of 3S;+3D;, and
its result indicates a ~4 % mixing of the 3D;
configuration.

For the final state of the magnetic dipole transition,
we consider S, state. Therefore, we solve Eq. (1) for
the ground state of deuteron using the following
neutron-proton potential of the HN No.2 for the 3S;
state in Eq.(3)

V35(r) = —Voexp(—ar?) — Viexp(—pr?)
+V,exp(=yr?) (16)
and for the final (XSo virtual) state
Vis(r) = —Voexp(—ar?) — Viexp(—fr?)
+V,exp(—yr?) (17)

Table 1 Potential parameters of the 3S; and Sy states.

Potential 35, 1S,
parameters, ground state virtual state
units
Vo [MeV] 6.0 5.0
V; [MeV] 546.0 360.0
V, [MeV] 1655.0 1144.6
a [fm?] 0.16 0.16
B [fm?] 1.127 1.127
y [fm?] 3.4 3.4

Near the threshold with E,, < 10 MeV, the deuteron
photodisintegration y + D — n + p is dominated
by the M1 transition D —!Sy and the E1 transition
D —>381.

These M1 and E1 transition strengths are

dB(MLE,) 1 1
T dE, w2+l
x Im [ (¥,0)|(0 /()
X — 59 (P (6)]|0° (MD)|¥;(6))] (17)

and

dB(ELE,) 1 1
dE,  m2J+1

x Im [z (%,0)|(09)" &L |wy @)

T O©0°ED©)] 18

In Fig. 1, the calculated yD —np
photodisintegration cross section is shown in
comparison with experimental data. The calculated
results well reproduce the experimental data of the
energy distribution of the cross section as shown in
Fig. 1 and the experimental data are taken from Refs.
[15-16]. Contributions of the M1 and E1 transition
strengths are shown by the solid- and open-curves,
respectively. The experimental data on the E1 and
M1 are taken from Refs. [15] (open diamonds) and
[16] (filled triangles).
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Figure 1. The photodisintegration cross section of
deuteron as a function of the energy. Contributions of the
Eland M1 transitions are given by open and solid
curves, respectively. The experimental data are taken
from Refs. [15] for E1 and [16] for M1.

We can see a specific energy distribution of the
photodisintegration cross section due to the M1
transition calculated with three range Gaussian
potential (HN No.2). In our calculation of the two-
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body model, there is no parameter to determine the
structure of the excited states. However, the
calculated photodisintegration cross section, which
includes all kinds of contributions of the final states,
well explains its observed shape. Therefore, it is
very interesting to investigate the origin of the peak
form of the cross section.

CONCLUSION

The E1 and M1 transitions for  the
photodisintegration cross section of deuteron is
calculated by applying three range Gaussian
potential (HN No.2). The calculated results agree
well with the observed values.
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