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Abstract

The total and 90° differential cross sections for the photoproton reactions O(vy,p)!°N
leading to the ground and third excited states of >N are calculated for photon energies up to 120
MeV within the continuum random phase approximation (CRPA) approach taking into account
particle-hole correlations and the spreading (damping) effects as well as the continuum state
boundary condition. In solving the continuum response function, a correlated source function
which makes the numerical calculation possible is used. The structures of the theoretical cross
sections are in good agreement with the corresponding experimental data.

I Introduction

The photon is an ideal probe of a nuclear structure as the electromagnetic interaction is
well understood and weak so that the nucleus is only mildly perturbed. Thus in principle pre-
cise structure information may be extracted from photonuclear reaction data. The low energy
photoabsorption is an ideal tool to study the isovector giant dipole resonance (GDR) since it
selectively excites AT=1 and AL=1 excitations [1]. The intermediate energy photonuclear re-
actions are known to probe short-range interactions not only from nucleon-nucleon correlations
but also from exchange currents [2, 3].

The giant resonance (GR) of nuclei has always been of central interest in photonuclear reac-
tion studies. The random phase approximation (RPA) theory [4-8] works well in reproducing
the position and the strength of the GR of low multipolarity. A nucleus is excited primarily
through particle-hole (ph) excitations in an external field, say, hadron or electron inelastic scat-
tering. The interaction between particles and holes produces correlations between the ph pairs,
which play an important role in determining the characteristics of the energy spectrum [9].
The GR states are described as highly correlated superpositions of single ph excitations out of
a closed shell. However, the RPA calculations are not able to predict the widths of the states



because the states are treated as discrete ones even in the continuum and because the particle
damping effect is overlooked.

In recent years, a method to calculate the nuclear response in the continuum by an ex-
ternal field has been proposed [10]. In this method the strength function is calculated within
the continuum random phase approximation (CRPA) taking into account ph correlations and
the spreading (damping) effects as well as the continuum boundary condition. A correlated
source function is introduced to take care of continuum states. The iterative Lanczos method
is adopted for solving large-scale inhomogeneous coupled-channels (CC) integral equations for
excited particles. The spreading (damping) effects are considered by introducing a complex op-
tical potential for the excited particles. This method includes both reaction part and structure
part simultaneously, while most of the former methods [4,9] describe both parts separately.
This theory has been quite successful in explaining GR’s induced by hadron inelastic scatter-
ing [11-13] or electron inelastic scattering [14] and in describing A-excitations in nuclei [15, 16].

A lot of experimental [17-23] and theoretical [4, 5, 8, 24-27] works for the *0O photonucleon
reactions leading to ground states of N and 'O, that is, *0(vy,p,)!*N and 60(y,n,)'?0
have been reported. However, few works for the photonucleon reactions leading to the excited
states have been reported.

An early experiment for the photoproton reaction 80(vy, p3)!°N*(6.324 MeV) leading to
the third excited state with 3/2~ in °N has been done by Morrison [28] in the GDR region.
Later, an experiment for the reaction over the wide energy range from the threshold up to 120
MeV has been performed by Khodjachikh et al. [29] using a technique of a diffusion chamber
in a magnetic field. In the experimental cross section, besides the GDR peak at E,= 22 MeV
another resonance peak was observed at E,= 35 MeV making a deep minimum at 29 MeV.

The calculations of the total and 90° differential cross sections for the reaction 0 (y, p3)!SN*
have been carried out by Buck and Hill (BH) [24] based on the Tamm-Dancoff approximation
(TDA) involving the calculations of the continuum state. The calculations were performed in
the GDR region only and the numerical results were concerned only with the component of
complete wave function which has J”™ = 17. Therefore, it was not fully understood how the
3/2~ state of "N is formed via the photoproton reaction. And up to the present time no
comparable experiments and theories of the photoproton reaction have been reported.

The present research aims for a theoretical description of photoproton reactions involving
16() leading to the ground and third excited states of 1N by using the CRPA approach in the
photon energies up to 120 MeV.

IT CRPA Formalism for Photonuclear Reactions

The total photoabsorption cross section due to the electric A-pole in the A(vy,p)B reaction
may be given as [12, 13]
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where £, is the wave number of the absorbed photons. If the target is assumed to be a spherical
nucleus, then the strength function Sy can be written as [10]
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Here, y, is the spin-angle wave function for particle p while ¢; denotes the hole wave function
of h which is the time reversal state of the hole h. The symbol ( || ) in Eq. (3) indicates that
the integrals are carried out only over the spin-angle variables. G in Eq. (2) is the ph Green’s
function of the target system,

1
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where the excitation energy, F, of the system is positive for the forward amplitude and negative
for the backward amplitude in the RPA. H}, is the Hamiltonian for the hole nucleus, and H,
is the Hamiltonian for the excited particle p containing a complex optical potential U,. Vpy, is
the effective ph interaction which is responsible for the ph correlations.

To obtain the G|ppp, ) in Eq. (2) App, is defined by

[Aph ) = lpph ) + VprGolApn ) (5)

where A, is the so-called correlated source function and is localized only in the nuclear region
even for continuum states. G, is the free Green’s function without the effective ph interaction
Vph- The inhomogeneous CC integral equation of Eq. (5) is the basic equation to solve. For
solving Eq. (5), we adopt the iterative Lanczos method [30], which has been extensively used
in the past for large shell-model calculations.

The strength function, S, then becomes
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S\ may be decomposed into two components, Si and S;: Si’ describes the contribution from
the damping (spreading) process, i.e., the particle absorption due to W), in U, while Sl is due
to direct knockout by photoabsorption. Following the technique used to derive the knockout-
fusion cross-section formula [31], Si can be written as

S5 = — ( GoApn|Wy|GoApy ) - (7)

The Si may then be obtained by
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where the knockout cross section can be calculated by
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Xp being the distorted wave function of the knocked-out particle p against the residual nucleus
B.

The photoabsorption cross section is then
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and the angular distribution of the photoabsorption cross section is
dox(v,p) _ (2m)*(A+1) 9y dop (1)
ds, A+ D)2 dE,dQ,

IIT Application

The CRPA method is applied to the GR states in 0 induced by photoproton reactions
180 (v,p)!®N leading to the ground and third excited states. Consider the photoproton reac-
tion processes. Initially, '®0O is in the ground state whose shell structure is assumed to be
(1s 1 )2(1pg)4(1p 1 )% for both protons and neutrons. However, with an absorbing of photons, a
proton in the 1pz or 1p 1 state is promoted to an excited state, leaving a hole in the 1p% or
1p1 state for the reactions leading to the ground and third excited states, respectively, thus
ma2king a ph configuration. The excited particle may be in the bound state as in 1d 5 and 2s 1
or above the particle threshold as in continuum states 1ds, 1fz, 2ps, 1fs, 2p1, etc. ph con-
figurations which correspond to particular transitions lead%l)ng t(z; the 2g1r0u121d an2d third excited
states are denoted as arrow in Fig. 1 and Fig. 2, respectively. The GR states are explained as
superpositions of such ph configurations.

For the hole Hamiltonian, Hp, in Eq. (4), a local potential of the Woods-Saxon form is
assumed. The radius parameter and the diffuseness parameter for the nucleus are taken to be
1.25 fm and 0.53 fm, respectively, in all cases, which are the same as ones of BH [24]. However,
the depths for the real and the spin-orbit potentials are chosen to be —58.2 MeV and —9.89
MeV, respectively, for all single particles in 60, thus satisfying the orthogonality condition.
(In the calculation of BH, the different potential parameters are used for each single particle
in 160.) The calculated single-particle energy level scheme for the 60 is shown in Fig. 1 and
Fig. 2 with the ph configurations.

The potentials for the excited particles are taken to be the usual optical potentials: a
real potential with a Woods-Saxon shape, an imaginary absorption potential peaked near the
nuclear surface, a spin-orbit potential, and a Coulomb potential given by
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Figure 1: Calculated single proton energy levels in 0. Each arrow denotes a ph configuration
for the corresponding transition leading to the 3/2~ excited state of 1°N.
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Figure 2: Calculated single proton energy levels in '°0. Each arrow denotes a ph configuration
for the corresponding transition leading to the ground state of '°N.
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Figure 3: The theoretical cross sections of the photoproton reaction '60(y, p3)1°N*(6.324 MeV)
leading to the 3/2 excited states of 5N compared with the calculated result by Buck and
Hill [21] and the experimental data [26].

with
r—R;

a;

= , Ri=ri(A—1)3 (i = v,w,s0) (13)

for a target nucleus of mass number A and C(r) is the Coulomb potential. The diffuseness
parameter a; and radius parameter r; are taken to be 0.53 fm and 1.25 fm, respectively, in all
cases, which are used by BH. For the potential depths, V=-—76.0 MeV, W=-0.74 MeV, and
Vio=—9.8 are chosen.

If §-function [32] is assumed, the residual interaction Vpy(rq,r2) may be given as [12,13]

Von(r1,r2) = Vpd(ry —ra)la + bF;], (14)

where P, is the spin exchange operator and a +b = 1. V}, is an interaction strength parameter
taken to be —375.5 MeV-fm?, and [a + bP, = 0.7+0.3P,] is the exchange mixture, which is the
zero-range version of the interaction used by BH [24].

First, the calculation of the total cross section for the reaction %O(y,p3)!®N* leading to
the third excited state of N is performed within the CRPA approach in the energy region
0 < E, <120 MeV. In Fig. 3, the calculated result for the reaction is compared with the
experimental data of Khodjachikh et al. [29] and the calculated result by BH. Our theoretical
result shows two main resonance peaks whose positions and strengths are in good agreement
with the experimental results.



8 T T T T T
a *h OpyN

Present ——
q . 1 -

+ [ IR
5 P, :
Khodjachikh et al. [29]

Cross section (mb)
D

15

Figure 4: Enlarged plot of the theoretical and experimental [29] cross sections for the
180 (7, p3)®N*(6.324 MeV) reaction. Also shown are the partial wave decompositions of the
cross section for each J”.
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Figure 5: Comparison of theory and experiment [28] for the 90° differential cross section of the
photoproton reaction *O(vy,p)'°N* leading to the third excited state with 3/2~ of !N. The
calculated result by Buck and Hill [24] is also shown to be compared with out result.
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Figure 6: The theoretical cross sections of the photoproton reaction *0(vy,p,)'°N leading to

the ground state of ®N compared with the experimental data [17,20,22,23]. Also shown are

the partial wave decompositions of the cross section for each J7".
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Figure 7: Comparison of theory and experiments [20,23,28] for the 90° differential cross section
of the photoproton reaction *O(vy, p,)!°N leading to the ground state with 1/2~ of 1°N. Also
shown are the partial wave decompositions of the cross section for each J”.



Enlarged plots of the ®0(y, p3)!>N* reaction cross sections in the energy region 15 <
E, <45 MeV are shown in Fig. 4 involving the partial cross sections for each total angular
momentum and parity state J. The contributions from the 17, 27, and 0~ transitions which
have negative parities are dominant over the region, while the contributions from the 17, 27T,
3T, and 3 are small and negligible. The first resonance peak originates mainly from the
contribution of 1~ transition, while for the second resonance peak, not only 1~ but also 2~
and 0~ transitions contribute to the cross section. The narrowness of the calculated widths
compared with the experimental one [29] can be understood as the experimental 3/2~ excited
state production cross section was simply obtained by subtracting the known ground state pro-
duction cross section and the derived 1/2" excited state production cross section from the total
reaction cross section only. Khodjachikh et al. [29] also have mentioned that a deep minimum
at 29 MeV in their experiment might be due to the bad resolution.

In Fig. 5, the calculated differential cross section at 90° for the reaction °O(vy, p3)!N* is
compared with the corresponding experimental data of Morrison [28]. We find a reasonable
agreement both in shape and in magnitude in the GDR region. The partial cross sections for
each J™ are also shown. An aspect of the contributions from the J’s is the same as for the cross
section shown in Fig. 4. It is confirmed that the 1~ transition is dominant process for the first
resonance peak, while the second resonance peak originates from not only 1~ but also 2~ and
0~ transition. The contributions from the 17, 27, 37, and 3~ are negligible. For the energy
region above GDR region, more experiments are needed to be compared with our theoretical
result.

The calculation of the total cross section for the photoproton reaction (v, p,)!5N leading
to the ground state of °N is also performed within the CRPA approach. Figure 6 shows
the theoretical cross sections of the '60(y, p,)'®N reaction compared with the experimental
data [17,20,22,23]. Also shown are the partial wave decompositions of the cross section for
each J™ leading to the ground state. It is presented that the 1~ transition is the dominant
process for the first resonance peak, while the second resonance peak originates from not only
1~ but also 2~ transition. The contributions from the 1%, 2%, 37, 0, and 3~ are small
and negligible. For the GDR region, more experiments are needed to be compared with our
theoretical result.

In Fig. 7, the calculated differential cross section at 90° for the reaction 90(vy,p,)'°N is
compared with the experimental ones [20, 23, 28]. The partial wave decompositions of the cross
section for each J™ are also shown. It is presented that the 1~ transition is the dominant
process for the first resonance peak, while the second resonance peak originates from 1~ and
2~ transitions. The calculations for the partial cross sections from 17, 2+, 37, 0, and 3~ are
also performed. However, the contributions to the cross section are small and negligible.
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IV Conclusions

The total and 90° differential cross sections for the photoproton reactions 6Q(y,p)!®N
leading to the ground and third 3/2" excited states are calculated for photon energies up to
120 MeV using the CRPA approach taking into account ph correlations and the spreading
(damping) effect as well as the continuum state boundary condition. In this calculation, the
continuum response functions are reasonably solved by introducing the correlated source func-
tion and not only 1~ but also higher order of transitions are involved. It is shown that for
the reaction %O(7,p3)!°N the first resonance peak is from the contribution of 1~ transition
and the second one is from not only 1~ but also 2~ and 0~ transitions, while for the reaction
160(y,po)'°N the first and second resonance peaks are from the contribution of 1~ transi-
tion and from 1~ and 2~ transitions, respectively. The CRPA theory gives results in overall
agreement with the experimental data for the photoproton reactions '60(y, p)'® leading to the
ground and third excited states. Therefore, it is concluded that the photoproton reactions for
the system 160 in the energy region 0 <E,<120MeV can be explained as a collective process
dominated by 1p — 1h states.
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