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ARTICLE INFO ABSTRACT

Editor: Baha Balantekin The vortex photon beam induced nuclear reaction is studied. The interaction formalism of nuclei with vortex
photons is developed and incorporated into the statistical reaction model to calculate reaction cross-sections.
For 138 nuclei of high nuclear astrophysics and structure interest, the cross-sections of y-ray emission and
neutron production from the decay of the giant resonances (GR) populated by vortex photons, e.g., (¥, ¥,,.;) and
(7*°,n,,44 ), are computed. It is shown that for the (y*°,7,,,;,) and (y*’,n,,,, ) cross-sections, the GR contribution
of an individual L is either enhanced or suppressed depending on the parameters of vortex y-rays, and the
contribution from the GR of a specific L can be identified and deduced. To this end, a novel method to exclusively
determine the y-strength function (ySF) for the GR of a specific L is proposed considering the (y*,y,,,,) and
(r*°, n,,,44 ) measurements, and the feasibility studies demonstrate that the ySF for the giant quadrupole resonance
can be extracted. Furthermore, the astrophysical reaction rates of the vortex photon induced reactions in p-
process are investigated. It is indicated that photo-nuclear reactions induced by vortex photons will bring new
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insights in nuclear physics and astrophysics research.

1. Introduction

Since first discussed [1], orbital angular momentum (OAM) pho-
tons, also referred to as vortex or twisted photons, open new re-
search avenues across several scientific fields (see Ref. [2-5] for recent
reviews). On a quantum level, rare transitions in atoms and nano-
structures resulting from new selection rules [6-9], time-resolved spec-
troscopy [10], and other atomic physics applications [11-15] were
reported. Although it has been suggested that vortex photons can mod-
ify the photo-disintegration cross-section of the deuteron [16] or the
photo-production of A(1232) baryons in nuclear targets [17], their ap-
plication in nuclear physics research has not been studied in depth.
Here, we demonstrate the perspectives for studies of giant resonances
(GR) of higher multipolarity, L > 2.

The GRs constitute a general feature of nuclei and are under-
stood as collective vibrational excitations. After the first observation
of strong enhancement of the photo-absorption cross-section [18], the
giant dipole resonance (GDR) was theoretically [19] and experimen-
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tally [20,21] studied. So far, different vibrational modes have been
observed, characterized by various multipolarities and isospins depend-
ing on whether the protons and neutrons oscillate in-(isoscalar) or out-
of-phase (isovector). A large number of measurements were dedicated
to studying the giant quadrupole resonance (GQR) and giant octopole
resonance (GOR). In particular, the isoscalar GQR was discovered in
proton and electron inelastic scattering [22-24] and intensively stud-
ied with different experimental approaches [25-35,37,36,38-42], while
the isovector GQR was exclusively detected in photon-induced measure-
ments [43,44].

In order to quantitatively describe the GR, the y-strength function
(ySF) defining the probability of excitation and decay of the nucleus
via y-ray transitions, was considered [45-47]. The ySF is a fundamen-
tal nuclear property and plays a significant role in statistical model
calculation [48], especially in the astrophysical energy range [49-55].
The reliable extraction of the ySF for the GR of higher multipolarity
at lower energies is non-trivial due to its larger widths and speculative
locations. Moreover, the GR of higher multipolarity usually overlaps
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with the GDR, and in the detection of the statistical y-ray [56-59] and
particle [60-63] emissions, the GDR dominates. It is therefore under-
standable that in a discernible search for GR of higher multipolarity,
separation or suppression of the GDR component is required.

On the other hand, possible astrophysical observations of vortex
photons were discussed in Ref. [64]. In the outlook section of Ref. [65],
the possible impact of vortex photons in nuclear astrophysics was out-
lined. However, detailed studies in this direction have not been done.
It was theorized that vortex photons may be generated in extreme as-
trophysical environments [65-70], which would result in considerable
changes of the photo-disintegration cross-sections. Therefore, it is inter-
esting to investigate the impact of photo-nuclear reactions induced by
vortex photons to the astrophysical processes.

The laser-Compton backscattering between an electron beam and a
vortex laser pulse was proposed to generate the vortex y-rays [71], and
was considered to attain high photon energy while preserving the OAM
of the incident laser photons [72,65,73-75]. An attempt to generate vor-
tex y-ray beams was carried out at the free-electron laser (FEL) facility,
HIyS of Duke University, USA, where the vortex FEL photons were ob-
served [76]. However, so far they were not used in physics experiments.
The possibility of creating intense vortex y-ray beams in laser-ion inter-
actions was likewise discussed [77]. Recent studies with ultra-intense
and ultrashort laser pulses demonstrated the generation of high-energy
photon bursts via non-linear Compton scattering [78-81]. This only
further spurned the interest to produce vortex photons at high-power
laser facilities, where electrons are accelerated in laser-matter inter-
action [82,83]. While the generation of vortex photons were reported
during such experiments [84,82,83,85,86], the intrinsic OAM carried by
these photons is not well understood yet. Still, considering the intense
research efforts undertaken, there is a cause for optimism that soon the
vortex y-ray beams will be available for photo-nuclear research.

In this letter, we report the novel studies of nuclear reaction in-
duced by vortex y-rays and its application to determine the GR of higher
multipolarity, of which our preliminary results had been reported in a
previous conference proceedings [87]. In particular, we develop the in-
teraction formalism of nuclei with vortex photons, and apply it to the
statistical reaction model calculation. For 138 nuclei of high nuclear
astrophysics and structure interest, we compute the cross-sections of
y-ray emission and neutron production from the decay of the GR pop-
ulated by vortex photons. Inspired by the calculations, we propose a
novel approach to determine the ySF for the GR of a specific higher
multipolarity considering the measurements with vortex y-ray beams,
and demonstrate that this method is particularly feasible and promising
to determine the ySF for the GQR. Finally, we study the astrophysical
rates of the vortex photon induced reactions in p-process.

2. Formalism of vortex photon beam

Vortex wave photons are generally described by a Bessel beam,
whose vector potential A" is [71,12,2,16,14,17]

d%k,
@2rn)?

Ay a® = / AL Pray, (k1) €]
with the amplitude amyk(%l) = (=i)" M 2?”5(|_IEJ_| — k). The integral
of Eq. (1) indicates that the vortex photon beam is constructed by a
superposition of standard plane wave photons, whose vector potential
is A" (") = e~ ¢/*7 with momentum k and helicity A. The propagation
dlrectlon of these plane wave photons is defined by the polar and az-
imuthal angles (6, and ¢, ) of k with respect to the quantization z-axis,
such that the momenta k of these plane wave components have iden-
tical 6, in respect to the z-axis, but different ¢, in the [0,27] range.
Thus, the wave vector k can be decomposed as k=k L+ Tcz with the
transverse momentum k | and the longitudinal (along the quantization
z-axis) momentum %Z. Assuming the absolute values |%| =k, |% l=x
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and |k,| = k,, one can obtain k? = k2 + k2 with k = ksing, and k,
= kcos,. Here 0, = arctan(x/k,) characterlzes the ratio of transverse
to longitudinal momenta. In Eq. (1), m m, is the projection of the total
angular momentum (TAM) along the z-axis for the vortex photons.

For a nuclear excitation induced by a vortex photon, the interaction

vo_ _1 7, Fvo 32 e
Hamiltonian is Hlm - / Jj AK‘kZ m. A(?’)d 7, where j is the nuclear

current density. The transition amplitude can be represented in terms
of the total angular momentum (J) and its projection (M) along the
Z-axis:

(J M AL M,) = ~—

int
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Here, L is the quantum number of orbital angular momentum (multipo-
larity), M is the magnetic quantum number with M =[—L,—L+1,...,L],
Tzl and TZ’ 96 [88] are the electric and magnetic multipole operators,
respectively, ¢, is the azimuthal angle of the position of the nucleus in
respect of the quantization z-axis considering the impact parameter b,
D is the Wigner-D rotation matrix, and J is the Bessel function.

The total photo-absorption cross-section induced by vortex photons
is then derived from the transition amplitude (Eq. (2)) and the photon
flux [89,90,2]:

L
L 2
mg oy X 143,00 (kD)
vo =
Cabs = Z Z cos 0 ] s 3
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where d is the Wigner d-matrix. 6X represents the photo-absorption
cross-section of the individual spherical multipole components. Eq. (3)
indicates that the photo-absorption cross-section induced by vortex pho-
tons is factorized into a dynamic contribution given by individual elec-
tric or magnetic spherical multipole components and a corresponding
geometric factor. Such geometric factor is determined by the parame-
ters 0, and m, of the vortex photons and the impact parameter b.

Note that the derivation of Eq. (3) is independent of any nuclear
models, and it can be further adopted in a specific nuclear reaction
model. Considering the single particle transition, cX* in Eq. (3) can be
written as

xL . @HL+1 E,

T TeL+ ) e DM BX Ly (Ep)

=L+ 1)(nhc)2EfL YfxL(E,). 4)

where E, is the vortex photon energy with E, = E, — E; = hck, E; is
the energy of the initial state, E is the final state energy, B(X L) is the
reduced transition probability which depends on the nuclear structure
properties, p(E) is the level density of the final state at E,, and fx
is the ySF. Note that B(X L), p (Ef) and fy, are accessible experimen-
tally or theoretically, which makes the calculation of the cross-section
possible.

3. Reaction model

In order to further investigate the photo-nuclear cross-sections in-
duced by vortex photons, the Hauser-Feshbach model [48] is considered
in the present study. The Hauser-Feshbach model describes the com-
pound reaction mechanism including two processes, i.e., the absorption
of vortex photon to form a compound nucleus by GR excitation, and
its consequent decay. Here, the y-ray emission and neutron production
from the decay of the GR excited by vortex photons, e.g., the (¥*°,7,,,::)
and (y"°,n,,,, ) reaction channels, are further investigated. Combining
Eq. (3) and the Hauser-Feshbach model, the cross-sections of (y”", Yemit)
and (y"’,n,,,;) can be expressed as 67 o (T,) and o,° i

ooy (T,), respectively, where the transmlssmn coefficient (T') 1s usu-
ally calculated from the nuclear structure inputs including the ySF, the

pro
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Fig. 1. The geometric factor for L =
impact parameter b.

2 (GQR) in Eq. (3) as a function of the

optical model potential, and the nuclear level scheme [92,91]. It is in-
dicated that within an ideal two-step compound reaction model, ay

or o,° ., is contributed from two parts, the formation cross—sectlon
pro

o of the compound nucleus and the decay possibility, represented

by (T'), of the compound nucleus. Compared with the formation cross-
section o, =¥y, o*" of the plane wave photon induced reaction,
ol 1ncludes the specific electromagnetic multipole excitations charac-
terized by the parameters of the vortex beam (see Eq. (3)). After the
formation of compound nucleus takes place, the conventional statisti-
cal decay follows for both cases of plane wave and vortex beam. Note
that these features may change when introducing multi-step reaction
mechanism [92].

The model described above can be employed to compute the cross-
sections of (", 7;) and (y"°, n,,4 ) with any parameters of the vortex
photons. In the present study, we perform the calculations considering
the parameters of m, =1 and 2, and 6, = 10, 30, 71 deg. The three
0, values are selected based on Refs. [12,14], in order to evidence the
evolution of the cross-sections at small (10 deg.), intermediate (30 deg.)
and large (71 deg.) pitch angles. Note that for a given electromagnetic
transition, 6, = 71 deg. is the critical angle that changes the relative
contributions from different magnetic quantum numbers to the cross-
section [12].

The cross-section of the vortex photon induced reaction influenced
by the impact parameter b is investigated. Eq. (3) reveals that the
geometric factor determines the ratio of Uazn to cis for each elec-
tromagnetic multipole component. For L = 1, the geometric factor
degenerates to 1/cos6, and is irrelevant to the impact parameter b. For
L = 2 (the GQR component), the geometric factors are calculated with
different impact parameter b, and the results are shown in Fig. 1 for the
induced vortex photon energy of 8 MeV, a typical value for the pho-
tonuclear measurements. Note that the upper limit of b = 1240 fm is
considered, corresponding to the wavelength of the photon with the en-
ergy of 1 MeV. It can be seen that, in the region below b ~ 50 fm where
the photonuclear reaction takes place close to the axis of the vortex
photon beam, the geometric factor is monotonic and indicates a clear
and significant enhancement or suppression on the component of L =
2 in Eq. (3). On the other hand, in the region above b ~ 50 fm where
the reaction occurs far away from the axis of the vortex photon beam,
the geometric factor presents a periodic change, and different values of
the impact parameter b could result in the same geometric factor lead-
ing to the same enhancement or suppression on the component of L =
2. Hence, the behaviors of the geometric factor in these two regions of
the impact parameter b are distinctly different from each other. Con-

[
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sidering that the enhancement or suppression of the electromagnetic
multiple component can be explicitly illustrated in the calculation in-
volving the impact parameter b below ~ 50 fm, here b = 10 fm, which
is the typical size of the nucleus, is used for the calculations.
Meanwhile, we restrict ourselves to merely consider the GDR and
the GQR components, reflected by X! and 6*2, respectively. Combin-
ing Eq. (3) and the transmission coefficient (T,,) (here the subscript re

TEPIesents ¥,,,;, OF N, ), the cross-sections o-]‘je"m” and 6,° form, =
1 can be given by
mag o X1 x2 |d? (6,
Om, =1~ Y (Tye) callar 5)
ey = D% re!| cos 0, + cosy jal 2
X=cl k k1dy; 00

where the approximation kb <« 1 is used. Eq. (5) indicates that both
the GDR and the GQR components contribute to the cross-section
Uf:(my = 1), and these contributions are scaled by the factors con-
taining 0. Similarly, considering m, = 2 in Eq. (3), the cross-section
afe"(my =2) can be explicitly specified, too. Generally, Egs. (3) and (5)
indicate that for a given m,, the contribution from the GR of an indi-
vidual multipolarity L to o can be either enhanced or suppressed for
different 6.

Moreover, the difference between o,;(m, =2) and o,;(m, = 1) is
obtained, which is

mag

olo(m, =2)—cte(m, =D~ Y (T,

X=el
<|d {00 s = 1d}, 0 >]
ld! @)1 '

[cosﬁ

(6)

Eq. (6) demonstrates that the GDR is eliminated and only the GQR con-
tributes to this difference between afe”(my =2) and o-fe"(my =1). Gener-
ally, when calculating the difference between the cross-sections o}7 of
two given m,, the GR component of a specific multipolarity L in these
o.? can be either eliminated or retained in the obtained difference. This
feature presents opportunity to exclusively determine the ySF for the GR
of the given multipolarity. In particular, in o-fe"(my =2)— o-fe"(my =1),
only the GQR contribution remains.

To further evaluate 6X!, 6%X? and (T,,) in Egs. (5) and (6), various
nuclear structure ingredients are taken into account. The level schemes
are constructed by combining the discrete experimental levels from the
RIPL-3 library [93] plus the microscopic nuclear level density [94]. The
microscopic optical model potentials [95,96] are used for computing
(T,). In order to calculate 6*!, 6*? and (T,), the ySF is needed. In
general, the ySF can be derived from microscopic calculations [97-112]
with the advanced treatment of nuclear deformation [113-118], or phe-
nomenological methods [119-123]. In the present study, the ySF for
the GDR and the GQR are obtained from the Hartree-Fock-Bogoliubov
plus Quasiparticle Random Phase Approximation (HFB+QRPA) calcu-
lations [124]. Such HFB+QRPA model utilizes the Skyrme effective
interaction derived from the accurate HFB mass model [125], and its
reliability is demonstrated by the good agreement between the model
calculations and the available experimental data [124]. Furthermore, it
is illustrated that [124] for most nuclei, except the extreme neutron-rich
species of which the measurements are not feasible, the HFB+QRPA ySF
considered in the present study are quite close to the ySF derived from
the full microscopic D1M-HFB+QRPA including the deformation effect.

4. Result

In the present calculation, 138 nuclei of high nuclear astrophysics
and structure interest were selected [126-133,135,134,136-140,34,58,
141-143,31,144-146,43]. The relevance and the corresponding refer-
ences for these nuclei are provided in Appendix. For the (y"°, 7,
reaction on *Zr, 100Mo 1208n, and 208Pb Fig. 2 displays the calcu-
lated results of a (m =1) and o (m =2)— a”" (m =1) at 0,
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Fig. 3. The calculated cross-section o';:’md (m, =1) (blue solid and red dashed
lines) and the cross-section difference a:l’ﬂmd (m, = 2) — aﬁom (m, = 1) (green
dashed-dotted and purple dashed-dotted-dotted lines) for the (y*°,n,,,, ) reac-
tion on **Fe, 'Ry, '32Sm, and '*¥0s at §, = 10 and 71 deg, respectively. The

experimental data of "¥80s(y, n,,,, ) are shown for comparison.

= 10 and 71 deg, compared to the y-scattering data measured by nor-
mal photons [136,137,147, 146] Eq. (5) indicates that the GDR and
the GQR contributions to 0' (m = 1) are modified by 1/cos6, and
1d2, 01
costyld], 01>’
and 0.955 in the case of 6, = 10 deg, respectively. This means that
both of the GDR and the GQR contributions to 6 (m =1) are
(m =1) at
0, = 10 deg fairly reproduce the experimental data, as shown in
Fig. 2 In the case of §; = 71 deg, the dominant GDR component
in 0' (m = 1) is enhanced by a factor of 3.072. For the results of
Vemit (m =2)— a;’:’m”(m = 1), Eq. (6) reveals that the GDR contribution
is eliminated, and the GQR component is enhanced by a factor involv-
ing 6, and xb. Such enhancement of the GQR component is significant
especially at lower energies, which is reflected by the comparable val-
ues between a (m =2)— a“’ (m =1) and a”” (m = 1) shown in
Fig. 2.
For the (y°
and l8805 Fig. 3 displays the calculated results of o} ero

respectively. In particular, these two factors are 1.015

hardly changed. Therefore, the calculated results of o-

+Myreq.) TEACtiON ON the targets of 58Fe 100Ry, 1528m,
(m =1) and

. (m, =2)— a”" (m =1)atf, = 10 and 71 deg, compared to the
p 0
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experimental data only available for !380s [148]. Similar conclusions
as for the (y*°, y,,,;) reaction can be drawn for the (y*° ) reaction,
too.

Eq. (6) and the calculated results shed light on a novel approach to
determine the ySF for the GR of higher multipolarity L. In particular,
measurements of the (y*°,7,,;,) and (y*°,n,,,, ) cross-sections respec-
tively using the vortex y-ray beams with m, = 1 and m, = 2 are sug-
gested. Taking into account the measured cross-sections o) (m =1),

6’ (m,=2), a“" (m =1), and crw (m =2), the photo absorptlon

}’emlr
cross-sections ¥ 4 and %2 can be deduced by Egs. (5)-(6), and accord-
ingly, the ySF fy, and fy, can be determined from Eq. (4). Further-

more, it is worth mentioning that the cross-sections o-f" and ¢,° .,
emit prod.

can be measured for any values of m, by configuring the parame—
ters of vortex y-rays. Considering the measured a“" (m ), 6.° (m ),

yem! (m, —1) and (FZ:”)d.( — 1), the ySF for the GR of the spec1ﬁc mul-
tipolarity L = m, can be determined.

In order to demonstrate the feasibility of the proposed approach an
(N, Z) plot of the ratios of o- (m =2)— 0' (m =1)to 0' (my =
1) for the 138 nuclei are presented in Fig. 4 at Ey 6 MeV and 0, =
30 deg. The results show that for about 20% of the studied nuclei, the
ratio is larger than one, which indicates that the enhanced GQR compo-
nent in a;):’m” (m, =2) - a;"’ (m, = 1) is larger than the dominant GDR
contribution to o-y (m, = 1) Similarly, an (N, Z) plot of the ratios of

nmd (m,=2)— cf”" (m —l)tOO'
are presented in Flg 5 at E, =26 MeV and 0, = 30 deg. The results
show that for 17 heavier nuclei with the mass number A > 120, the
ratio is larger than one.

Furthermore, the experimental yield Y of the emitted y-ray is esti-
mated for 2%Pb(y%,y,,.;;) at E, = 6 MeV and 0, = 30 deg using ¥ =
dxpxextx [yn,(E)o!’ (E)E.Form, =1and2,Y(m,=1) = 1910
and Y(m, =2) = 1970 count-per-day are obtained, respectively. Here,
a vortex y-ray beam with a spectral density n, of 5- 103 photons/(s-eV),
a target thickness d of 0.1 mm, and a detector efficiency ¢ of 0.1%
are used in the estimation, combining the calculated cross-sections of
208Pb(y, ¥,,i;)- This demonstrates that for 2%%Pb, the extraction of the
ySF for the GQR at lower energies is feasible experimentally.

The astrophysical p-process is an important way of nucleosynthe-
sis to produce some stable and proton-rich nuclei beyond iron, via the
photodisintegration channels of (y,n), (y,p), and (y,a) [149-168]. The
p-process occurs in massive star evolution and stellar explosive site in
which a strong magnetic field may exist. Recent studies [69,70] demon-
strated that the vortex photon can be generated via synchrotron radia-
tions in the strong magnetic field associated with astrophysical objects.
Therefore, such generated vortex photon can be involved in the pho-
todisintegration for the p-process nucleosynthesis. In this situation, the
astrophysical reaction rates of the vortex photon induced reaction shall
be taken into account, which are expected to impact the stellar abun-
dance. To this end, it is necessary to first obtain the photodisintegration
reaction rate induced by vortex photons. In astrophysical objects, the
collision between the vortex photon and the nucleus occurs randomly,
and thus the parameters (the pitch angle 6, and the impact parameter
b) characterizing the photonuclear interaction may vary. Hence, the de-
termination of the vortex photon induced reaction rate depends on the
specific values of the parameters 6, and b.

In the present study, the astrophysical reaction rates of the vortex
photon induced reactions are calculated considering various values of
0, and b. In particular, the average result of the vortex photon induced
reaction rates computed by each value of b < 1240 fm, N4, < ov >%",

proa’

(m = 1) for the same 138 nuclei

are obtained. Furthermore, N, < ov >%" is compared with the plane

wave photon induced reaction rate N, < oo >?, and the ratios of
N, <ov >%" to Ny <ov >P are shown in Fig. 6 for the 96Ru(y,p),

132Ba(y,n) and “8Gd(y, @) reactions. Here, 6, = 45 deg is considered
in the calculation of N, < ov >%" . Fig. 6 illustrates that at the lower
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Fig. 6. The ratios of the vortex photon induced reaction rates (N, < ov >%”) to
the plane wave photon induced reaction rates (N, < oo >?') for the “*Ru(y,p),
132Ba(y,n) and '"**Gd(y, @) reactions. N, < ov >;_"’ is the average result of the
vortex photon induced reaction rates computed by each value of b < 1240 fm.
0, = 45 deg is considered in the calculation of N, < o0 >§”.

temperature (T < 2 GK), the reaction rate of the exoergic reaction (Q >
0) *8Gd(y, a) is significantly enhanced for the vortex photon induced
reaction. This is because the most effective energy range of the exo-
ergic reaction (similar to the Gamow window of the charged particles
induced reaction) that contributes to the reaction rate at a given tem-
perature is much lower than that of the endoergic reaction (Q < 0), and
in such lower energy range the GQR contribution to the photonuclear
cross-section and the reaction rate can be significantly enhanced for the
vortex photon induced reaction. In the temperature range of the astro-
physical p-process (2 — 3 GK), Fig. 6 demonstrates that N, < oo >%" are

generally larger than N, < ov >”' by a factor of 2 — 4. Therefore, to in-

5. Summary and outlook

In summary, we carry out the novel study of nuclear reaction in-
duced by vortex y-rays to investigate GR of higher multipolarity, L >
2. The interaction formalism of nuclei with vortex photons is devel-
oped. Combining this formalism and the Hauser-Feshbach model, the
cross-sections of (%, 7,,,;;) and (y"°,n,,,, ) for 138 nuclei of high nu-
clear astrophysics and structure interest are computed with different
parameters m, and 0, of the vortex y-rays. The results indicate that for
a given m,, the contribution from the GR of an individual multipolar-
ity L to the calculated cross-section is either enhanced or suppressed
for different 6,. Furthermore, when computing the difference between
the cross-sections of two m,, the GR component of a specific multipo-
larity L can be either eliminated or retained in the obtained difference.
Thus, a novel approach to exclusively determine the ySF for the GR of
a specific multipolarity L is suggested. In particular, measurements of
the cross-sections of the y-ray emission and neutron production chan-
nels with different parameters of the vortex y-ray beams are proposed,
and it is demonstrated that the enhanced GR of a specific multipolarity
L can be identified and deduced from the experimental results. The ex-
plicit calculations indicate that it is feasible to extract the ySF for the
GQR, especially at lower energies. In general, information related to the
ySF for the GR of higher multipolarity is missing, and experiments using
vortex y-ray beams could fill in this niche.

The availability of vortex y-ray beams will open plenty of opportu-
nities for photo-nuclear research. One could also selectively populate
high-spin nuclear isomers by exciting high-lying doorway states, or di-
rectly populate the levels with spin I > 1 and study selectively their
decay. Needless to say, this opens the avenue for new types of nuclear y-
ray spectroscopic studies at low energies. In the present study, we have
considered a large class of nuclei of astrophysics interest, since possible
sites for the generation of vortex photons are different extreme stel-
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Table A.1
List of the 138 nuclei selected for the present study.

Physics Letters B 852 (2024) 138622

Nuclei

Relevance Reference

3 ps, 75 As, 7Se, $Sr, 22Mo, %Ru, 1%6Cd

X(y,p) reaction for p-nuclei abundances, with the
selected nuclei X

Table I in [126]

sose’ 79Br, EQY’ QSNb’ 96MO, 97TC, IOGPd, 110Cd’ llSSn’ 134Ba, ISSCe’ lSOGd, 156Dy,
158Dy, 162

Branchings of y-process Table Il in [127]

60Fe, 64Ni’ 652]1, 77Se, 87sr’ SSSr’ 97M0, 105Pd’ 148Pm’ ISZSm’ ]53Eu, ISSEU, lSGEu’
ISAGd’ ‘55Er, I7ITm, I7ZT]’n, lSOTa, ISITa, 18705, ISSOS, I‘)QHg’ ZOSTL ZOSPb, 206 pp

(n,y)X reaction for s-process, with the selected nuclei X Section 5 in [128]

%Mo, Mo, "4°Nd, 'Y'Nd, '“Nd, '*°Nd, '“8Sm, 4°Sm, '5°Sm, "' Yb, '72Yb, '73Yb, (n,y)X reaction for s-process, with the selected nuclei X [129]
19, 180, 181gf, 186y
122gp, 123gp, 125gn, 121gh, 123gh, 1248b, 1255b, 122Te, 123Te, 12Te (n,y)X reaction for s-only isotopes in s-process, with the [130]

selected nuclei X

STFe, 8Fe, %7n, 57Zn, 5Zn, 7' Ga, 73Ge, *Ge, 8Se, 8! Br, S°Rb, 8Rb, *Zr, * Mo,
IU“Ru, 1[)1Ru’ IOZRu’ llMRh, ]07Pd, IOSAg, “()Ag, IMIH, lZ()Sn’ 122sb’ '2"Te, 1291’ ]34CS,
4015 1398,

(n,y)X reaction for s-process, with the selected nuclei X Tables IV and VII in [131]

63Ni, QSZI', %'Zl”, BSCS, 14’9Pm’ 15]Sm, 154El.l, 153Gd, lﬁ(lTb, ]61Tb’ 163H0, ]70Tm, 179Ta,
185W, 20471

(n,y)X reaction for s-process branching point, with the [132]

selected nuclei X

113cd’ IQISn, ‘76Lu, 182Hf

nuclei (isomer) structure for studies of s- and r- processes Section 3 in [133]

897y

Surprisingly large %¥Zr(n,y) cross-section was measured.
Photo-nuclear study of 8Zr with vortex y-rays is
proposed.

[134]

54Fe, QOZr, IOOMO, ”4Cd, 1151[1, 1245[1, 128Te, 130Te’ 139La, 140Ce’ 142Nd, 144Sm, 164Dy,
196Pt, 208Pb, ZOQBi

Experiments with plane wave photons were performed
for the selected nuclei. Measurements using vortex
y-rays are suggested.

[135-140,34,58,141-143,
31,144-146,43]

lar environments. It is worth studying this problem in detail, because
the interaction between nuclei and vortex photons will influence the
photo-disintegration cross-sections, and in turn, will change the overall
picture of star evolution modeling.
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