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Multiphoton fusion of light nuclei in intense laser fields

Binbing Wu,1 Zhengfeng Fan ,1,3,* Difa Ye,1 Tao Ye,1 Congzhang Gao,1 Chengxin Yu,1

Xuefeng Xu,1 Cunbo Zhang,1 and Jie Liu 2,3,†

1Institute of Applied Physics and Computational Mathematics, Beijing 100088, People’s Republic of China
2Graduate School, China Academy of Engineering Physics, Beijing 100193, People’s Republic of China

3CAPT, HEDPS, and IFSA Collaborative Innovation Center of MoE, Peking University, Beijing 100871, People’s Republic of China

(Received 1 January 2024; revised 21 March 2024; accepted 30 May 2024; published 17 June 2024)

We investigate the fusion cross sections of light nuclei in the presence of linearly polarized intense laser
fields. By combining the Coulomb-Volkov solutions with the complex spherical square-well nuclear potential,
we derive an explicit formulation of the multiphoton cross section in a self-consistent manner. Our analysis
is specifically focused on deuteron-triton (DT) and proton-boron (p 11B) fusion reactions, both of which have
garnered widespread attention. The theoretical results reveal that, under conditions of longer laser wavelengths
and lower incident particle kinetic energies, a few thousands of photons can participate in the fusion reactions,
resulting in a substantial enhancement of fusion cross sections by almost ten orders of magnitude. We elucidate
the multiphoton mechanism underlying these findings and discuss their implications.
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I. INTRODUCTION

The investigation of light-matter interactions holds a
prominent position in physics research [1,2]. The identifica-
tion of multiphoton ionization [3,4] in atoms and molecules
exposed to intense laser fields has unveiled the nonper-
turbative regime in strong laser fields [1]. This discovery
has paved the way for diverse nonperturbative phenomena,
including higher-order above-threshold ionization [5], non-
sequential double ionization [6], and high-order harmonic
generation [7,8].

In recent years, advancements in the chirped-pulse am-
plification (CPA) technique have increased laser intensity to
1023 W/cm2 [9]. Furthermore, the Extreme Light Infrastruc-
ture for Nuclear Physics (ELI-NP) in Europe is poised to
generate high-intensity lasers at 1025 W/cm2 in the near fu-
ture [10]. These strong laser fields impact not only atomic and
molecular processes [1,2] but also nuclear processes [11–32].
For instance, recent theoretical studies reveal that intense
laser fields can excite 229Th to isomeric states through elec-
tron recollision [12,13], and can influence the half-life of
α decay from heavy nuclei by modifying the Coulomb bar-
rier [14–17], etc. However, some other analyses seem to show
that present-day lasers cannot influence the half-life of α

decay measurably [33–40].
The exploration of fusion cross section for light nuclei un-

der intense laser fields has attracted extensive attention owing
to its potential application in clean energy sources [18–32].
Previous studies [18–24,26–28,30,31] mainly utilize the cele-
brated Gamow form [41,42] for fusion cross section and focus
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on the enhancement effects on tunneling probability through
the Coulomb repulsive potential. However, these approaches
lack a self-consistent description of the nuclear potential com-
bined with the Coulomb repulsion potential in intense laser
fields. Given the intricate nature of the nuclear potential,
the phenomenological optical potentials within the mean-field
approximation find extensive use in describing the nuclear
potential [43–47]. A complex spherical square-well optical
potential is commonly employed to characterize nuclear po-
tentials in the context of light nuclear fusion [44–47], wherein
the imaginary component of the potential signifies the decay
of the compound nucleus. In our recent work [25], apply-
ing a complex spherical square-well model and exploiting
Kramers’s approximation, we observed the distinct shift in
the peaks of fusion cross section within strong high-frequency
laser fields, attributed to resonant tunneling mechanism. In-
tense low-frequency laser fields, particular in the near-infrared
regime, are generated by a majority of advanced laser facil-
ities worldwide [48]. In scenarios of intense low-frequency
fields, a substantial number of photons (e.g., >10 000) are
involved. These laser photons are extensively employed to in-
vestigate the multiphoton ionization of atomic and molecular
systems [1,2]. The question of whether multiphoton processes
can affect the light nuclear cross section remain unresolved.

In this study, we extend our recent theoretical work [25]
to the low-frequency regime, where a complex spherical
square well [44–47] is employed to characterize the nu-
clear potential. Utilizing the Coulomb-Volkov solutions which
are successfully employed in handing nonperturbative mul-
tiphoton process in the electron-atom collision [49], we
self-consistently derive the multiphoton cross sections of nu-
clear fusion. Our specific focus is on deuteron-triton (DT)
and proton-boron (p 11B) fusion. (Here and in the follow-
ing “D” and “T” denote “2H” and “3H”, respectively.) DT
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fusion takes precedence in controlled fusion research owing
to its relatively high fusion cross section compared to other
fusion reactions [42]. On the other hand, p 11B fusion reac-
tion is an aneutronic process involving abundant and stable
isotopes [50–52]. The potential applications of this reaction
span from controlled nuclear fusion to an emerging form
of proton-boron capture therapy [51,52]. Our findings reveal
that for longer laser wavelengths and lower incident parti-
cle kinetic energies, fusion cross sections exhibit substantial
enhancement for both DT and p 11B fusion reactions due to
multiphoton processes.

The structure of this work is outlined as follows: Section II
introduces our theoretical framework for multiphoton fusion.
Section III presents our main results and discussions. Sec-
tion IV provides the main conclusions and outlooks.

II. THEORETICAL FRAMEWORK

In this section, we present a theoretical model for examin-
ing multiphoton fusion in the presence of a background laser
field. The laser field is assumed to be a monochromatic wave
with frequency ω and linear polarized along the z axis. Under
the dipole approximation, it is described by the uniform and
time varying vector potential A(t ) = A0 cos(ωt )�ez, where A0

is the amplitude.
In the presence of laser fields, the relative motion of a

two-body, spinless fusion system in the center-of-mass (CM)
frame can be described by the time-dependent Schrödinger
equation

ih̄
∂

∂t
�(t, r) =

[
1

2μ
(P̂ − qeffA(t ))2 + V (r)

]
�(t, r), (1)

where μ = mpmt/(mp + mt ) is the reduced mass of two nu-
clei. mp and mt are masses of incident projectile and target
nuclei, respectively. qeff = e(Zpmt − Ztmp)/(mp + mt ) is an
effective charge, where Zp and Zt are charge numbers of inci-
dent projectile and target nuclei, respectively. As illustrated in
Fig. 1, the potential V (r) of the fusion process is characterized
by a short-range complex square nuclear potential with a long-
range Coulomb repulsive potential between two nuclei. The
expression for V (r) is given by

V (r) =
{

Vr + iVi, r < rN,
e2

4πε0r , r > rN,
(2)

where rN is the radius of nuclear well, i is the unit imaginary
number, and ε0 is vacuum permittivity. Vr and Vi can describe
the scattering and absorption effects during the fusion, respec-
tively, which be known as the “optical model.” Comparing
with experimental benchmark cross section data in the ab-
sence of electromagnetic fields, the three optical parameters
Vr, Vi, and rN for light fusion reactions were calibrated in our
recent work [47].

A. Solution by expansion on spherical Coulomb-Volkov states

We attempt to solve the time-dependent Schrödinger equa-
tion (1) by the expansion on spherical Coulomb-Volkov states.
According to the quantum scattering theory, the wave function
�(t, r) after being scattered by the ansatz can be written as the

FIG. 1. A schematic representation of the model for multipho-
ton fusion processes in the presence of a linearly polarized laser
field. The potential V (r) is considered to be a short-range complex
spherical square well with a long-range Coulomb repulsive potential
between two nuclei. The charge particle within a intense laser field
exhibits a range of possible energies due to multiphoton processes.
Here, E represents the kinetic energy of fusion system in the CM
frame, Up denotes the ponderomotive energy of the particle in the
laser fields, and n corresponds the number of photons absorbed
or emitted outside nuclear potential. Ein is the energy within the
nuclear potential, and m represents the number of photons absorbed
or emitted inside the nuclear potential.

sum of an incoming wave �inc and a scattered wave �scatt:

�(t, r) = �inc(t, r) + �scatt (t, r)

=
+∞∑
l=0

(2l + 1)il Fl (knr, ηn)

knr
Pl (ϑ )e− i

h̄ Et e− i
h̄

∫ t
−∞ VLdτ

+
+∞∑

n=−∞

+∞∑
l=0

(2l + 1)ilAn,l
Hl (knr, ηn)

knr

× Pl (ϑ )e− i
h̄ Ent , r > rN , (3)

where Fl is regular Coulomb wave function [53], Pl are the
Legendre polynomials, l is the angular momentum quantum
number, ϑ is the polar angle in the spherical coordinate, E
is the kinetic energy of the fusion system in the CM frame,
and VL is the interaction potential between the laser field and
the nucleus. Note that due to the cylindrical symmetry of the
Hamiltonian inside Eq. (1), the wave function �(t, r) is inde-
pendent of the azimuth angle φ. An,l is an unknown scattering
coefficient and will be determined in the following subsection.
In the intense laser field, as shown in Fig. 1, the charged
particle has a series of possible energies En = E + Up + nh̄ω

for all integers n, where n is the number of photons absorbed
or emitted and Up = q2

effA
2
0/(4μ) is the ponderomotive energy

of the particle in the laser fields, respectively. Accordingly,
the particle wave number kn =

√
2μEn/h̄2 and dimensionless

Coulomb parameter ηn = 1/(knac) in the laser fields, respec-
tively, where ac = 4πε0h̄2/(μZpZte2) is the Coulomb unit
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length. Hl = Fl − iGl , where Gl is an irregular Coulomb wave
function [53].

In view of temporal integrals in the exponent inside Eq. (3),
by inserting vector potential A(t ) into Eq. (3) and exploiting
the Jocabi-Anger identity [53], one can obtain

e− i
h̄

∫ t
−∞ VLdτ = e− i

h̄

∫ t
−∞(− qeff

μ
A(t )·p+ q2

eff A2

2μ
)dτ

= ei(ζ sinωt− z
2 sin2ωt−Upt )

=
+∞∑
−∞

J̃n

(
ζ ,− z

2

)
e− i

h̄ (Up+nh̄ω)t , (4)

where ζ = qeffA0 p cos θ/(h̄ω), z = qeff A0/(4μh̄ω), and J̃n is
the generalized Bessel function [53]. θ is the angle between
the particle momentum P and laser polarization axis (the z
axis). Putting Eq. (4) into Eq. (3), �(t, r) can be further
written as

�(t, r) =
+∞∑

n=−∞

+∞∑
l=0

(2l + 1)il J̃n

(
ζ ,− z

2

)
Fl (knr, ηn)

knr

× Pl (ϑ )e− i
h̄ Ent

+
+∞∑

n=−∞

+∞∑
l=0

(2l + 1)ilAn,l
Hl (knr, ηn)

knr

× Pl (ϑ )e− i
h̄ Ent , r > rN . (5)

Similarly, the wave function �(t, r) that satisfies the
boundary conditions inside nuclear potential well can be given
by

�(t, r) =
∑
m,Ein

+∞∑
l=0

Bl (Ein )(2l + 1)il J̃m

(
− ζ ,

z

2

)
jl (kN r, η)

kN r

× Pl (ϑ )e− i
h̄ Emt , r < rN , (6)

where Bl (Ein ) is a coefficient, Ein is the energy in the nuclear
potential, jl is the Riccati-Bessel function [53], and kN =√

2μ(Ein − Vr − iVi )/h̄2 is the complex wave number in the
nuclear well. Em = Ein + Up + mh̄ω is the excited energy in
the nuclear well after absorbing m photons with a pondermo-
tive potential Up shift.

B. The continuity conditions of wave function
at the radius of nuclear well

The coefficients An,l inside Eq. (5) are so far unknown
and would be determined by means of the the continuity
conditions of wave function at the radius of the nuclear well.
The continuity conditions of the wave function and its first
derivative are satisfied simultaneously at r = rN for all values
of ϑ and t , and one can obtain

Ein + Up + mh̄ω = E + Up + nh̄ω,∑
m

Bl (Ein ) jm(kN rN )J̃n = Fl (knrN )J̃n + An,l Hl (knrN ),

∑
m

Bl (Ein )kN j′m(kN rN )J̃n = kn[F ′
l (knrN )J̃n + An,l H

′
l (knrN )].

(7)

One can easily find that Ein = E + (n − m)h̄ω and kN,m =√
2m(E + (n − m)ω − Vr − iVi )/h̄2. We can define the loga-

rithmic derivative

Cn,l ≡
∑

m Bl (E + (n − m)ω)kN,m j′l (kN rN )J̃m∑
m Bl (E + (n − m)ω) jl (kN rN )J̃m

. (8)

We assume Bl (E + (n − m)h̄ω) ≈ Bl (E + nh̄ω) and, accord-
ing to Eq. (7), one can then find

An,l = [Cn,lFl (knrN , η) − knF ′
l (knrN , ηn)]J̃n

(
ζ ,− z

2

)
knH ′

l (knrN , ηn) − Cn,lHl (knrN , ηn)

≡ A0
n,l J̃n

(
ζ ,− z

2

)
. (9)

C. Multiphoton fusion cross sections

For the evaluation of fusion cross sections in a
laser field, we start from the asymptotic form of
the wave function �(t, r) [i.e., Eq. (5)]. Since, for
r → +∞, Fl (knr, ηn) → [ei(knr−lπ/2) − e−i(knr−lπ/2)]/(2i)
and Hl (knr, ηn) → −iei(knr−lπ/2), the wave function �(r) may
be written in asymptotic form as

�(r → +∞) =
+∞∑

n=−∞

+∞∑
l=0

(2l + 1)(−1)l+1

[
J̃n

e−ikr

2ikr

+ (2An,l + J̃n)
eiknr

2iknr

]
× Pl (ϑ ). (10)

The probability current of the particles in a laser field reads

Jc(t ) = h̄

2im
(�∗∇� − �∇�∗) − q

μ
A(t )�∗�. (11)

The time-average current during a period of the laser field can
be written as

J̄c = 1

T

∫ T

0
Jc(t )dt = h̄

2iμ
(�∗∇� − �∇�∗). (12)

The time-average current of incoming particles, denoted as
J̄inc

c , is computed from the incoming wave function as

J̄inc
c = h̄

2iμ
(�∗

inc∇�inc − �inc∇�∗
inc) = h̄kn

μ
. (13)

The radial component of the time-average current in the laser
field is essential for fusion cross section and it reads

J̄ r
c = J̄c · êr = h̄

2iμ

(
�∗ ∂

∂r
� − �

∂

∂r
�∗

)
. (14)

Putting Eq. (10) into Eq. (14), we can find

J̄ r
c =

+∞∑
n=−∞

J̄ rn
c =

+∞∑
n=−∞

∑
l,l1

(2l + 1)(2l1 + 1)

4knμr2
Pl (ϑ )Pl1 (ϑ )

×{
(2A∗

n,l + J̃n)(2An,l1 + J̃n) − (−1)l+l1 J̃2
n

}
. (15)

The differential fusion cross sections in each solid angle can
be defined as

dσ (E , θ, ϑ )

d�
=

+∞∑
n=−∞

dσn(E , θ, ϑ )

d�
=

+∞∑
n=−∞

− J̄ rn
c r2d�

J̄ inc
c d�

. (16)
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By the integrating over the solid angle d�, we can easily
obtain the total fusion cross sections:

σ (E , θ ) =
+∞∑

n=−∞
σn(E , θ ) =

+∞∑
n=−∞

∫
dσn(E , ϑ, θ )

d�
sin ϑ dϑ

=
+∞∑

n,l=−∞

(2l + 1)π
(
J̃2

n − |2An,l + J̃n|2
)

k2
n

=
+∞∑

n,l=−∞

(2l + 1)π
(
1 − |2A0

n,l + 1|2)
k2

n

J̃2
n

(
ζ ,− z

2

)

≡
+∞∑

n,l=−∞
σl (En)Pn(θ ). (17)

Equation (17) has a clear physical interpretation, representing
the product of the cross section σl (En) associated with the
possible energy En of a charged particle and the corresponding
probability Pn(θ ) = J̃2

n (ζ ,− z
2 ) of the particle absorbing or

emitting photons in intense laser fields. It is noteworthy that∑
n Pn(θ ) = 1.

III. NUMERICAL RESULTS AND DISCUSSIONS

In the context of the low-energy (E < 1 MeV) fusion
reaction in the following calculations, our focus is only on
computing the S wave (l = 0) contribution to the cross sec-
tion. In a low-frequency intense laser field, the energy of the
laser photon (on the order of eV) is significantly less than the
both absolute value of the real part |Vr| (on the order of MeV)
of the optical potential and the collision energy E (on the
order of keV) so that the complex wave number in the nuclear
well kN,m ≈

√
2μ(E − Vr − iVi )/h̄2. This result implies that

a low-frequency intense field primarily alters the energy of
fusion particles.

A. Multiphoton fusion cross sections of DT fusion

1. Distributions of multiphoton fusion cross sections

We first examine the distributions of multiphoton fusion
cross sections σn concerning the number of absorbed (n > 0)
or emitted (n < 0) laser photons for DT fusion. Examples
of σn are presented in Fig. 2 for wavelengths of 800 and
100 nm, employing a consistent laser intensity of 1020 W/cm2

and the relative kinetic energy of E = 5 keV. Two angles
θ are indicated for each wavelength. The number of laser
photons involved in the fusion reaction is highly dependent on
both the laser wavelength and the angle between the incident
direction of the particle and the laser polarization axis. As
seen in Figs. 2(a) and 2(c), as the laser wavelength short-
ens, the number of photons involved decreases from over
2000 photons (800 nm) to only 120 photons (100 nm). This
is partly due to the fact that shorter wavelength results in
fewer photons per unit area for the fixed laser intensity. On
the other hand, Figs. 2(a) and 2(b) demonstrate that as the
angle changes from inclination angle θ = 0 (i.e., the incident
direction of the particle is parallel to the laser polarization
direction) to θ = π/2 (i.e., the direction perpendicular to the

FIG. 2. (a)–(d) Distributions of the multiphoton cross sections σn

for laser-assisted DT fusion as a function of the number of absorbed
(n > 0) or emitted (n < 0) laser photons. The laser intensity is
1020 W/cm2 and the relative kinetic energy of DT nuclei E = 5 keV
for the two laser wavelengths 800 nm (top row) and 100 nm (bottom
row). For each wavelength, two θ are shown as labeled in the figure.

polarization direction), the number of laser photons involved
becomes smaller, while the peak values of the multiphoton
cross sections increase. Notably, understanding the presence
of laser photons at θ = π/2 proves challenging within the
classical framework.

Moreover, Figs. 2(a)–2(c) reveal a distinct nonperturba-
tive plateau structure: the multiphoton cross sections decrease
rapidly when the number of absorbed or emitted laser pho-
tons exceeds a certain threshold. In conclusion, we highlight
that total cross sections σ = ∑

n σn in Figs. 2(a)–2(d) are
approximately 6.5 × 10−4 b, 2.7 × 10−4 b, 2.3 × 10−4 b, and
2.3 × 10−4 b, respectively. Surprisingly, the results for the
laser wavelength 100 nm [Figs. 2(c)–2(d)] indicate that the
presence of the laser field contributes the the photoparticle
energies over a broad range, but it hardly affects the total cross
sections compared with the field-free case (2.3 × 10−4 b). It is
worth noting that a similar phenomenon also occurs in the dis-
tributions of the multiphoton cross sections for laser-assisted
proton emission in Ref. [54].

2. Angle-averaged effective fusion cross section

In the thermal environment of nuclear fusion, the angle
between the incident particle wave number k and laser po-
larization axis is random. To provide a more quantitative
measure, the angle-averaged effective fusion cross section in
the laser fields can be expressed as [17,20]

σL(E ) = 1

2

∫ π

0
σ (E , θ ) sin θ dθ. (18)

We display angle-averaged effective cross section σL of
DT fusion in Fig. 3 under different laser intensities and
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FIG. 3. Angle-averaged effective DT fusion cross section σL un-
der different laser intensities and wavelengths for (a) E = 1 keV,
(b) 5 keV, and (c) 10 keV. The horizontal dashed line in each fig-
ure marks the corresponding laser-free cross section.

wavelengths. These laser parameters are anticipated in intense
laser facilities worldwide [9,10,48]. Three specific kinetic
energies (a) E = 1 keV, (b) 5 keV, and (c) 10 keV in Fig. 3
are relevant to controlled fusion research [42]. The horizontal
dashed line in each figure marks the corresponding laser-free
cross section.

One can observe in Fig. 3 that, for all three energies, the
σL are substantially enhanced compared to the corresponding
laser-free case, with intensities on the order of 1022 W/cm2.

FIG. 4. Distributions of the multiphoton cross sections σn as a
function of the number of absorbed (n > 0) or emitted (n < 0) laser
photons for two intensities (a) I = 1019 W/cm2 and (b) 1021 W/cm2.
(c)–(d) Corresponding distributions of the probability Pn (black solid
lines) and cross section σ (En) (red dot lines). The laser wavelength,
the relative kinetic energy of DT nuclei and the incident angle are
400 nm, 5 keV, and 0, respectively.

Moreover, Fig. 3 illustrates that with longer laser wavelength
and low relative kinetic energy E , the laser field can more
efficiently transfer energy to the DT fusion system, resulting
in higher σL. For instance, at a laser wavelength of 800 nm
and a relative kinetic energy of 1 keV, the σL increases by
approximately ten orders of magnitude. However, for a laser
wavelength of 100 nm and a relative kinetic energy of 10 keV,
the σL only exhibits a onefold increase.

To gain a deeper understanding of the enhanced fusion
cross sections with increasing laser intensity, we focus on
two scenarios: (a) I = 1019 W/cm2 and (b) I = 1021 W/cm2

in Fig. 4 for detailed discussions. Other fixed parameters,
including the the laser wavelength (400 nm), the relative ki-
netic energy of DT nuclei (5 keV), and the incident angle (0),
remain constant. We present the distributions of multiphoton
cross sections as a function of the number of laser photons in
Figs. 4(a) and 4(b). It is evident from these figures that as the
laser intensity increases, the number of laser photons involved
in the DT fusion process significantly increase. Specifically, at
a laser intensity of I = 1019 W/cm2, three hundred laser pho-
tons are involved in fusion process, while, at I = 1021 W/cm2,
more than two thousand laser photons are involved. Addi-
tionally, the multiphoton distribution exhibits a pronounced
asymmetry with increasing laser intensity.

Simultaneously, we present the corresponding distribu-
tions of the probability Pn (black solid lines) and cross
section σ (En) (red dot lines) in Figs. 4(c) and 4(d) for possible
energy En of the particle under an intense laser field. It is
crucial to note that multiphoton cross section σn is calculated
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as the product of probability Pn and cross section σ (En) asso-
ciated with the possible energy En, as defined by Eq. (17).

In Fig. 4(c), it is evident that as the number of absorbed or
emitted photons increases, the probability Pn also increases.
The symmetrical structure of Pn with respect to n = 0 in
Fig. 4(c) indicates that the probability of absorbed photons
in the fusion process is equivalent to the probability of emit-
ting photons. Additionally, Fig. 4(c) reveals that, at a laser
intensity of I = 1019 W/cm2, the possible energy of fusion
particle involved in the fusion process is 4.7 < En < 5.3 keV.
Correspondingly, the cross section σ (En) exhibits a mono-
tonic and gradual increase En, resulting in

∑
n σn(E , θ ) ≈

σ (E )
∑

n Pn(θ ) = σ (E ). Consequently, in Fig. 3 (c), when the
laser wavelength and intensity are 400 nm and 1019 W/cm2,
the enhancement of fusion cross section in the laser field is
almost negligible.

However, with an increase in laser intensity (I =
1021 W/cm2), the probability distribution Pn in Fig. 4(d) dis-
plays a pronounced left-right asymmetry concerning n = 0:
the probability of absorbing photons exceeds that of emitted
photons for a large number of photons. Additionally, com-
pared to the scenario in Fig. 4(c), the possible energy En

of the particles involved in the fusion process has a large
range, from 1 to 9 keV. The corresponding cross section σ (En)
also exhibits a rapid and monotonic increase with En. The
increased number of involved photons and higher probability
of absorbing laser photons contribute to an enhanced fusion
cross section under laser fields with a wavelength of 400 nm
and an intensity of I = 1021 W/cm2 in Fig. 3(b). In summary,
the rise in laser intensity leads to a monotonic increase in both
the number of laser photons involved in the fusion process
and the corresponding absorption probability, resulting in a
monotonically enhanced cross section in Fig. 3.

B. Multiphoton cross sections of p 11B fusion

In this section, our focus is on the p 11B fusion reaction.
We have calibrated three optical parameters Vr, Vi, and rn

for p 11B fusion at low energy using precise Coulomb wave
functions [47]. Subsequently, we investigate the multiphoton
effect of p 11B fusion. Distributions of multiphoton cross sec-
tions for the p 11B fusion resemble those of DT fusion and
they are not presented here. Angle-averaged effective cross
sections σL of p 11B fusion are displayed in Fig. 5 under var-
ious laser intensities and wavelengths for the relative kinetic
energies (a) E = 20 keV, (b) 50 keV, and (c) 100 keV, respec-
tively. The horizontal dashed line in each figure indicates the
corresponding laser-free cross section.

The data presented in Fig. 5 indicate that, for all three
kinetic energies, σL are enhanced compared to the correspond-
ing laser-free case under high laser intensities. Similar to DT
fusion, when considering a longer laser wavelength and low
kinetic energy E , the σL for p 11B fusion exhibits substantial
increases in comparison to the laser-free case. Specifically, at
a constant laser intensity I = 1023 W/cm2, the σL exhibits
a nearly four-order-of-magnitude increase for a laser wave-
length of 800 nm and kinetic energy of 20 keV. In contrast,
for a laser wavelength of 100 nm and kinetic energy of 100
keV, the increase is only a 0.2-fold, as depicted in Fig. 5.

FIG. 5. Angle-averaged effective p 11B fusion cross section σL

under different laser intensities and wavelengths for (a) E = 20 keV,
(b) 50 keV, and (c) 100 keV. The horizontal dashed line in each
figure marks the corresponding laser-free cross section.

Furthermore, compared to DT fusion results, higher laser
intensities are necessary to influence the cross section of
p 11B fusion reaction due to the elevated Coulomb repulsion
barriers.

C. Some discussions

Our findings demonstrate the significant enhancements of
the fusion cross sections for both DT and p 11B fusion re-
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actions under intense laser fields. Some discussions on the
origin and mechanism of this enhancement are crucial and
intriguing. As is well known, in the Gamow picture [41,42],
the nuclear fusion can be separated by phenomenon into three
steps, i.e., the Coulomb collision before tunneling, tunneling
through Coulomb potential, and the fusion process dominated
by nuclear force. Extending the Gamow picture to the situa-
tion where intense laser fields are present, ones find a similar
substantial enhancement for DT fusion [20,28,30,31]. The
underlying mechanism is due to the particle acceleration in
the first period before tunneling. However, these approaches
do not consider the nuclear potential [20,28,30,31] or the
Coulomb repulsion potential [20]. Our present work devel-
ops a full quantum description to calculate the fusion cross
sections, considering both the complex spherical square-well
nuclear potential and the Coulomb potential. Utilizing the
Coulomb-Volkov solutions, we have derived the multiphoton
cross sections of nuclear fusion in a self-consistent way. Our
present calculations focus on the laser wavelengths in the
optical or near-optical regime. In this case, the wave func-
tions inside the nuclear well are hardly excited by the laser
fields because the photon energy (∼ the order of eV) of
laser fields is too small compared to the nuclear energy level
(∼ the order of MeV). The enhancement mechanism of the
fusion cross sections is mainly caused by the laser-dressed
Coulomb waves [i.e., expressed by Eq. (5)] outside the nu-
clear well via multiphoton processes. In the quantum-classical
correspondence, the multiphoton enhancement mechanism
in the optical or near-optical regime might resemble the
laser-assisted particle acceleration effect as depicted in the
semiclassical picture [28]. However, for higher frequency
lasers such as hard x rays or γ rays, the multiphoton effects
might alter the waves inside the nuclear well, which merits
further investigations.

IV. CONCLUSIONS AND OUTLOOKS

In conclusion, we have examined the physics of multipho-
ton fusion reactions involving light nuclei such as DT and
p 11B. This investigation incorporates a combination of the
Coulomb-Volkov solutions and the complex spherical square-
well nuclear potential. Our theoretical findings reveal that,
particularly with longer laser wavelengths and lower inci-
dent particle kinetic energies, several thousand photons can
participate in the fusion reactions, resulting in a significant
enhancement of fusion cross section. Additionally, we observe
distinct nonperturbative plateau structures in the distributions
of multiphoton cross sections. These outcomes suggest that
intense low-frequency lasers could prove instrumental in ad-
vancing controlled fusion research, potentially relaxing the
temperature requirements outlined in the well-known Lawson
criterion [55]

In this study, we exclusively examine the low-frequency
regime of laser fields. The γ -ray-assisted multiphoton fusion
processes involving nuclear excitation merit further explo-
ration. Furthermore, it is essential to acknowledge that the
complex spherical square well represents the most basic op-
tical model for describing the nuclear potential during fusion.
Future investigations should contemplate the utilization of a
more realistic optical potential featuring a rigid core and nu-
clear spin, such as the Woods-Saxon forms [56], particularly
in the context of multiphoton fusion processes.
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