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Abstract. Photonuclear reaction in the quasi-deuteron regime has been investigated in an extended Quan-
tum Molecular Dynamics model at a photon energy of 70–120MeV. Particularly, the reaction channel of
16O(γ, np)14N is focused where 16O is considered as having different α-clustering configurations as well
as regular spherical structure. Because of three-body decay from the above photonuclear reaction, we can
investigate many observables including the recoil momentum, missing energy, pair momentum/energy and
opening angle of ejected neutron and proton, hyper-angle and hyper-radius distributions, etc. These quan-
titative results demonstrate an obvious difference among different initial configurations of 16O, which can
be attributed to the spatial-momentum correlation of a neutron-proton pair inside the nucleus. The results
illustrate that photonuclear reaction is a good tool to explore different α-clustering structures.

1 Introduction

With the development of the photon beam technique in
the nuclear physics community, high-quality and polarised
mono-chromatic photons are available, and therefore pho-
tonuclear reaction is attracting more attention nowa-
days [1–8]. Photonuclear interaction is considered as an
important process and a clean probe for the understand-
ing of the nuclear structure and the fundamental dynamics
of the nucleon system. As an incident beam, the photon
is an elementary and non-hadronic probe and therefore
allows in principle to obtain clean information about in-
ternal structure and correlation. In the past decades, the
giant dipole resonance (GDR) at a photon energy of 15–
40MeV has been mainly focused [9–12], where there ex-
ists a collective dipole oscillation between neutrons and
protons. As the photon energy approximately reaches up
to 140 MeV beyond GDR energy, the wavelength of pho-
tons is typically smaller than the size of nucleus but is
close to the size of deuteron. In this particular energy re-
gion, the quasi-deuteron absorption mechanism has been
introduced [13], where the photon absorption by a pair
of proton and neutron within the nucleus is dominated.
Consequently, information of the nucleon-nucleon correla-
tion [14] in nucleus could be learned by this process.
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On the other hand, as a target nucleus in the photon-
induced reaction, we can choose some special nuclei, for
instance α-conjugate light nuclei, such as 16O. Many stud-
ies have pointed out that α-clustering state plays one of
the fundamental roles in nuclear physic and nuclear as-
trophysics, which is crucial for the process of nuclear-
synthesis and the abundance of elements [15–24]. For α-
clustering light nuclei, in particular for nuclei with Z ≤ 16,
where the mean filed effect is not strong enough to break
cluster formation at low temperatures, it is typically ob-
served at excited states of those nuclei and also in the
ground states for nuclei far from the β stability line, where
nuclei could behave like molecules composed of nucleonic
clusters. In past decades, the topic has been a focus of
current nuclear physics [16–18, 25]. Near the threshold of
decay into the subunit, nuclei can be assumed to change
into the molecule-like structures [15]. Due to high stability
of the α particle, the 2n-2p correlation plays a critical role
in α-clustering of light nuclei. Recent progress based on ab
initio methods demonstrated that α-α interaction is also
a key issue for α-clustering and a first-order transition at
zero temperature from a Bose-condensed gas of α particles
to a nuclear liquid is discovered [26,27]. If one wants more
detailed overviews in the field of α-clustering, the Clus-
ters in Nuclei Series of Lecture Notes in Physics will be
very helpful (Clusters in Nuclei, Vols. 1,2,3, Lect. Notes
Phys. 818 (Springer-Verlag, Berlin, Heidelberg, 2010),
848 (Springer-Verlag, Berlin, Heidelberg, 2012), and 875
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(Springer-Verlag, Berlin, Heidelberg, 2014) edited by C.
Beck).

16O is an extensively investigated α-clustering nucleus
and its different configurations have been discussed. For
instance, the linear chain configuration of 4-α clusters in
16O was investigated using a Skyrme cranked Hartree-
Fock method [28] or with the use of Brink wave func-
tions [29], while the sixteen nucleons could be arranged in
a tetrahedral 4-α clusters in a ground state by using chi-
ral nuclear effective field theory [30], which is consistent
with the result of Bijker and Iachello by using an alge-
braic model to describe the full dynamics of four-body
clusters [31].

Properties of the α-clustering nuclei are very rich be-
cause of their different configurations and shapes [30,
32–36]. Around the GDR region, the photon spectra
could display corresponding characteristic structure which
stems from different geometrical configurations of 12C and
16O [37–39]. At Fermi energies, the collective flows show
significant difference between different α-clustering nu-
clear collisions, such as 12C+12C as well as 16O+16O colli-
sions [40]. Therefore, it is natural to select an α-clustering
nucleus as a target nucleus for our photonuclear reaction
studies in this work.

Photonuclear reactions of 12C with different α-
clustering structure are investigated by our recent
work [41]. Some properties of ejected neutron and proton
are found to be sensitive to different α-clustering struc-
ture. However, the 12C nucleus has only two different
α-clustering structures, namely triangle and chain with
3-α clusters. For more complex α-clustering structures,
the properties should be carefully checked. In this work,
we present the results of 16O with different α-clustering
structure as well as spherical structure in incident energy
of photons around 100MeV. Using quasi-deuteron mech-
anism, we calculate the photon absorption of 16O, and
demonstrate the difference among various configurations.

The paper is organisied as follows: in sect. 2, a brief
introduction to the method of our calculation. In sect. 3,
results and discussion are presented. Finally, a summary
is given in sect. 4.

2 Methodologies

Based on an extended quantum molecular dynamics model
(EQMD) [42], which can describe α-cluster structure
well [37, 39, 43], the photonuclear reaction channel is in-
troduced in our recent work [41]. In the considered en-
ergy region of photons at about 70–120MeV, the photo-
absorption mechanism is treated by the quasi-deuteron
approximation which has two steps in the whole process.
The first step is the photo-absorption process. If a regu-
lar spherical 16O structure without α-clusters is used, we
select a neutron-proton pair in which one of the nucle-
ons is chosen randomly in the nucleus and another one
which has an opposite isospin and which is the nearest
to the chosen one in the rest of the nucleus is picked. If
α-clustering structure is involved, we consider that pho-
ton is absorbed by a proton-neutron pair inside one α-
cluster of α-conjugate nucleus which is taken from the

cooling process of EQMD. In total, five configurations of
16O are taken into account, namely chain, kite, square,
tetrahedron 4-α clustering structures as well as spherical
structure without α-clusters. Figure 1 displays schematic
pictures of the above five structures. Those five struc-
tures given in the EQMD frame may not all exist; espe-
cially for the linear chain, recent experiments failed to find
the evidence of linear chain structure in 12C(4He,8 Be)8Be
reaction channel [44]. Calculations based on other mod-
els, such as antisymmetrized molecular dynamics model
(AMD), Hartree-Fock-Bogoliubov approach (HFB), and
Energy-Density Functional (EDF), give close results. If
the wave function is antisymmetrized, the AMD model
can describe other cluster structures around a different
Ikeda threshold, like 12C + α structure of 16O [23]. HFB
method is not limited by the Gauss wave packet, which is
the advantage over EQMD and AMD models. So the HFB
method can give more accurate calculations of α-cluster
gas state [28,32]. The mechanism of cluster formation has
not yet been fully understood, the EDF method is a pow-
erful tool to research how the cluster structure formed
with different nuclear potential [21]. In the second step,
the nucleus gets excited after the absorption process and
will go into transport process to final state (the details
can be found in ref. [41]).

The quasi-deuteron mechanism that was first intro-
duced by Levinger [45] which was a phenomenological
model, considers the reminder of the nucleons as spectator
besides the correlated proton-neutron pair, with the form

σQD =
L

A
NZσd(Eγ). (1)

The factor L is the Levinger’s factor that indicates the
difference in density between the real deuteron and the
nucleus. In previous studies a lot of experimental work
for tagged photons has been measured, especially for the
light nuclei. For examples, Doran et al. have measured
the (γ,4 He) [46] and McGeorge et al. have presented the
12C(γ, 2N) and 16O(γ, 2N) measurements [47]. The QD
cross section is proportional to the free deuteron photo-
disintegration cross section. The photo-disintegration
of nucleus was studied theoretically using the quasi-
deuteron model by Levinger [45] and later by Futami and
Miyazima [48,49].

Before we proceed with the photon absorption pro-
cess, a reasonable initial phase space of target nuclei
should be well prepared. Because the EQMD introduces
the Pauli potential, the system can reach the low-energy
state and obtain the shape of clustering randomly by
adding the damping term of cooling. From the results
of EQMD model, we obtain 16O with four possible α-
clustering structures as shown in fig. 1 for the following
process of photon absorption. In the figure, the spherical
16O structure is also plotted and it is used to compare the
results of α-clustering cases. The binding energies among
different cluster configurations are slightly different from
each other and less than the ground state obtained from
the EQMD model [43].

In the first step of QD effect we only consider the
2H(γ,np) process in which photon absorption occurs by
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Fig. 1. Schematic plots for five different configurations of 16O. (a) Chain 4-α structure; (b) kite 4-α structure; (c) square 4-α
structure; (d) tetrahedron 4-α structure; (e) spherical structure without any α-clusters.

a proton-neutron pair in the nucleus. Considering that
the cross section of 2H(γ,np) is very small in compari-
son with the size of an α cluster in light nuclei, and the
interaction between the α clusters is extremely weak rel-
ative to nucleons within the same cluster, therefore the
process of photon absorption occurs: the photons are ab-
sorbed by one of the α-clusters in the light nuclei in the
initial process, which is similar to the process of (γ,4 He);
then we assume the rest of nucleons in this cluster and
the reminder of clusters in nucleus as the spectators. In
this way, we accordingly replace this process of the photon
absorbed by a nucleon-proton pair in this α-cluster by the
reaction of 2H(γ,np). The cross section of 2H(γ,np) is re-
flected by using the angular-dependent formulas of proton
of this reaction, fitted by Rossi et al. for a photon energy
range from 20 to 440MeV in the c.m. frame (fig. 2) [50].
The usual form and the fitted phenomenological function
of the differential cross section is presented as

dσ

dΩ
=

∑

i

Ai(Eγ)Pi(cos θ), (2)

where θ is the angle between the incoming photon and
the outgoing proton in the c.m. system, Pi(cos θ) are the
Legendre polynomials, and Ai are the coefficients [50] as
follows:

Ai(Eγ) = C1ie
C2iEγ + C3ie

C4iEγ , i = 1, . . . , 4. (3)

Details can be found in ref. [50].
For each event of photonuclear reaction only one α

cluster is interacted with the photon, using the total cross
section of the 2H(γ,np) to determine which α cluster in-
teracts with the photon in each event by Monte Carlo
sampling.

After choosing one of the α-clusters by Monte Carlo
sampling according to the cross section formula of
2H(γ,np), we select a pair of the proton and neutron ran-
domly within this α cluster. The total 4-momentum for
the photon absorption in the lab frame can be written as

P Lab
tot = P Lab

γ + P Lab
QD , (4)

it can be transferred to the c.m. frame by the Lorentz
boost. The total momentum of system before absorption is

P cm
tot = L(β)P Lab

tot , (5)

where β = PLab
tot /PLab

tot (0), L(β) is the operation of the
Lorentz transformation, and P Lab

tot (0) is the total energy
of the two-body system in the c.m. frame.

In term of conservation of momentum and energy, the
4-momentum of outgoing n-p pair of 4He(γ,pn)d can be
written as follows:

Ecm
p = Ecm

n = P cm
tot (0)/2, (6)

P cm
p = −P cm

n =
√

m2 + (P cm
tot (0)/2)2, (7)
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Fig. 2. The differential cross section of protons from d(γ, p)n
(a) and integrated cross section as a function of photon energy
(b).

where m is the mass of the nucleon. The angular distri-
bution of outgoing nucleons is obtained by the differen-
tial cross section of (γ, np) using a Monte Carlo sampling
of the differential cross section of 2H(γ,p)n (see eq. (1)).
We assume that the incoming photons are randomly dis-
tributed in the xy-plane, then we choose this event when
the incoming photon was inside the region of QD to-
tal cross section. After the initial part for the process of
(γ,np) has been done, the nucleus gets excited, and the
nucleon could be emitted through final state interaction
(FSI).

By setting 4He as a target nucleus, we calculate pho-
ton absorption of 4He, which is shown in fig. 3. The upper
panel of fig. 3 depicts the differential cross section of pro-
ton from 4He(γ,np)d with photon energy range from 75 to
170MeV in the center-of-mass system which is in agree-
ment with the data measured by Gorbunov et al. [51].
As for the quasi-deuteron mechanism for 4He, the (γ,np)
is not the only channel for the FSI. The 4He(γ,np)d is
dominated in the quasi-deuteron mechanism, and the con-
tribution from photon absorption by a single nucleon to
(γ,pn)d is less than 5% [51]. The bottom panel of fig. 3
shows that the 4He(γ,np)d cross section of our calculation
in red line is in nice agreement with the data of Balestra
et al. [52], Arkatov et al. [53], and Gorbunow et al. [51].

Figure 4 shows the cross section of photonabsorption
for 16O, the red line is the calculation of the cross section
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Fig. 3. The differential cross section of protons from
4He(γ, pn)d (a) and the total cross section of 4He(γ, pn)d as a
function of photon energy (b). Lines are our calculations. The
data of Balestra et al. come from ref. [52], Arkatov et al. from
ref. [53], and Gorbunow et al. from ref. [51].
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Fig. 4. Photonuclear cross section for 16O: the red line shows
the cross section of 16O(γ, np)14N calculated in the EQMD
frame multiplied by a constant factor, the blue line is the cal-
culation results by Hebach et al. [54], the data is the total
cross section of photon absorption which is taken from the
data [55].

of 16O(γ,np)14N multiplied by a constant factor, which
is similar to Hebach’s calculation [54]. Here the quasi-
deuteron mechanism provides the main contribution for
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Fig. 5. The recoil momentum spectra of 16O with five config-
urations together with the data (histogram) [57].

the total cross section in this energy region, so the calcu-
lated cross sections of (γ,np) are very close the total cross
section data from ref. [55] and ref. [56].

3 Results and discussion

In this section, we present several observables for photo-
disintegration from different configurations of 16O. The
three-body channel, i.e. neutron, proton and a residue
(14N) is focused. In the simulations, orientations of the
α-clustering nucleus are rotated randomly for each event.
Firstly we present the recoil momentum and missing en-
ergy which can be compared with experimental data. Then
we calculate the pair momentum of proton and neutron as
well as the angular distribution between them. Also the
kinetic energy of emitted nucleons and the residue are dis-
cussed. Finally the hyper-angle of the residue relative to
the centre of mass of the neutron and proton as well as
the hyper-radius of three-body decay are presented.

3.1 Recoil momentum and missing energy

The recoil momentum and missing energy are presented to
compare with the experimental data. By using the distri-
bution of bremsstrahlung with the weight of the 1/Eγ , we
can obtain the recoil momentum precoil = pγ − pn − pp

event by event, where pγ is the momentum of incident
photon, pn and pp the momentum of emitted protons and
neutrons, respectively. Figure 5 shows the recoil momen-
tum spectra of 16O(γ,np)14N for five 16O configurations.
Note that the spherical result is normalised by the peak
of the data (histogram) and other four different configu-
ration results are normalised by the same events number
of the three-body decay channel. From fits to the data,
the spherical structure gives the best fit, which indicates
that the spheric 16O structure is close to the ground state
in comparison with all α-clustering configurations. Among
different α-clustering configurations, the square or tetra-
hedron structures give similar peak position to the data in

Fig. 6. The missing energy spectra of 16O with five different
configurations. The solid histogram represents the data [57]
and solid curve is the calculation with the spherical config-
uration. Others represent results from different α-clustering
configurations.

contrast with the linear and kite structures even though
the distributions are not wide enough as the data, and the
linear structure gives the smallest recoil momentum.

Recoil momentum gives a rather good description to
the experimental data, however, another check is on the
missing energy where the shell structure effect is possi-
bly important. Missing energy Emiss can be calculated by
Eγ − Tn − Tp − Trecoil, where Tn, Tp and Trecoil are de-
fined as the kinetic energies of neutron, proton and the
recoiled residue and Tr was obtained from the recoil mo-
mentum precoil = pγ − pn − pp. The result of missing
energy spectrum (Emiss) for 16O is depicted in fig. 6. In
the figure, the histogram represents the results of exper-
imental data over the photon energy range 80–131MeV
which have been corrected only for the neutron detection
efficiency [57]. Concerning the calculations, the spherical
16O gives a good fit to the data. However, other calcula-
tions represented by different lines displaying the results
from the different cluster configurations give very similar
peak position with a little larger value than the spher-
ical case. From both observables’ comparisons with the
data, the spherical configuration shows a relative good
description to the data. In addition, from the compar-
ison of precoil and Emiss, it indicates that precoil is a
more sensitive probe for different configurations including
α-clustering.

3.2 Pair momentum of the emitted neutron and proton

The pair momentum of ejected proton and neutron along
the px direction can also be calculated. Figure 7 displays
this momentum in the px direction for five different config-
urations of 16O at six different incident photon energies.
It is cleanly seen that the width of the pair momentum
is sensitive to configurations of 16O. The general trend
is that the width is the narrowest for the chain struc-
ture, the second narrowest for the kite structure, and the
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Fig. 7. The pair momentum of emitted proton and neutron for five configurations of 16O at six photon energies.

widest for the spherical structure. The widths of the tetra-
hedron and square structures are quite close to that of
the spherical structure. These different widths could be
explained by the secondary scattering effect for the ini-
tial ejected neutron and/or proton. For instance, the sec-
ond scattering probability shall be smaller for the chain
and kite α-clustering structure due to its geometric con-
figurations. While, for the spherical structures, the initial
ejected neutron and/or proton has higher probability to
collide with the other nucleons when it passes through
the remainder, which will certainly increase the momen-
tum width. The tetrahedron and square structures are
similar to the spheric case, therefore the pair momen-
tum is also close to each other. Furthermore, one can
also observe that the trend for all widths of the n-p pair
momentum from 16O basically remains unchanged even
though the incident photon energy is different, which im-
plies that their differences are mainly caused by geometric
effects.

3.3 Opening angles between the emitted neutron and
proton

The pair momentum of ejected neutron and proton reflects
the extent of dissipation of nucleons inside the nuclei, or
a multiple nucleonic scattering effect, and an opening an-

gle between ejected neutron and proton can also give an
additional evidence. Figure 8 presents the θnp angular dis-
tribution between the emitted neutron and proton. It is
shown that the chain and kite structures tend to back-to-
back emission while the tetrahedron, square and spherical
structures display a decreasing angle with wider distri-
bution. Again, for the chain and kite configurations, the
emitted neutron-proton pair which is almost back to back
in the initial state of the process of absorption will suffer
fewer second collisions with the residual nucleus in com-
parison with the tetrahedron, square and spherical config-
urations due to its linear-like shape in space. With the in-
crease of the photon energy, the angular distribution tends
to be narrower, which can be explained by the fewer dis-
sipation collisions for the emitted neutron and/or proton
with others at higher incident photon energy, this is a kind
of kinematic effect rather than a geometric effect.

3.4 Kinetic energy of emitted nucleons and the residue

In three-body decay, namely γ + 16O decays into 14N +
p + n, we can also focus on the discussion on kinetic en-
ergy spectra for final products. Figure 9 shows the total
kinetic energy spectra of the emitted neutron and proton
normalised by the incident photon energy (Ek(n+p)/Eγ)
for different 16O structures. Basically, Ek(n + p)/Eγ re-
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Fig. 8. Same as fig. 7 but for the opening angular distribution between the emitted neutron and proton.

flects the energy transformation efficiency of incident pho-
ton energy to the ejected neutron and proton pair. From
the figure, we find that the larger the photon energy, the
bigger the Ek(n+p)/Eγ , which indicates that higher pho-
ton energy is more likely to drive the higher-energy n-p
pair emission. On the other hand, different configurations
display somehow sensitivity to the initial structure. For in-
stance, for the tetrahedron and square 4-α structure, the
n-p pair shows the minimum kinetic energy, while for the
kite and chain 4-α structure, the n-p pair shows a mid-
dle kinetic energy, and spherical 16O displays the largest
n-p kinetic energy. This kind of sensitivity becomes more
evident at lower photon energy, e.g. at 70MeV.

On the contrary, kinetic energy of the residue which is
showed in fig. 10 is the reverse, i.e. the tetrahedron and
square structure display the largest kinetic energy and the
chain structure shows the smallest. The above behaviour
essentially follows the order of the recoil momentum spec-
tra of 16O as shown in fig. 5. Of course, the kinetic energy
of the residue is so small, that it is difficult to detect it in
experiment.

3.5 Hyper-angle and hyper-radius distributions

Three-body decay problem by the photonuclear reaction
can be also discussed by the hyper-spherical formalism.

Here the emitted proton, neutron and the residual nu-
cleus are taken as the three bodies, their i-th set of Jacobi
coordinate (xi, yi) is defined as [58–60]

xi = μjk(pj − pk), (8)

yi = μi,jk

(
pi −

mjpj + mkpk

mj + mk

)
, (9)

where

μjk =
√

mjmk

m(mj + mk)
, (10)

μi,jk =

√
mi(mj + mk)

m(mi + mj + mk)
, (11)

and pj and pk represent the momentum of emitted proton
and neutron, mi, mj and mk represent the mass number
of the residue nucleus, proton and neutron, respectively,
and m is the total mass number of the mother nucleus,
i.e. 16O. The space-fixed hyper-spherical coordinates can
be expressed by

xi = ρ sin(αi),
yi = ρ cos(αi), (12)

where xi and yi are the Jacobi momenta, ρ is the hyper-
radius, and αi represents the hyper-angle. If we assign i as
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the index of the residue, j and k for neutron and proton,
respectively, then αi means the hyper-angle of the residue
to the neutron and proton. Usually the hyper-angle is con-
fined by 0 ≤ αi ≤ π

2 . If the residual nucleus (i) is far from
the proton (j) and neutron (k), αi is near 0; if the residue
nucleus (14N) is near the center of mass of the emitted
proton and neutron, αi is near π

2 .
Figure 11 presents the hyper-angles (αi) of the residual

nucleus 14N relative to the c.m. of neutron and proton for
the 16O(γ,np)14N with five 16O configurations. From the
figure, the hyper-angle of the chain 16O structure is the
closest to π

2 , indicating that the residue 14N is close to the
center of mass of proton and neutron. On the contrary, the
tetrahedron structure displays the smallest hyper-angle,
indicating that the residue 14N is far from the ejected
proton and neutron. For other configurations, the hyper-
angles are in between. In addition, the spherical structure
displays the widest distribution with the middle hyper-
angle. From incident photon energy dependence, we ob-
serve that all hyper-angle distributions become narrower

with the increase of photon energy, indicating more focus-
ing effect for higher-energy photons.

Furthermore, hyper-radius can characterise the addi-
tional property of the three-body decay. The hyper-radius
R is the root-mean-square separation of the three bodies,
i.e. the ρ in eq. (12). The hyper-radius is small only if
all three bodies are close together. It is large if any single
product is far from the other two. From fig. 12, we can
see that the chain structure has the smallest and narrow-
est distribution among the three configurations. This in-
dicates that the decayed three bodies, namely the residue,
neutron and proton are close together for the chain struc-
ture, which is consistent with the above hyper-angle dis-
tributions. For other configurations, generally the distri-
bution becomes wider from kite, square, tetrahedron to
sphere structures. With the increase of photon energy,
hyper-radius becomes larger, this means that the residue
14N becomes more separated from neutron and proton for
higher-energy photon reactions.
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Fig. 10. Same as fig. 9 but for the kinetic energy of the residue.
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Fig. 11. Hyper-angular distribution (αi) of the residual nucleus 14N relative to the c.m. of neutron and proton from three-body
decay of 16O for five configurations.
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Fig. 12. Same as fig. 11 but for hyper-radius distribution.

4 Summary

In the frame of the EQMD, a photonuclear reaction in the
quasi-deuteron region has been developed for the reaction
16O(γ,np)14N. Different configurations of 16O including
four different α-clustering structures are taken into ac-
count. The recoil momentum and missing energy from
our calculations are generally consistent with experimen-
tal data roughly, which indicates that our photonuclear
reaction calculation is reasonable. The pair momentum
of the emitted neutron and proton as well as their open-
ing angular distribution show that the chain structure has
the narrowest distribution and near back-to-back emis-
sion, while the tetrahedron or square 4-α and spherical
16O distribution show the wider distribution. The kinetic
energy of emitted neutron and proton shows a larger in-
crement at higher photon energy and displays sensitivity
to the initial 16O structure, especially at a lower photon
energy. Similarly, the kinetic energy of the residue also
shows its sensitivity to the initial 16O structure, which is
consistent with the results of the recoil momentum distri-
bution. From the hyper-angle distributions of the residue
relative to the c.m. of neutron and proton, the chain struc-
ture shows larger values than other structures, which in-
dicates that the residue from the chain structure is close
to the center of mass of emitted proton and neutron. In
addition, the hyper-radius results also display the small-

est values for the chain structure and then illustrate that
the emitted three bodies are very close together, which
is consistent with the results of hyper-angles. The above
observables demonstrate that the differences of pair mo-
mentum (kinetic energy) and angular distribution of emit-
ted proton and neutron, as well as three-body hyper-angle
and hyper-radius among different 16O configurations are
sensitive to the geometric structure of 16O, therefore of-
fering a very good probe for α-clustering inside nucleus.
The cluster structure of 16O is more complex than 12C,
however, the effect of α-cluster structure on photonuclear
reaction is still clear and behaves similarly, which gives us
reasons to believe that the photonuclear reaction in the
quasi-deuteron region is a good probe to investigate the
α-conjugate nuclear structure.

In light of this study, we expect the state-of-the-art
and new measurements of photonuclear reactions for α-
conjugated nuclei with the current high-quality quasi-
monochromatic photons, which will give us more infor-
mation on nucleon-nucleon correlation inside the nucleus
and α-cluster structure. The method can be naturally ex-
tended for other α-conjugate nuclei, such as 20Ne and
24Mg, etc. and it will be highly interesting in the near
future to measure photonuclear reactions for such light α-
like nuclei. Such investigations will be possible in the forth-
coming European facility ELI-NP located in Bucharest-
Magurele, Romania [2].
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