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Gigagauss magnetic field generation by bladed
microtube implosion

M. Murakami
Institute of Laser Engineering, The University of Osaka

I. INTRODUCTION

Ultrahigh magnetic fields play a crucial role in high-
energy-density (HED) physics and laboratory astro-
physics, enabling the study of extreme astrophysical phe-
nomena'?, enhancing plasma confinement in fusion ap-
plications®4, and facilitating high-energy particle accel-
eration and radiation generation® .

Among them, the microtube implosion (MTI) scheme,
illustrated in Fig. 1, has demonstrated the ability to pro-
duce megatesla-level magnetic fields®. In this scheme,
a hollow cylindrical target with inner radius Ry ~ 1-
10 pm is irradiated by ultra-intense femtosecond laser
pulses (I, ~ 10201022 W /cm?), producing hot electrons
of MeV energies. These hot electrons form a sheath field
along the inner wall, which accelerates ions radially in-
ward (implosion). A seed magnetic field deflects the ions
and electrons in opposite azimuthal directions via the
Lorentz force, inducing loop currents (J; and Jee) in
the same direction, ultimately generating a strong axial
magnetic field B.. While effective, this scheme requires
a k'T-level seed field, introducing system complexity and
limiting compact implementation.

To overcome these limitations, we propose a new con-
cept: the bladed microtube implosion (BMI), illustrated
in Fig. 2. The BMI scheme employs a hollow cylindrical
target with a periodically slanted inner surface resem-
bling sawtooth-shaped blades. This design breaks the
cylindrical symmetry of the imploding plasma, causing
azimuthally asymmetric ion acceleration and generating
a spontaneous loop current around the center®. This
self-generated current gives rise to a gigagauss-level ax-
ial magnetic field, even in the absence of an externally
applied seed field.

The acceleration mechanism underlying BMI is con-
ceptually akin to target normal sheath acceleration
(TNSA), where laser-driven hot electrons rapidly escape
into the central vacuum, creating sheath fields that ac-
celerate ions normal to the inner surface. In BMI, the
blade geometry redirects these ions slightly off-axis, in-
ducing a net loop current that seeds the magnetic field.
This geometry-driven anisotropy enables spontaneous
field generation through collective plasma dynamics.

Unlike conventional flux compression schemes!'012
that rely on compressing an initially applied seed mag-
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FIG. 1. (a) Top view of inner plasma dynamics during mi-
crotube implosion. Isothermal expansion of the inner-wall
plasma into vacuum is driven by laser-produced hot electrons.
(b) An ultrahigh magnetic field B, forms at the center, in-
duced by collective currents of ions and electrons deflected in
oppgsite directions by the seed field By. Reproduced from
Ref.®.

netic field, the present bladed microtube implosion (BMI)
concept fundamentally differs in its mechanism. Here, no
external magnetic field is required at the outset. Instead,
a spontaneous loop current is self-consistently generated
near the center due to the asymmetric ion acceleration in-
duced by the blade geometry. This loop current acts as an
intrinsic seed, which is then amplified through collective
plasma motion during the implosion process. The result-
ing magnetic field emerges from zero and grows rapidly to
gigagauss levels, marking a distinct paradigm shift from
seed-field compression to geometry-driven magnetic field
creation.

Il.  PIC SIMULATIONS OF BLADED MICROTUBE
IMPLOSION

A. Setup and laser configuration

The blade structure is intended to provide non-uniform
initial conditions for the ion and electron flow under
laser irradiation by geometrically breaking the symmetry,
thus facilitating the spontaneous generation and ampli-
fication of the azimuthal electric current and magnetic



field. Below we perform 2D PIC simulations of BMI
using the fully relativistic open-source code EPOCH®,
The simulation box placed on the x—y plane has a size
of 22pumx22um at a rate of 100 cells/um or equiva-
lently 10 nm/cell. The system is assumed to be uni-
form along the z-axis. Carbon with an initial density of
nip = 3 x 1022cm ™2 is employed as the target material in
this study, which is assumed to be fully ionized at the ion-
izatin state Z = 6, and the corresponding initial electron
density is therefore ne = 1.8 x 10?3cm~3. Each square
cell for the target material is filled with 100 pseudo ions
and 200 pseudo electrons.

(@) - (b)N=8.
/
Plasma flow =
/“3/ N
| (D 5 y .
IELOIrOrenI
R;, |
|
0 J Rou |

Laser ‘

FIG. 2. (a) Core mechanism of BMI: blade heating by hot
electrons drives azimuthal ion motion, inducing a loop current
and ultrahigh magnetic field. (b) Example with eight blades.

In our simulations, both ions and electrons are treated
as fully kinetic particles using the standard particle-in-
cell (PIC) method implemented in the EPOCH code. In
the simulations, a realistic proton-to-electron mass ratio
my/me = 1836 is employed (the mass of a carbon ion
is m; = 12my). Binary collisions and ionization pro-
cesses are neglected in this study, since the plasma is
considered collisionless over the short laser interaction
timescale (~ 100 fs). These approximations are justified
by the relativistic energies of the electrons and the ex-
tremely high temperature of the system, where collective
electromagnetic effects dominate the particle dynamics.

The target structure of BMI is characterized by four
free parameters, i.e., the number of blades N, the inner-
most radius Rj,, the outer radius Rou¢, and the gap on
the blade edge §. In Fig. 2b, N =8, R;, = 5um, Royt =
8um, and § = 1 um are employed as an example set of
the parameters. The elementary shape of the bladed in-
ner surface is given by a sinusoidal curve in this study,
ie., r(8) = Ri, +0sin(N6/4) for 0 < 6 < 27 /N, which is
periodically assigned along the inner circle (0 < 0 < 27)
to form N-blades.

Four linear-polarized laser pulses with laser wavelength
of A\, = 0.8um and the peak intensity I7, ~ 10! W /cm?
propagate toward the BMI target located at the center
along the £a- and £y-axes. The polarization of the inci-
dent laser pulses are specified such that the electric field
and the magnetic field components oscillate on the x-y
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plane and along z-axis, respectively. The temporal pro-
files of the incident laser pulses have Gaussian distribu-
tion with the pulse duration 77, = 100 fs (FWHM: full
width at half maximum), while the transverse profiles of
the pulses are assumed to be plane waves.

B. Implosion dynamics

Figures 3(a)—(d) and 3(e)—(h) depict the temporal evo-
lution of ion and electron density distributions, respec-
tively, at four representative time points: ¢t = 125, 240,
300, and 600 fs. These snapshots reveal the dynamic
progression of the system throughout the implosion pro-
cess. Upon irradiation by intense laser pulses, hot elec-
trons generated at the outer surface rapidly traverse to
the inner surface of the microtube and penetrate into the
central vacuum region of the hollow target. This inward
electron flux forms a sheath that induces a quasistatic
electric field near the inner wall, which in turn acceler-
ates wall ions toward the central axis [Figs. 3(a), 3(b),
3(e), and 3(f)]. Notably, as seen in Fig. 3(b), the re-
sulting ion flow exhibits a symmetric off-center pattern,
consistent with expectations based on the target geom-
etry. As the imploding plasma front, composed of both
ions and electrons, passes near the center of the target,
a characteristic ring structure—referred to as a “Larmor
hole” —emerges around the central region [Figs. 3(c) and
3(g)]- The Larmor hole typically measures 1-2 pm in di-
ameter and represents the envelope of the gyro-orbits of
charged particles. In a conventional microtube target
without any inner-wall blade structure, the Larmor hole
forms due to the deflection of particles by seed magnetic
fields on the order of kilotesla.® In contrast, in the BMI
target, it arises from the geometrical asymmetry intro-
duced by the blades, which induce a pronounced vortex-
like motion of ions and electrons during the implosion.

Figures 3(i)—(1) and 3(m)—(p) show the temporal evo-
lution of the ion and electron velocity fields and the mag-
netic field distributions, respectively. At the peak time
of the magnetic field, as illustrated in Fig. 3(k), vor-
tex motions of the ions and electrons are clearly ob-
served—anticlockwise for ions and clockwise for elec-
trons. This converging vortex configuration, consisting
of clockwise electron motion and counterclockwise ion
motion, forms a quasi-stationary current loop centered
near the axis. This self-organized flow pattern underlies
the magnetized stagnation structure clearly observed in
Fig. 3(o). These counter-rotating flows act coopera-
tively to generate a strong azimuthal loop current on the
order of peta-amperes per square centimeter in the anti-
clockwise direction. This intense current gives rise to a
localized magnetic field of approximately 500 kT at the
center, confined within an ellipsoidal region with major
and minor axes of 2 pm and 1 pm, respectively, as seen
in Fig. 3(o0). It is worth noting that the formation of
such vortex structures and the associated magnetic field
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region, resulting in the same anticlockwise current generation. This converging vortex pattern forms the core of the stagnation
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arises through a self-consistent positive feedback mecha-
nism. Specifically, the initial loop current amplifies the
central magnetic field, which in turn constrains the mo-
tion of charged particles more tightly via the Lorentz
force—thereby reinforcing and further intensifying the
loop current itself.

C. Magpnetic field formation

Figure 4 shows the energy spectra of ions and elec-
trons at two different times before (¢ = 200 fs) and after
(t = 300 fs) the collapse of converging plasma at the cen-
ter. The electron energy spectra at the both times are
found to be well fitted by the Maxwell distribution with a
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temperature of T, ~ 13 MeV (compare the fitted curve).
This electron temperature can be well explained by the

2
Lpm?

ponderomotive scaling!?, i.e., T, (MeV) ~ 14, /T121 A
where I721 and Az, are the laser intensity and the laser
wavelength in units of 102! W/cm? and pm, respectively.
The scaling reads T, ~ 11 McV by applying Iy, = 102!
W/cm? and Az, = 0.8um. Besides, the high energy tail of
the ion distribution is also found to have a similar tem-
perature, T; ~ 13 MeV. While the ion temperature and
the electron temperature are kept close to each other in
the implosion phase (¢ = 200 fs), i.c., T, = T}, the ki-
netic energy of an imploding ion increases in time due
to adiabatic expansion. The implosion velocity v, is
then roughly estimated to reach the order of the sound
speed, i.e., Vimp ~ (1 —2)cs ~ (2.5 — 5.0) x 107 cm/s,



where the sound speed ¢, = 1/ Z T, /m; is calculated with
the aid of T, = 13 MeV. The estimates well explain the
obtained simulation result, vip,p ~ 4 % 10° cm/s, and the
corresponding kinetic energy of carbon ions &, ~ 100
MeV.

Electron (300fs)

Ton (300fs)

El 200fs
2 E on( 9 Electron (200fs)

Energy spectrum dN/de (arb. unit)

0 100 200 300 400 500
Particle energy &(MeV)

FIG. 4. Energy spectra for ions and electrons, corresponding
to the two different times - slightly before (¢ = 200 fs) and
slightly after (¢ = 300 fs) the rising of the strong magnetic field
at the center. Figure 3 shows the corresponding 2D maps of
key physical quantities at the two respective times.

Meanwhile, the ion energy spectrum at ¢ = 300 fs in
Fig. 4, corresponding to 7; ~ 75 MeV (compare the
fitted curve) for the energy range 100 MeVS e < 400
MeV, makes a striking contrast to the ion spectrum at
t = 200 fs. This strong heating of ions and the generation
of strong magnetic field at the center coherently occur.
In other words, when the imploding ions are passing by
the closest points to the center, the local density quickly
increases to reach the same order of the solid density,
and at the same time strong currents induced by both
the ions and electrons generate the ultrahigh magnetic
fields. The magnetic fields thus generated then trap the
ions, which convert a substantial amount of their own
imploding kinetic energy into thermal energy via ion-ion
collisions. As a result, the ions remain tightly trapped
by the self-generated magnetic field on the order of sub-
megatesla, and are confined in this region for a duration
exceeding a few picoseconds, which is substantially longer
than the pulse duration of the applied laser (~100 fs).

The generation and saturation of the axial magnetic
field can be interpreted as a feedback loop: ion and elec-
tron flow induced by the blades drive azimuthal currents,
which generate axial magnetic fields, compressing the
plasma further. This positive feedback continues until
the system reaches a saturated state.

As the self-generated axial magnetic field increases,
the Larmor radii of both electrons and ions shrink, con-
fining their transverse motion more tightly around the
axis. This magnetic confinement effectively compresses
the plasma into a narrower region, thereby increasing the
local current density and enhancing the magnetic field.
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lll. CONCLUSION

We have proposed and validated a novel target de-
sign—the bladed microtube (BMI) scheme—for the gen-
eration of gigagauss-level magnetic fields using laser-
plasma interaction. The introduction of periodic blade
structures induces a geometric asymmetry that breaks
the symmetry of electron and ion flows, resulting in the
formation of a strong loop current and the subsequent
generation of an intense axial magnetic field.

Particle-in-cell (PIC) simulations have demon-
strated that this geometry-driven mechanism can
self-consistently amplify magnetic fields up to 450 kT
without requiring any external seed field. An ana-
lytic model was developed to interpret the underlying
dynamics and predict scaling laws, revealing a feed-
back loop between magnetic confinement and current
enhancement.

This BMI concept opens a new path to compact, laser-
driven, strongly magnetized plasmas, with potential ap-
plications ranging from inertial confinement fusion and
laboratory astrophysics to high-field material science.
The present study thus lays a robust theoretical and com-
putational foundation for future experimental implemen-
tations.
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in the Excited-State Heterometallic Triple-Decker Porphyrinoid
Lanthanide Complex
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1. Introduction

In our previous reports, we established the
existence and fundamental characteristics of magnetic
interactions in mono- and bis-
phthalocyanine/porphyrin lanthanide(III) complexes.
[1] These interactions occur between the total angular
momentum of the localized 4f system (J) and the
orbital angular momentum generated from the cyclic
n-conjugated system (L), henceforth referred to as the
J-L interaction. Through combined MCD experiments
and ab initio calculations, we observed that these
interactions can exhibit either ferromagnetic- or
antiferromagnetic-type, depending on the lanthanide
ion (e.g., Ferromagnetic for Tb, Er, Yb;
antiferromagnetic for Dy). The studies have mapped
how J-L manifests in single- and double-decker
structures and how ligand identity and coordination
geometry affect the sign and magnitude of these
interactions. [2] Building on this foundation, this work
shifts its focus to a heterometallic, triple-decker
phthalocyanine formulated as Pc;LnY (where Ln3* and
Y3* occupy metal sites). By introducing a diamagnetic
Y3* center in place of one of the metal sites, a system
is created in which (a) Ln*" experiences an altered
coordination  environment  without  magnetic
disruption from the second metal ion and (b) the
overall ligand field and m-electron delocalization
framework are modified relative to the homometallic
analogue. In this way, the Tb-Y system serves as an
important bridge between our double-decker model
and the more extensive ligand stack.

Here, our investigation focused on heterometallic

triple-decker phthalocyanine complexes containing

terbium(Ill) and yttrium(IIl) to gain initial insights
into photoinduced J-L interactions. By pairing Tb3*
with a diamagnetic Y*' center in a three-layer
phthalocyanine stack, we constructed a model system
where the J-L character can be examined without the
interference of additional 4f orbital contributions, and
where the ligand field and n-electron topology evolve

across the three phthalocyanine rings.

2. Computational Methods

The structure of TAP;Y, (TAP = Tetraazaporphyrin
(basic structure of phthalocyanine); Y = yttrium) was
constructed using the Avogadro program. The
geometry optimization process was carried out using
Gaussian 16, revision C.01, at the B3LYP level of
theory with Grimme D3 dispersion and Becke-
Johnson damping. The basis set 6-31G(d,p) was
utilized for C, H, and N atoms, while LANL2DZ basis
sets were employed for the Y ion.

Multiconfigurational calculations were carried out
using OpenMolcas version 24.10. ANO-RCC basis
sets were applied to all atoms. The computational
procedure involved a complete/restricted active space
self-consistent field (CASSCF/RASSCEF) calculation,
followed by restricted active space state interaction

(RASSI) and Single Aniso modules analyses.

3. Results and Discussion

In this study, we extend our investigation of the
magnetic interaction between the angular momentum
generated by the localized 4f system, particularly the
total angular momentum (J) of Ln(III) and the orbital

angular momentum (L) of n-conjugated ligands, to the
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triple-decker phthalocyaninato complex TAP;TbY.
This system is fascinating due to its extended 7 system,
sandwich-type coordination, and the axial asymmetry
introduced by the inclusion of the diamagnetic Y(III)
ion in the middle layer. For comparison, we refer to the
previously studied double-decker Pc,Tb™ complex,
which serves as a benchmark for evaluating the effect
of sandwich layer expansion on the strength and

properties of J-L interaction.

3.1 The Ground State Structure of TAP;TbY

To establish a foundation for studying J-L
interactions in the excited state of TAP;TbY, we first
determined its ground multiplet structure using
CASSCEF with an active space that contains seven 4f
orbitals housing eight electrons, referred to as
CAS(8,7). The geometric structure was derived from
the optimized TAP;Y structure by substituting one Y
with a Tb ion. In this calculation, seven roots of
configuration interaction (CI) were employed, leading
to forty-nine distinct electron configurations in the
terbium 4f manifold. Notably, these seven 4f orbitals
are positioned between occupied m orbitals (directly
below) and unoccupied m orbitals (directly above),
ensuring the 4f manifold remains well separated from
the m ligand framework. This orbital arrangement
serves as the basis for all subsequent analyses.

When examining the ground multiplet states of
TAP;TbY, we found a closely isolated [+6) doublet at
essentially zero energy (separated by only 0.004 cm'"),
composed of equal contributions of 50% [+6) and 50%
|-6). This nearly pure Jz = +6 character reflects the
predominantly axial crystal field, albeit slightly
weaker than its Pc,Tb. The first excited doublet
appears at 290.7 cm’! and already shows a 50/50
mixture of [+5) and [|-5), indicating the onset of Jz
mixing at lower energies compared to PcoTb™ (where
the corresponding pure |+£5) state is located at 337.1
cm™). At 471.9 cm’!, the next state consists of about

41% |+4) and 18% |0), while the nearest level at 492.6

cm’! is once again dominated (50%) by [+4), indicating
that the purity of |[+4) is only partially restored. Above
this, at roughly 536 cm!, there are two nearly
degenerate multiplets where Jz = £3 and 1 are mixed
in equal parts (25% each), and at 543.8 cm’!, a
balanced (50/50) [+2) doublet appears. At 594.9 cm™!,
the first singlet with predominantly |0) character
(82%) appears, accompanied by a minor [+4)
contribution, and two additional mixed multiplets near
626.7 cm! complete the low-lying multiplet.
Compared to Pc,Tb,, where each low-lying
multiplet remains essentially a pure |+Jz) doublet up to
nearly 800 cm’!, the TAP;TbY complex exhibits a
smaller energy gap between |+6) and its first excited
multiplet, along with a significant mixing of the Jz
components at intermediate energies. This difference
indicates that the triple-decker TAP ligand field, while
still largely axial, introduces a low-symmetry
perturbation that reduces the crystal field splitting.
Having established the energy positions and wave
function composition of the ground multiplet sublevels,
we can now proceed to incorporate m orbital
interactions into the excited state analysis. In the next
section, we will build on these ground state energies,
specifically the zero-field splitting of the |+6) doublet,
to explore how excitation into the © manifold modifies
the J-L coupling. By including three highest occupied
n orbitals (HOMO, HOMO-1, and HOMO-2) and six
lowest unoccupied m orbitals (LUMO, LUMO+1,
LUMO+2, LUMO+3, LUMO+4, and LUMO+5) in
addition to the 4f orbitals, we will evaluate the extent

to which m electron delocalization influences the

terbium J—L interactions in the TAP3TbY excited state.

3.2 Excited States of TAPs;TbY

With the ground-state multiplet structure
established, we next direct our attention to the m-*
excited states of TAP;TbY, aiming to quantify how the
orbital angular momentum generated by the ligand (L)

interacts with the total angular momentum of the 4f
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system (J) upon m—m* excitation. To capture the
relevant 4f and m-orbital characteristics, the active
space was expanded from CAS(8,7) to CAS(14,16). In
this CAS(14,16), the seven 4f orbitals of Tb(III) are
positioned between the three highest occupied 7
orbitals and the six lowest unoccupied n* orbitals of
the TAP;s structure. By applying a total of 388 Cl roots,
we obtained the total low-lying energy of the spin-

orbit (SO) states as 2716.

Table 1. Selected transition energy and angular
momenta of  TAP;TbY
CASSCF/RASSI/SINGLE ANISO calculations.

extracted from

Doublet | Energy Osc. Strength |Lz| |Sz| | |]z] =
(cm™) (initial doublet |Lz+
— final Sz|
doublet)
1 0 3.00 | 3.00 | 6.00
294 29311 0.04 (1-294) 6.01 | 3.00 | 9.01
295 29313 | 0.04 (1-295) 0.03 | 3.00 | 2.97
347 31266 | 0.06 (1—347) 4.95 | 3.00 | 795
348 31273 | 0.06 (1—348) 1.10 | 2.98 | 4.08
595 39005 | 0.06 (1—595) 441 | 3.00 | 741
596 39014 | 0.06 (1—596) 1.57 | 3.00 | 4.57

The analysis of the oscillator strength was
conducted to identify the SO states that contribute to
the Q-band absorption of TAP;TbY. Several
transitions from the two nearly degenerate lowest SO
states (designated as doublet 1) to the higher energy,
nearly degenerate excited SO states were found to
exhibit significant oscillator strengths. Notable
transitions include those to SO states 588 and 589
(doublet 294, 29311 cm™"), 590 and 591 (doublet 295,
29313 cm™), 694 and 695 (doublet 347, 31266 cm’"),
696 and 697 (doublet 348, 31273 cm™'), 1190 and 1191
(doublet 595, 39005 cm™), and 1191 and 1193 (doublet

596, 39014 cm™"), as summarized in Table 1.

29313 cm?

29311 cm?
AN

Figure 1: Schematic J-L interaction in the excited

states of TAP;TbY.

Further analysis was conducted on the values of
|Lz| and |Sz| for all selected doublets. In the ground
doublet (doublet 1), |Lz| = 3.00 and |Sz| = 3.00 combine
to yield |Jz| = 6.00, which aligns well with the pure Jz
= +6 projection for Tb’'. Because Lz in the ground
doublet is generated solely by the 4f system, this Lz is
referred to as Lz(4f). Upon transitioning to doublet 294,
|Lz| increases to approximately 6.01 while |Sz| remains
at 3.00, resulting in |Jz| = 9.02. In other words, the
— 7m* transition contributes about three units of
orbital angular momentum (ALz about +3) parallel to
Lz(41), as illustrated in Figure 1. In the higher excited
doublet, doublet 295 (the pair of doublet 294), the |Lz]
decreases to approximately 0.03 while |Sz| remains at
3.00, yielding |Jz| = 2.97. Here, ALz about -3 indicates
that the m-derived orbital momentum is oriented
antiparallel to Lz(4f). Since the parallel arrangement is
more stable than the antiparallel arrangement, the
interaction favors a ferromagnetic-type interaction.
For other pairs of excited doublets, such as doublets
347 and 348, as well as doublets 595 and 596, the
situation is similar, with a parallel arrangement
occurring in each lower excited doublet: ALz about 1.9

and 1.6 for the pairs 347/348 and 595/596. Regarding
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the magnitude of the interaction, similar to our
previous reports [1,3], Ay is defined as the half-energy
separation between the lower and higher excited states.
Consequently, we obtained the Ay, values of about 1
cm!, 3.5 cm’!, and 9.5 cm! for the pairs 294/295,
347/348, and 595/596, respectively.

3.3 Diamagnetic Analogue Comparison for

Orbital Angular Momentum

To verify that the m system is indeed the source of
additional angular momentum, we compared the
results with those of the isostructural diamagnetic
analogue, TAP;Y>. In this calculation, we included six
electrons in the three highest n orbitals (HOMO,
HOMO-1, HOMO-2) to the active space 1, and six
lowest unoccupied m orbitals (LUMO, LUMO+I1,
LUMO+2, LUMO+3, LUMO+4, and LUMO+5) to
the active space 3. This resulted in several excited
doublet states with significant |Lz| values, such as 2.34,
2.97, and 2.66, for the excited states at 19895 cm’!
(doublet 2), 28754 ¢cm™' (doublet 4), and 33473 cm™!
(doublet 6), respectively. Here, the observed Lz values
are generated solely from the m ligand system, and thus,
the observed Lz is referred to as Lz(w). Among these,
the transition to doublet 4 (28754 cm™') has an
oscillator strength of 0.08 and |Lz| of 2.97. This value
closely aligns with the ALz observed in the TAP;TbY
transitions, especially for the pair doublets 294/295,
confirming that the additional angular momentum
originates from the ligand m system. This direct
comparison validates our interpretation of the J-L
interaction as a coupling between the angular
momentum generated by the 4f system and the angular
momentum produced by the cyclic m system of the

porphyrinoid ligand.

4. Conclusion
In conclusion, this study provides a comprehensive
computational exploration of the n—4f magnetic

interactions in the excited states of heterometallic

triple-decker porphyrinoid lanthanide complexes. By
comparing the diamagnetic TAP3Y, complex with the
paramagnetic TAP;TbY system, we clarified how
ligand-centered n—n* excitations can interact with the
4f orbitals of a single Tb(III) ion through J-L coupling.
Multireference ab initio calculations demonstrate that
the excited-state splitting correlates with the © orbital
angular momentum, affirming the crucial role of the
ligand electronic structure in influencing the 4f
excited-state magnetism. These findings highlight the
potential of porphyrinoid-based platforms to engineer
excited-state magnetic interactions, offering new
insights for the rational design of photoresponsive
lanthanide complexes for molecular magnetism and

quantum information applications
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Model name

Pretraining dataset type

Fine-tuning dataset type  References

sentence-transformers/multi-qa-  Wikipedia,

mpnet-base-dot-v1

BooksCorpus, and other

Collection of Q&A [3],[10]

corpora from various

corpora [9] domains
NeuML/pubmedbert-base- PubMed abstracts, PubMed title-abstract [11]
embeddings PubMedCentral full pairs & similar title pairs

texts[8]
pritamdeka/S-PubMedBert-MS-  PubMed abstracts, MS-MARCO Q&A [12], [13]
MARCO PubMedCentral full dataset

texts[ 8]
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Model name Title-abstract MeSH term
MRR nDCG@10 Average F1 Score
sentence-transformers/multi-qa-mpnet-base-dot-v1 0.257 0.108 0.246
NeuML/pubmedbert-base-embeddings 0.382 0.168 0.260
pritamdeka/S-PubMedBert-MS-MARCO 0.431 0.200 0.353
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O, ¥ HR T FFEFE(RMSE: Root Mean Square
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EIMITRFIRFICARAIR ThH L —) . AF
FLRLEV) THIEDEFEELSEZT U X
7 #WET D, JLis A GREO LD - g0

DN EHS & ORIRBIRNH B2 TRIVE

H 1 XIRA USRI S, PRERORHLIE D e
SEENTWS, L LERES T, KSR
DA TR, THIOE LW THEFR] 183%
ELD D, ZDDEREEUNUEE - FHIT
D2 ElE BEOLEMIRITIW TR THE
ThHd L

2 E OB Y SR T FHHEL W & IUE - B
LTEY, REHE LTHADERERKS
WA (PMDA) 12 X2 EIRMENWER T —
~N—2 (JADER) *°. KE&MESN)
(FDA) DOHEFEFEZHRE T AT L (FAERS) 2
P HivD, FFIZ FAERS 13, 2025 4F 4 A REA
THI 3,018 T DOHE & & et R KB DT
—HN—=RATHY, ERESOTIRE LM
B, &0 b BB I IR e 7 5
LR 72 B A 0T 2 72 D O R A R 72
REpoTnD,

AR Z L O LT DEREFEITIL. Zh
%@%é¢%%%ﬂ%-ﬁmb\ﬁ%ﬁﬁ®&

CIENTREI DRSNS, L, ko

W SCESH A RTA4 b OfERIEE N
Z. FAERS O X 5 72 KBIMET — & X— 2 & B1E

WIEHT 21213, 77— _X—R0#, TarsF
VT RREHRNT &\ o T B 7 A LR
AR THY . ZHPEIRBLE CTOKRE 2pfFEE -
o TWND 2

Fex T ZOMEZ R~ Web 77U
—a VORERERENT 7T v N7+ — A
[ Adverse Events Signal-detection Tool (AEST)] %

B L C&7-3 AESTIX., EEGNAEZATITH
721F C FAERS Z#gtEtr L, fRk%E2 277 7% T

b5y — L Th D (1),

[X| 1 AEST OfifAT I

ZhiZ IT R FF O HFA 72 < &b
%%#@ﬁ%?ﬁﬁmkﬁ@7~&&~x#%
MRESDZ ERFREE 2 0 | EIRBIG TOIS
AREIRE S5,

LU, AEST 3 RHET 2 BEGHRHT #E 50T
BUAEH A ERE AR L BRI IR 51
1T, BEEHRATRE RO R S AR L
THBE LT RT I EBRDLNE, DT
B, PN R D 2RI IR R AR —
VEAEMNIEHATE S Lo, kR [
R 2T DHEREOBIMMARE S L TEITF D
ns,

AR, TEWAENES B ClE ChatGPT I2fFE S
HRHEEFEET L (LLM) &5 L, BRS
FEMLEIZ R E R EHEAZ S L, LLM IFILH
HI7RRE TN A, EEICEME SN2 TH
B R VERE R R LTV D, Bl IE, KEEME
ABRIZBWT, BINFEER L TEWAa T &
katmﬁi%%éﬁo:Mﬁ\mﬁﬁi-
HFFEORIK, 2E. PFHRICBW TR R
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DOERIER % S GIRIET 5 AL v AT A%
B L+ 25, BRMICIE, AAOIKAIREZ R
BN Fv—27 L LTHY, B—hLVERET
B1ET % LLM OIS B30T D SLiEPERE 2 31
fiTsLEblc, 7y A Fa—=TI108D
PR LLM OREEE & PERE ) b2 3l A T

2. Fi&

2.1 RFIEHERHER
AWFTETIE, 2012 4F (55 97 [8]) 705 2024 4F
(%5109 [8]) & TIZHEHE S 4172 B A D FHH i =

kB (Japanese National Pharmacist Examination;

JNEP) it L% 7=, INEP X, B4

B8 OB EE N CH 1 [BIFEH X 41 5 [EFE AR
Thv., HEARE LTHEBEZTTH L THAE
LI D EEARB Ik L HeRe A T 5 2 & & B
&5, ABRTIER, EERIRIETF M, B

BERL, BEMBR L. KRB TRAIRE S

DR RE ) I D, BFEORBRIL. B

LAk EW. fE, SRR BRI e - 3R

WeHR. TEHL - I - B, FEH 0 9 BLH 345
MO LRI GIE TR SN D, 2 TORE
T 1OFF 2 SDEMERD, MEITHES

TR & 2 I — B LB B I OB IEfR &
HIpEIND, Flo, —EICITEME AR &
NTHRY | R R O SRR AT 2 S
~DIREZBRT DUEND D, GHIEMEITH
SHEETEB T 205, 2135 109 BEAER T
X, HZERIET 70%L2L E, &FHE T 30%2L E,
BIRTHI 61% (210/345 ) LA EDIEZ R AT
L. DoEFEmE - 74 EREY) 28R g Th
% 20 ORIRN 2 OLUFTHDHZ LK
O b,

22 T3ty k
AHFFETHNTZ LLM 1X7 3% A2 b AT D 5%t

JET D72, ARG R E R L HREAE
WOMER 2 T L F 5 BB ITRHl 50 B FRAb
L7, MR T, BEFBENOEEZEDFTIERE
DARICHREINTZMEB R L, F7z, 8
M &R 2 BB O —HIC CHHREE®RN S F

NoOHEIE. SURKFEEZBE L, 204
EaT—2ty b2 bBRAT 2 LT, O
VAR LTz,
2.3 LLMs
AWFFETIL, 4 DD —B )L LLMs &4l L7-
(# 1),

#1 WFRETHWEZ LLMs O —&

Short Forms for Models  Model Full Names Parameters  Developer

phi-4 Phi-4 14 Billion Microsoft Corporation

ISR 1-OQwenilB DeepSeek R1 Distill Qraen 32 Billion High-F lyer

CA-DSR1-32B DeepSeek R1 Distill Ohwen fine -tuned for Japanese 32 Billion High-Flyer and CvberAgent, Ine

CA-DSR1-14B DeepSeak R Distill Qwen fine -tuned fou Japanese 14 Billion

High-Tlyer and CyberAgent. Inc

2.4 Low-Rank Adaptation (LoRA)

LoRA (I, NI A—=FBROBRNT 7 A F =
—= U ENTH Y, KEMRSFEET L OFH
BhERD BN & FTREIZT D, LoRA D FEAJR
BT, Wo b RINDFEAFEFEHET LDOILD
BAZEE L, #ICHORERLOE(E (AW)
ZRBLT D7D ATRE IR T o 7 178 & 1
ATHZETHD,

TLDELITHNE T s LT BGE .

W, € Rixk

LoRA [T HEHT AW UK T > 7 53R 2 AT
TTFRO LI IZEET 2,

AW = BA, where B € R%*" gnd A € R™k
BIFRICET 2 EER AT, T 7DD
dBIO k X b Rig/hsnwzEThsd (T

A S, NEEREITT oA h=Wx (xiZA
71, R T ZUTO XS ITHE#HT 5,
h=Wyx + AWx = Wyx + BAx
ZORIZEY, BT VKT > 7 OEFHTH
(ABLOB) OBLZFETHZLETEHLWY
AAZ|\ZHIGTE, W TR EE 7 7 A4 F o
—=U 7T oA L LT, AIMATEER N T
A =L O RIFIZHIKTE 2, RFRFHEE
BEBETAERODINT 7 A v Fa—mr L
IZE 720 | LoRA 1= 2 FhRE L OE ISR
WENET T a—F Rt 5 6,
ARFFETIE, Bk L7z 4 D0 LLM & _X— A%
Tl L, ENENICK LT LoRA & W27
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TA T a—=r T ERFER LT, EOBE, 3R
7 — Z XA & BEEMIC 9:1 DR TT &
DT LT,
2.5 FarJh

EFTNAASOATL, REOT v T MG
ML, WX Ei—d 57D, Frr
7" N OB ERICHER I (instruction header) Bl
L7,
2.6 tEEEETE

LLM OMEREIX, & T VDS A LT i L A
BaRELUCGHEL, FHl 7 m 2 RIE, EEOHF
Feifi BERHlE AFICE DL E 2— 0D 2 B
TIHMiLTz, £ ERERZHNT, HUET+—
~yMZHI-7- &4 BB TR L, IERRZHIEL
Too WIT, B EHIH AR EEThH - 7= ABAIZRTEAD
HI T ROMEBRAR R I W T, SAIRRIC LD B AR
MERBAATV N, A HE R T L7, PR HEIT
IEAT LT 1 R R ANl BROYRZE
ERFE XMoo A1 0 e LT, EEHEE
BEZIX, T AT =&y MIxH 3 2 EE =
(Accuracy) & v 7=,
2.7 HEER

AMFFEDRETOFHEIL, RIRKRFYAN—AT 4
T H— (D3 BELH—) DA—IR—a L a—
#[SQUIDJ ETHEATL, RHMRFOE T /L HE G
L FHR DR EBIEL EM A WL SE D20, ok
BEFF B/ NS S (FP16) TTT 572, F72, LoRA ITX
L2774 F a—=2 7Tl BT RO T %
MHL->> GPU AEVEM AU 5720, 8 &
v AL,

S WREEER
3.1 2AKDEERE
R=AFA T VO IEERIL 55.15%05
76.36%DHiPHTHY, DSR1-Qwen32B 7% 76.36%&
EEAZR LT (% 2), LORA IZED 77 A Fa—
=2 HBOETT VT, IEERIT 54.54%05
76.97%DHiFH 720 | LoRA i i # ¢ DSR1-
Qwen32B 73 76.97% T B DRAEZ R L 72, CA-
DSR1-32B L8 DSR1-Qwen32B |L, N—AFA
VIR RUTES 109 [B] INEP O 448 FEHE (60.87%) %
MDA R LT, 77 Ay F a—= TIZEDIES
ROBAITET VT LI {71 (-0.61%)
MBI KR+5.45%D KiE7R ) _EECBIZES N, Fr
W4T AP 3EFT LTI A Fa—=0 T %I
PEREM EASRO LI, phi-4 1T ibBAE R EE R
Lize ZNHDFERIT, v—H/L LLM OB B LD
T7AFa—=0 T REORIERTHOTH
Do
3.2 RAADRHIEZEE
SERIOIEZRIZE T, £, e,
JRREAE PR « FEIEIR Y. BIRER TIL, ~—
AT A URERT—RE R GREIEE (K9 60%) %
EEIZEWVIEEER G LN (K 3), FFIED
2 ClE. CA-DSRI1-32B ¥ L U DSR1-Qwen32B
D3 A R L, LoRA i % b % O lif % #E
FrL7z, 7=, BERIX 2TV TT 7 AV
Fa—= U THOEERB—BLTER L,
SEHY HRAIE AT - IR TF LV
S TZEEMPED i OISR FEITIE,. LoRA 7 7 A
VT a—= T o THEE TV CHEE

#2 LEROEERDO—E

Accuracy (%)

Model
Base Model Accuracy, No./Total (%)

LoRA Fine -tuned Model Accuracy, No./Total (%)

Dilference (Fine -tuned

— Base), %
CA-DSRI-14B 91/165 (55.15) 90/165 (54.55) -0.61
CA-DSRI-312B 106/165 (64.24) 112/165 (67.58) 364
DSR1-Qweni2B 1264165 (76.36) 127/165 (76.97) 0.61
phi-4 100/165 (60.61) 109/165 (66.06) 5.45
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M ERNR ST, phi-4 (25 3 kA T Tl
B (+11.1%., +143%, +3.8%) Z~L. CA-
DSR1-32B (IR REAE Y - FMIEF T T+11.5%
DRIERIEMEZR LT, ZRHOAIE, 77
A F a— = TP FMEE T OMERER BT
59 %Z & LoRA BIEFHBROBERIZAH T
HHZLEERLTND,

L - I - EECIE, A AEERH LA A AT
S T2V DSR1-Qwen32B 35 & U phi-4 73—
AT A TRAIFRAGRE (K 54%) Z75 L. LoRA
WHA%GICENZENA+16.7%, +12.5%& Kig7am E
R LT, Ziud. 2D BARGEIER G E S
NDHET NV TH-TH, BARRAEOIER - Bl
IRk A ARSI FE L T B ATREME 2 R4
%,

— 5, ALFETIXET VT LEIZLORA 77 A
Fa—=UTOHRPRELS ER>72, CA-
DSR1-14B 3 & 1* DSR1-Qwen32B [3_X— 2 F A
> T BAT 72 A (50%., 100%) &= L7z
W, 77 AT a—= TRITEEEPKIFIC
KT L (-50.0%), —F., N—ATF A VIEER
D HKA > 72 CA-DSR1-32B (25%) 1.
LoRA 3l £ 12+50.0% & Kig /et z R Uiz,
7L, TR DR (n=4) T2, 20D
Tr7A LT a—=0 T OMEOIELOEITHL
TIHABRERDIFENVLETHDHEEXD,

4. BHYIZ
AEST fEMTHEF O IR % BT HHRED
BIMEWHBRBEICK L, m— B VERE CEIES

% LLM Ol H TRt & Bt L7, ARBFZE Tl.
SAEFHIR (C 31 D 1 — A1V LLM O1ERE % INEP
TR L, N EM MR A 5957 74
Fa—=U P FEOFIMERKR LT, Zhb
DRI, WEEORWERER AR OBRET
T, =P —DHF L L= — XS U1
AR SR & A T b OREGLT AT 72 FERRE R 5L
ERMIET D2 L0TH D LR D,

BE R

1. Skelly, C. L., Cassagnol, M. & Munakomi, S.
Adverse Events. in StatPearls (StatPearls Publishing,
Treasure Island (FL), 2025).

2. Nango, D., Sekizuka, T., Goto, M. & Echizen, H.
Analysis of Information on Drug Adverse Reactions
Using U.S. Food and Drug Administration Adverse
Event Reporting System (FAERS). Yakugaku Zasshi
142, 341-344 (2022).

3. REFIL; eral. AERREN T 7 v b7 4 —
2. AEST D%, in (5UHE, 2023).

4. Schubert, M. C., Wick, W. & Venkataramani, V.
Performance of Large Language Models on a
Neurology Board—Style Examination. JAMA Network
Open 6, €2346721 (2023).

5. Longwell, J. B. et al. Performance of Large
Language Models on Medical Oncology Examination
Questions. JAMA Network Open 7, €2417641 (2024).
6. Hu, E. J. et al. LoRA: Low-Rank Adaptation of
Models.
https://doi.org/10.48550/arXiv.2106.09685 (2021).

Large Language Preprint at

K3 RFAAUHEERO 5
CA-DSRI-14B CA-DSRI1-31B DSRI-Qwen3lB phi-4

Domain n Base (n) Fine-tuned AGS) Base (n) Fine-tuned A(%) Base (m) Fine-tuned AC9%) Base () Fine-tuned  A(

() (n} (n) (n) o)
Physics 11 & G -9.1 9 B =91 g 9 9.1 g8 T <91
Chemistry 4 2 O -50.0 1 3 0.0 4 2 -50.0 i 3 0.0
Biology 9 7 9 22.2 9 o 0.0 & ] 0.0 L3 ] 0.0
Hygiene 25 L L& 4.0 18 19 4.0 20 22 8.0 15 17 8.0
Pharmacology 27 14 8 T4 17 17 0.0 23 20 -1 i} 14 Ll
Pharmaceutics 14 7 7 0.0 7 8 T.1 9 8 -1 7 9 14.3
Pathophysiclogy/Drug Therapy 26 16 15 -3.8 18 21 LS 24 22 3.7 19 20 38
Laws/Regulations/Ethics 24 12 13 4.2 12 12 0.0 13 17 16.7 14 17 25
Practice 25 L5 LG 4.0 15 15 0.0 LG 18 8.0 17 16 -4.0
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Machine Learning Metadynamics for Modeling Drug Release of

Phosphoramidate-based Antibody-drug Conjugates in Cancer

Treatment

Rizka Nur Fadilla and Yoshitada Morikawa
KBRS KB Leafrsegt

1. Introduction

Antibody-drug conjugates  (ADCs)  are

biopharmaceutical  agents  that deliver
payloads, such as chemotherapeutic drugs, to
cancer cells. The goal is to kill cancer
cells while minimizing the damage to healthy
cells, which is a common challenge in cancer
chemotherapy. This is achieved by
conjugating a cytotoxic agent to an antibody
via a linker that targets the cancer cells
ADC efficacy depends on antibody specificity,
linker cleavage selectivity (stability in
the bloodstream but cleavage within cancer
cells), and payload potency. [1, 2]

Linker instability is a key challenge in
the development of the ADC. This instability
can cause premature payload release into the
bloodstream before reaching the targeted
cancer cells. This release can lead to
shown by the withdrawal of
in 2010 [3]

2000.

toxicity, as
mylotarg from the market
following its FDA approval in
Understanding these challenges is essential
for successful development of ADCs

The phosphoramidate—based linker (see Fig
1) is among the several proposed linkers that
instability. It  shows

address  linker

stability at neutral pH, corresponding to

the extracellular environment, while

enabling rapid release under the acidic

conditions found in cancer cells. This
linker has proven effective in delivering
diverse payloads, which could enhance the
efficacy of the ADC [4-6]. Despite these
promising results, no ADC using this linker
has been approved. A possible explanation is
the insufficient mechanistic understanding
of the payload release

surface

Exploring the potential energy

(PES) of chemical reactions is vital for
understanding the payload release mechanisms
of  phosphoramidate-based  linkers. PES

reveals reaction pathways and energy

barriers, helping to optimize linker design

and control drug release kinetics.
Accurately representing PES requires solving
the Schrédinger equation approximated using
density functional theory (DFT). However,
DFT’ s computational cost of DFT often limits
its application in statistical sampling
such as in metadynamic simulations. [7]
Recent advancements in machine learning
methods have demonstrated the capability of
accurately modeling the PES when trained
accurate data. We developed a machine
learning interatomic potential using a Deep
Potential method for phosphoramidate in an
aqueous environment. This potential was used
to investigate the payload release mechanism

of the phosphoramidate—-based linker.
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Fig. 1:  Components of

conjugates with  phosphoramidate—based
linker. Symbols Ri;, Rs;, and Rs; denote the

substituent of the linker.

2. Gomputational Method
2.1 Deep Potential

We employed the Deep Potential (DP)
machine—

In the DP

framework [8] to construct a
learning interatomic potential.

framework, the potential energy is expressed
as the sum of atomic energies. Each atomic

energy was determined based on the local

environment within a specified cutoff radius.

This procedure converts the local atomic
environment into a descriptor that preserves
translational, rotational, and permutational
symmetries. The descriptor was fed into a
deep neural network to predict the atomic
energy and corresponding forces. The neural
network was trained on atomic configurations
and their corresponding energies and forces
using DFT calculations. Once trained, the DP
model drove the dynamic simulations. The DP

framework was implemented using the DeePMD—

kit [9].

2.2 Density-functional Theory (DFT)
Density functional theory (DFT) 1is a
quantum—based approach used to investigate
the electronic structures of molecules and
materials. DFT-based calculations were used
to generate training data for the DP network.
CP2K software [10] was employed to compute
the energy and atomic forces using revPBE-

D2/TZV2P as the exchange—correlation

functional/basis set and the GTH
pseudopotential [11, 12]. The training data
comprised two systems: pure bulk water and
phosphoramidate in aqueous solution. Fig. 2
and 3 show the typical training structures

used in this study.

K eog
A \‘;é g \,,ﬁ‘
ut ”// ,

&
rL &<

Fig. 2: Pure bulk water. The red and white

colors denote oxygen and hydrogen atoms,

respectively.

Fig. 3:

Phosphoramidate—-based ADC 1in
aqueous solution. The red, white, green,
blue, denote oxygen,

and brass colors

hydrogen, carbon, nitrogen, and phosphor

atoms.

2.3 Metadynamics

Metadynamics is a simulation technique that
accelerates rare—event sampling by
introducing a bias potential. This bias
applied to the selected

(CVs) that

potential was
collective variables
characterized the chemical reaction. In our
study, we selected two CVs: the P-N
coordination number, reflecting P-N bond

cleavage, and the P-O0 coordination number,
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representing P-0 bond formation. To perform

the metadynamic simulation, we employed

Plumed [13] in conjunction with LAMMPS [14]

3. Validation of Deep Potential

To evaluate the accuracy of the developed
potential, we compared the machine learning
(ML) potential predictions of energy and
atomic forces with the results from density
functional theory (DFT) (Section 3.1). In
addition, we examined the oxygen—oxygen

radial distribution function against the

experimental results (Section 3.2)

3.1 Energy and Force

Fig. 4 presents parity plots comparing the
energy and atomic forces determined by DFT
and ML across 5, 765 test data points. These
test data were excluded from the training
process and comprised pure bulk water and
phosphoramidate in an aqueous solution. The
root mean square errors (RMSE) for energy
and atomic forces are 0. 63 meV/atom and 67. 88
meV/&, high-

quality potential.

respectively, indicating a

3.2 Radial Distribution Function

The performance of the ML potential was
further corroborated by examining the
oxygen—-oxygen radial distribution function
(RDF) of pure bulk water, as shown in Fig
5. The deviation between the predicted RDF
and experimental data was small. The ML

potential predicted a slightly higher

localization of water molecules than the
observations. This

experimental results

along with the parity plot, suggests that
our developed ML potential demonstrates a

reasonable level of accuracy.

Energy
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-153.5 4
-154.0 4
© -154.5 ,,’
> -
2 >
S -155.0 1
-155.5 +
-156.0 1
-156.5 1 s
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30{ @ Fy
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DFT (eV/A)

(b)
Fig. 4: Parity plot of (a) energy and

(b) atomic forces
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Fig. 5: Oxygen-oxygen radial distribution

function of water.

4. P-N hydrolysis
ML metadynamics was employed to simulate
which was

the release of payload,

represented by the cleavage of the P-N bond
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to elucidate the detailed mechanism. In the

presence of COOH, it was observed that
nitrogen protonation occurred, transitioning
from a single N-H coordination to a dual N-—
H coordination, prior to the cleavage of the
P-N bond. [15] This protonation results in
slight elongation of the P-N bond, thereby
facilitating its cleavage. At neutral pH,
COOH tends to deprotonate and exists as COO
(see Fig. 6). The presence of CO0- forms a
relatively strong hydrogen bond with the
nucleophile H,0, aiding H.0 in attacking the
phosphorus center and promoting P-N bond
cleavage. To strengthen our argument, we
compared this simulation with one conducted
in the absence of COOH, which is currently

in progress.

Fig. 6: COO assisting the nucleoplhile
(Nuc.) H.,0 to attack the phosphorus

center.

5. Gonclusion

We developed a machine learning potential
grounded in the Deep Potential framework to
interactions of

model the interatomic

phosphoramidate in aqueous environments.

When paired with metadynamic simulations,
this potential effectively captures rare
events such as payload release through P-N

bond cleavage. Our results suggest that in

the presence of COOH, nitrogen protonation
precedes bond cleavage, and CO0~ facilitates
nucleophilic attack by stabilizing H:0 near
the phosphorus center. Upon completion of

this study, we anticipate that the payload

release mechanism can be elucidated in
detail.
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Electron radiation damping effects in laser—-plasma interactions

B EZH
RBERRE PEEREIFIERT

1. Introduction

The high power laser has experienced rapid
development in the past decades and 10 PW class laser
facilities have already been under operating [1]. The
state-of-the-art lasers are able to deliver the short pulse
with the peak intensity up to 10?2 W/cm? [2, 3]. The
next generation 100 PW laser facilities are expecting
to further enhance the intensity to 10232 W/cm? [4, 5].

Under such the high intensity, the electron radiation
effect becomes important since the momentum of the
emitted photons becomes comparable to the electrons
[6]. The dynamics and the trajectories of the electrons
will be significantly changed by the damping force
provided by the photon emission processes as shown
in Figure 1. In laser-plasma interactions, the electrons
absorb energy from the EM (electromagnetic) field of
the laser pulse and the electrostatic field such as the
laser wakefield [7]. The radiation friction effect is
dominant when the rate of radiation emission
overcomes the rate of absorption. In the extreme
conditions, the energy gain is balanced by the radiation
loss, then the electron acceleration is fully damped. In
the condition of high energy electron and strong EM
field case, the photon radiation transits from the
classical regime to QED (quantum electrodynamics)
regime. Novel physical processes such as electron—
positron pair creation, gamma-photon emission and
QED-cascade come into play under these extreme
intensity conditions. The abundant new phenomena
provide possibilities of studying high-energy density
physics, laboratory astrophysics, and to address the
fundamental physics in QED [8-11].

Electron Trajectory
without radiation
reaction

Electron

Radiation

Trajectory with radiation

Electromagnetic :
reaction

force
Fig. 1 : The schematic of the electron radiation

and radiation damping effect.

2. Computational Model of Radiation
Reaction in Laser-plasma interactions

In laser-plasma interactions, one of the widely used
numerical tool is the kinetic code PIC (particle-in-
cell) simulation. In general PIC simulations, physical
particles (electrons and ions) are represented by a
number of pseudoparticles (super-particles). The
fields generated by the laser pulse and the motion of
particles are calculated by a Finite Difference Time
Domain (FDTD) method. All the electromagnetic
field components are calculated within a grid with
fixed spatial resolution. The forces generated by these
fields are applied on the pseudoparticles and used to
update their velocities and positions according to
Lorentz equation. At the end of the loop, the new
calculated pseudoparticles’ positions and velocities
are used to update the fields again via Maxwell
equations according to the currents and charge
distributions. The typical algorithm and calculation
loop of PIC code is shown in Figure 2.

Therefore, it is also clear that the electron radiation
effect is not included in the general PIC calculations.
It is understandable that in the low intensity laser
case, the radiated photons have relatively low energy.

Their contributions to the total energy balance and

87



the change of the electron trajectories are not so
significant. It is still a reasonable approximation to

neglect the radiation effects.

Force
Interpolation

(0.EB)j=>F;

Equation of
Motion

Fj—)Vj—)Xj

Current
Deposition

(Pv) = J;

Maxwell's
Equations

Jj—= (EB);

Fig. 2 : The typical loop of PIC code.

However, as mentioned in the introduction part,
such approximation will be invalid under the high
intensity laser and strong field case. Therefore, it is
necessary to modify the code by adding the radiation
effect to satisfying the laws of energy conservation
and momentum conservation.

The first and straightforward way is to model the
classical radiation according to the Landau-Lifshitz

radiation damping force [6], F,.,. =

( 2e*
3macs

)yzv[(E + v X g)z — (E - v)?/c?]. Then

update the damping force in Lorentz equation, as
F=q (E +v X ?) + F,,.. In this case, the emitted
photons are treated as the EM field with relatively
long wavelength. The corresponding algorithm is
shown in Figure 3.

! Compute Lorentz force

F_L = charge * (E + v x B)

! Compute radiation reaction force

F_RR = (2.0 * charge**3 / (3.0 * mass * c**¥3)) *
(gamma * (E + v x B) x B +
(charge / mass) * (E . v) * E -

(charge**2 [ mass**2 * c*%2) * (E¥*) - c**2 * B*¥¥2) * vy)

! Update momentum

p=p+dt* (F_L + F_RR)

Fig. 3 Algorithm for classical radiation correction.

However, in the high energy photon emission case,

the QED effects such as nonlinear Thomson
scattering and Compton scattering become dominant.
The radiation process becomes stochastic, and the
wavelength of the emitted high energy photons is
extremely short. Such the photons should be treated
as particles. Therefore, the Monte Carlo approach is
applied in modeling the radiation. The quantum

. A .
efficiency parameter as y, = mzc -+ (F*p,)? is

calculated to sample the photon emission probability.

The Monte Carlo process is shown in Figure 4.

! Look up the photon emission probability from a table

prob_emit = lookup_emission_probability(chi, dt)

! Generate a random number

rand_number = random()

! If random number < prob_emit, photon is emitted
if (rand_number < prob_emit) then

photon_emitted = .true.
else

photon_emitted = .false.

end if
Fig. 4 Monte Carlo Algorithm
Once the photon emission is confirmed, the
corresponding photon energy and momentum should
be calculated in order to update the electron motion
by the conservation law of energy and momentum.

The calculation is shown in Figure 5.

if (photon_emitted) then
eta = sample_spectrum(chi) ! Sample photon energy fraction
photon_energy = eta * gamma * me * c*2

end if

if (photon_emitted) then

electron_energy = electron_energy - photon_energy
p_new = update_momentum(p_old, photon_energy)

end if

Fig. 5 Calculation of energy and momentum for
photons and electrons.
By adding the Monte Carlo method in the standard
PIC loop, it is possible to model the high energy

photons emission process in a self-consistent way.

3. Simulation Results
Here the typical simulation results are presented to
show the radiation damping effect on the electron

dynamics. The simulation is limited in the 2D x-y
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plane with a size of 0.25mm X 0.1mm. The
resolutions on each direction are both 0.01um, i.e.
the cells number is 25000 x 10000. The total
number of pseudoparticles is 1.5 X 10°. The total
time is 780 fs which corresponds 2.7 x 10*
timesteps. The simulation was running on SQUID-
CPU nodes with 20 nodes and accomplished in
1D22H22M.

8

y()),Ex(TV/cm)
(=]

10 15 20 25
x()\)

Fig. 6 The electron density comparison in the
condition with and without the consideration of
radiation effect.

The radiation and non-radiation simulation results
are compared in Figure 6. The upper half is the
electron density distribution in the case with radiation
consideration. The lower half is the corresponding
one without radiation effect. The red line and black
line are the longitudinal and transverse electric field
on the laser axis. It is clear that the electron density
distributions are quite similar in the region where the
laser field is weak. It is consistent with the theory that
the low field region indicates a minor quantum
efficiency parameter. Therefore, the probability for
high energy photon radiation and strong damping
force generation is almost negligible. However, in the
region where the laser field is intensive (on laser axis
and within the pulse duration), the electron
distributions become completely different. In the case
of non-radiation, the electrons are drifting into the

upstream of the laser pulse with the modulated

structure. The electrons in the case of radiation show
relatively slow back drifting. The confinement effect
is actually due to the damping effect originating from
the photon radiation. The momentum of the photons
is in the direction of the electron drifting resulting a
delay to the electron motion. The red spots shown in
Figure 7 demonstrate the sampling of the emitted
photons when the electrons are penetrating the laser
field. Most of the photons move in the direction
opposite to the laser field.

10 ,
With Radiation

b

10 20 30 40 50
X

Fig. 7 Photon emission inside the laser field

4. Discussions

Although the high energy photon radiation and the
corresponding damping effects have been modeled
and realized in the simulations, there are still some

necessary improvements and optimizing of the code.

g X 10 Simulation Time vs lteration
2.5
s 2
15
S
0.5
10 20 30 40
Time(h)

Fig. 8 The iteration evolution of the simulation

As presented in the time evolution of the iterations
in Figure 8, the simulation becomes much slower
after 35 hours, i.e. 2.6 X 10* steps. By checking the

data, it shows that a large number of photons are
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produced and accumulated in the simulation box at
that time. Also, the electron distribution becomes
strongly nonuniform due to the pushing of the laser
field. A large number of electrons are concentrated
resulting a high density region. In the standard MPI
process, the simulation region is uniformly separated
according to the spatial region. The non-uniform
distribution resulting a high particle loading on one
calculating domain. The other domains with less
particle calculation have to wait until all the domains
enter the next timestep. It significantly reduces the
efficiency of the simulation. Therefore, a dynamic
balancing or adaptive loading method is necessary to

add in the future.

5. Conclusion
High power laser facility provides the ultra-intense

laser pulse which induces the strong radiation

reaction and QED effects in laser-plasma interactions.

To model the electron radiation process and the
damping effects of the electron dynamics, the
classical radiation and Monte Carlo QED algorithms
are plugged in the standard PIC code. The simulation
results show a large number of photons emitting in
the central region of the pulse center and a strong
damping effect on the electron motion. The current
2D simulations are not sufficient since the z-direction
oscillation contribution is not well resolved. Another
issue in the simulation is the electron concentration
and the unbalanced particle loading effects. To
simulate the interactions efficiently, it is necessary to
solve the problem by dynamic balancing or adaptive

loading method.
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Table 1: Structure information of each polymorph of Si.

Dataset type Structure name Number of atoms in structure Number of data instances

Cubic 8-64 9,652

Hexagonal 32 6,426

Crystal data Tetragonal 32 5,222

Orthorhombic 16 3,712

Trigonal 24 3,352
Slab 56 561

Amorphous data Amorphous 15~109 6,154
Dimer 2 69
Morecular data Trimer 3 824
Tetramer 4 149

All 2-109 36,121
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Fig. 2: Sputtering yield vs injection energy.
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The Multiscale-based Data-Driven Subgrid-Scale Model for Large-Eddy Simulation
of Wall-Bounded Turbulent Flow

Bahrul Jalaali, Kie Okabayashi

Department of Mechanical Engineering, Graduate School of Engineering, The University of Osaka

1. Introduction

Turbulent flows are ubiquitous in both natural and
industrial fields. It has a critical role in various
applications, such as aircraft, turbomachinery, and
weather forecasting. Characterized by chaotic and
unsteady motion, turbulence involves a broad range of
vortices across different scales. The use of numerical
simulations with reliable computational methods serves
as valuable tools for fundamental research in turbulent
flow. A direct numerical simulation (DNS) resolves all
turbulence scales, but its computational cost is
prohibitive for practical use due to its immense
computational resources on fine mesh. Among existing
modeling approaches, large-eddy simulation (LES) has
become a widely used compromise between accuracy
and computational efficiency. In LES, large-scale
vortices are directly resolved using the numerical
scheme, while a turbulence model is introduced to
account for the small-scale vortices. The scales that are
explicitly resolved are referred to as grid-scale (GS),
whereas the small-scale are known as subgrid-scale
(SGS) or residual stress (7;;), with the latter represented
by SGS model. Many SGS models have been proposed
such as the Smagorinsky (SMAG) model which is one
of the most typical SGS models. However, these
conventional models, which rely on linear eddy
viscosity assumptions, often struggle to accurately
capture the complex features of SGS.

Recently, advances in computational resource and
machine learning have enabled the development of data-
driven SGS models using deep neural networks (DNN).
The data-driven SGS model aims to predict 7;; without
relying on mathematical

explicit and physical

assumptions. Early efforts, such as Gamahara &
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Hattori[ 1], used multilayer perceptrons (MLP) trained

on filtered DNS (fDNS) data to predict t;;, while later

j
Liu et al.[2] demonstrated an improved performance
using convolutional neural networks (CNN) due to their
ability on capturing spatial features. Despite this
potential of data-driven SGS models, capturing the
multiscale dynamics of turbulent fields remains
challenging, particularly due to the nature of turbulent
energy cascade where kinetic energy is progressively
transferred from large to smaller vortices. To address
this, we propose a multiscale CNN-based SGS model
(MSC-SGS) which incorporates features across multiple

spatial resolutions ranging from large to small vortices

and evaluate its effectiveness on predicting 7;;.

2. Methodology

The problem setting of this study is wall-bounded
turbulent channel flow between two parallel flat plates
driven by a constant pressure gradient with Reynolds
number (Re) of 180. LES computation is conducted by
solving the spatially filtered forms of the continuity and

Navier—Stokes equations expressed in Egs. (1) and (2).
ou;

oy )
owi \OwmW 9P 10 4 oop.
at 6X}' - 0x; + Re 0x]- ( TU + ZDU) (2)

The overbar denotes the filtering operation and D; j=

1(ouw;  0uj\ . . _
===+ =), is the GS rate-of-strain tensor. Here, i
2 6x]- 6Xi

and p denotes the velocity and pressure, respectively.
The SGS components, 7;; = WU, — 1, it;, are unclosed
term and need to be modeled. Here, the data-driven SGS
model is proposed to predict 7;;. A schematic diagram
of data-driven SGS framework is depicted in Fig. 1. The

data-driven SGS model is trained in a supervised

manner using fDNS dataset that comprises a set of input



data X,, and label data (‘riijNS). The training step (a

priori test) aims to establish a functional relation
between the input and output variables, thus yielding a

nonlinear regression T =F(Xeys;w) , where w

indicates the weight of the neural network and T is the

predicted 7;;. The training process aims to determine the

optimum weight such that

fDNS )

w =

argmin,, (L(T , where L denotes the loss

ij* T
function. Subsequently, the trained data-driven SGS
model is implemented in the CFD framework of actual
LES computation to assess its performance (a posteriori
test).

Here, the dataset is obtained using DNS data of a
turbulent channel flow where it has been validated by
comparing with Kim et al[3]. DNS data are
subsequently filtered using box filter to separate the GS
and SGS components, resulting in the fDNS data. To
satisfy the Galilean and rotational invariant of
turbulence model, the GS variable of D; ; is used as the
input variable. Therefore, the input (X;,) and label data

riijNS can be defined in Egs. (3) and (4).

Xt‘r = {x € R6XNxXNyXNZ:x = EU}

fDNS _
Tj; = {1}

)
4)

fDNS 6XNy XNy XN,
i €ER x XNy z}

As illustrated in Fig. 2, the MSC-SGS model
incorporates multiscale representation of turbulent
fields. The input features are separated into a quarter,
half, and full scale which corresponds to large-,
intermediate-, and full-scale vortices by using low-pass
filter operation. Next, these inputs are sequentially
encoded and then concatenated to form a comprehensive
multiscale representation. To account for three-
dimensional spatial interactions in turbulent flows, the
MSC-SGS model utilizes 3D convolutional kernels with
a uniform size of 3 across each spatial direction. For a
more profound explanation of the MSC-SGS model and

its training procedure, readers are referred to the study

by Jalaali & Okabayashi[4].
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Figure 2. Schematic illustration of the MSC-SGS

model network structure.

3. Result and discussion

In a priori test, the correlation coefficient (CC)
expressed in Eq. (5) is introduced to evaluate the
performance of the data-driven SGS model where (.)
denotes the ensemble average in the streamwise—
spanwise (x-z) direction and in time.

((T{}DNS_(T{}DNS»(T _(1_ >)>

cC =
J(( TPNS_ (I PNS)) >J<r —(h)

)

Figure 3 shows the correlation coefficient (CC) as a
function of wall-normal distance (y*), averaged over all
components of 7;;. The MSC-SGS model consistently
yields high CC values, particularly in the region 5 <
y* < 30, where shear-dominated turbulence and SGS
dynamics are prominent. A reduction is observed near
the wall (y* < 5) due to diminished flow variability,
while high correlations are observed for y* > 30.
Compared to previous studies of Gamahara & Hattori[ 1],
Bose & Roy[5], and Park & Choi[6], the MSC-SGS
model demonstrates higher overall CC value,
underscoring the advantage of incorporating multiscale

information.
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Figure 4. Wall-normal distribution of (a) t,, and (b)

SGS backscatter

Figure 4(a) shows wall-normal distribution of 7,5,

the dominant shear stress component in wall-bounded

flows. Fig. 4(b) presents the SGS backscatter (sb =

—%(ssgs - |55g5|)) where &5 = —17;;D;; represents
SGS backscatter (energy transfer from small to large
fluctuations) and accurately capturing this term is
important for turbulence modeling. From the results, the

MSC-SGS model closely aligns fDNS results for both
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quantities. Nevertheless, as noted in Park & Choi[6] and
Duraisamy[7], a priori result does not guarantee
accuracy in a posteriori simulations, prompting further

LES validation of the model.

In a posteriori test, the data-driven SGS model is
implemented within an LES of turbulent channel flow,
under conditions similar to those used in the DNS
computation. The computational domain and grid
resolution are (L, X Ly, X L,) = (2n6 X 26 X d) and
(ny Xn, Xn,) = (32X 64 %x32), respectively. For
comparison, the conventional mathematics model of

SMAG model with van Driest damping is also evaluated.

S S T T T O T 1
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20
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Figure 5. Wall-normal distribution of turbulence
statistics of a posteriori result for (a) mean velocity

and (b) root-mean-square velocity.
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Figure 5(a) compares the mean velocity profiles of
the MSC-SGS model, SMAG model, and DNS. The
MSC-SGS model closely matches DNS mean velocity
profile, while the SMAG model exhibits deviation.
These discrepancies can be attributed to its reliance on a
predefined eddy viscosity assumption. Fig. 5(b) shows
the root-mean-square (rms) velocity statistics. In
comparison with the DNS results, the SMAG model
tends to overestimate @, while underestimating both
Tias and Wi which indicates inadequate energy
redistribution. On the other hand, although the MSC-
SGS model slightly overpredicted the DNS for the W,
it produces the @, and 7%,s well owing to the
appropriate energy redistribution.

Figure 6 presents the three-dimensional energy
of velocity fluctuations. At

wavenumbers, both SMAG and MSC-SGS models

spectra the low
agree well with fDNS, capturing large-scale structures.
However, at high wavenumbers, the SMAG model
underpredicts energy due to excessive dissipation. In
contrast, the MSC-SGS model aligns closely with fDNS
across all scales, indicating its ability to preserve fine-

scale dynamics and accurately represent the energy

cascade.

4. Conclusion and Future direction

In this study, the multiscale algorithm of the
multiscale CNN-based SGS model (MSC-SGS) model
was employed to predict the SGS residual stress 7;;. The
model encoded multiscale

input representations
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obtained through low-pass filtering at various scales. 4
priori results showed that the MSC-SGS model
consistently achieved a high correlation coefficient
across all wall regions. It also revealed that the MSC-
SGS model provided accurate predictions for shear
stress T,, and SGS backscatter. In a posteriori tests,
LES computations based on the MSC-SGS model
showed good agreement with DNS data in terms of
turbulence statistics and energy spectra, compared to the
conventional mathematical model.

Despite its advantages, the MSC-SGS model has
certain limitations such as the generalization ability to
predict flow other than training dataset. Future work will
focus on enhancing the model’s ability to generalize
across diverse flow conditions beyond the training
datasets, thereby improving its applicability to a wider

range of turbulent flow scenarios.

Acknowledgements

This work was partly supported by the Research
Proposal-based Use of the Project for Nurturing Student
Competing with the World at the Large-Scale Computer
System-D3 Center, The University of Osaka. This study
was financially supported by JSPS KAKENHI grant No.
JP22K03925 and a grant from Indonesian Education
Scholarship (BPI), Center for Higher Education
Funding and Assessment (PPAPT), and Indonesian
Endowment Fund for Education (LPDP).

Reference:
(1) Gamahara, M., Hattori, Y. Phys. Rev. Fluids.

(2017)

(2) Liu, B, et al. AIP Advances. (2022)

(3) Kim, J., etal. J. Fluid Mech. (1987)

(4) Jalaali, B., Okabayashi, K. Physics of Fluids.
(2025)

(5) Bose, R., Roy, A.M. Engineering Applications of
Artificial Intelligence. (2024)

(6) Park, J., Choi, H. J. Fluid Mech. (2021)

(7) Duraisamy, K. Phys. Rev. Fluid. (2021)



E AR ERAD=ZRITERBRIEL S 2 L—
FTWRONFHBEOHENA

PR =g X

arvERW:

W G
BRERKT: RFPRE TR THER S8BT 7n 7o A

1. FC®HIC

LA OEGEAE T D 1T ZH ORI D
RN EER A HEE T S0 BHREAMEZIZ D
ZEMTED, ZOD, JRIRE R E D
Ho L AWROBITICHE L CW\Wb, £2, LA

TIRARLEE DRI BECTHERK S, RBLFI3REIC
IR SBICERTE T DR E N E L D, BT
CHEIO LT XD D728 FEEE O v
BEIRET IV EREES D712, R OHEEET
IVORESIISETH D,

Z 2T Gk SRS B D5 TR
#%IMLT MY 5. b OREE RS, AR
TUE, £ OARFEIZ M 2> 5 KL T 0D JEE) Z 4k EE) &
L&, Thbboakix, @@ﬁﬁﬁ“1
fﬁhéﬁ%f%é FDD ., FRDET IV
BT E T oEB 2 T T 2 LE R H D, L
L. KELSERR Tl SrflaE B O FER 72 5 23 R
THY T T NV OZEEORGEIZGRENH D,
BAERAT 2 AN T2 RBL G D it b iED B i
TV 5, EHRIRARTE OB FIEIC . KT OB &
777 Y2, HEIE R K0 b/ E 7R
FHRAR 7 O  EREITIE D B 2 PAED D (LI
Z DRI fEATIE % Interface-Resolved Simulation :
IRS & J.5), IRS TlE, HLRE7R & OB E
$ox D3 MR RIS AR Y
HEET& %, Fukuda® 53, IRS DML CTEEEIR
BB & K OEE) & i < = IR plCEUE AR AT VA
APM (Arbitrary Particle Multiphase) Z#§5E L7,
APM ORFTL Y | ERTIXFEBR O ESES O HEE )
HLWZ E2URENTND Y, LavL, IRS X
“ﬁﬁﬁﬂ%””“fi EREEIZ LD bONE

BRI XS D B BN ZE R S ATV
T, BEEO TR D NN F52BEZTHT-0
X, £ PRI T- &\ 72 IRS 2470 IRS OfiEdT

AR D O HERL T O 3 kiEE) & F SRR E KIE
FTEELZERIL TN T LI ENEETH D,
AWFFETIZ. APM % F W TR RE DR
BRI TR A fEAT T 5, £ LT, APM O 7
mx#—wmmﬁ%%#%'“’ﬁam*%%ﬁ
TR oMo B (CEAI0 7RE 1 D SR B FEE L2 k5
DARBEOEEREDZE) ZHNT, v/ r Ry
— VT D o E BN KT T A & ok
DATDNRZ T %,

2. APM D fE#TiE
AHFIETH T2 APM OFENTIETIE, Bk 7-B%
DIEB) & F DFENTIZ SR 5 78 KL DMFE
THEAEIM S EENRR DAL LTEZ, 2
K% JEEMEIETRAL & L TRV T D, Bk T-RED
TEENFAT Tl TR DR > AR ) % A L
WA o> B 5 FR A K0 (8 B B SE L CE & o g
K- OIEEN & i X | JRdL O FENT O B OALE & it
HWAAEIET D, T FIEOMEE A LU FICRT, 5
AL SCHR 2 fERE S A7,

2.1 JnsOEBER

AT I 1T D FEREIE. BEFRER A 2 &8 L T,
LUFIZ ™R IR A R O — e T v % H
WTW5, F7-, ELEET /L E LT Smagorinsky
T NVE RN,

ou; _ 0 )
ox;
ac Y ax; gi~ p0x; VYIS
ve = (Cs4)* [2S;;S;; 3)

T, w R R E AN TEE R LS i
M, PIXEI & SGS S S DETFIE Ty D

107



. p T B VA THREREY LB, v TR
¥R, g IZEINEEE v, 13 SGS ELTEREEAR S
Sy TOTHHEE T v Vb AL TIE, ¢ 1%
Smagorinsky E# (0.173) TH 5,

2.2 FRAHNOFHEmTE

15 VA N (2 b R R K VA o SN R E/A B W -5 &2 K e
FWTRHI L, 2 2B 1125 £ 5 #PH TR
Feifs oy LT LT O TRHd %,

p aP d
F; =j —ax.+pa{2(v+vt)5ij} aa  (4)
Qg i J

oP 0

f = D
T; jﬂ EijkT; { 9%, +p 9%, {2(v + Vt)Skl}} aa(s)

S

’7-&‘7
— e

F/ i Faoiis . 17 idfm i &
B b7 O i ISy T R B B ) 0
PERBSIC A 5 L2 R L, Qg 3Bk 710

EFNLEILTH D,

2.3 RAZEZOERENX

W A e 8 oD NI e A (e S R A L (6)
(2 FIEREENC 3 5 A4 A T — o iEE) A A K
(7) &7,

Miz; = Mg; + F/ + Ff (6)

by = 17 {Ry (T) +TE) — gyl } (7)
M TR OB &, 1 (TR O ED
i, RS IIESRIT-REICERT B, kA
fo clTMENBLOEMNIC L HMEERL, T
10 i RS 2R T o (3AEE, Ry (3
PRIZ [ E S ATz JBEAR 20> & 2 [ JFEATE ~ 0D JHE AR 25
DATFN, 175 1FEYET > Y A Oplsy THER S LD
FEl0wATE], TS, T RO ELI/ERT 5
fvo o FEe, i ~m! ERRICEE Sz —
WVIEREDR 7 TH Y . By MBI 3RHICET 2
1 By 22”3,

’v-&v
— e

=

3. BANBELIBROMBMAE

FEHTIC W TR F DR &2 . 1 I2RT, E
7o BT SRAFE 22 1 IR, RIBERE k 13/ S WVIE
&L, ARBFZEIE 3 RIB A2 VT B/ hife dt iz
XD R RRIE d® DL (d3/dY) 1355 TH D,
BRI, KT & Rl — AR ORRDER TER LT,

Eff a a/d=1.49
1% b b/d=1.00

‘2 | EitE ¢ c/d=0.72
Shape Factor c¢/vab = 0.590
1 A IR T

#* 1 TR

dl d? d3
Y2 gk
AL d 2.3 mm 5.9 mm 11.5 mm
B -5 B ps 2,810 kg /m?
AR VS 2.73X10% m?3
FIHHKIE hy 0.0634 m
KRR 0 14 °
0004 —E
DU r—— 2.3mm
‘%’0‘03" — 5.9mm
gg? 11.5mm
0% 0.2

0.4 0.6 038 1.0
K O RFEHIS
2 PIHA DR - DIRFEE S DR E YA

KR, ML 0.1m TH5, KEEELZEL LY
A SRE SRR R IR U 7= L 22 4381 L 0 | i
TITPEORERTH I TRB D 2SS A4 U BLR A 4
b3 %, ABFZETIE, $hE T M DRFRIAN 222 L T
B DENE R E BET D2 T M OB o
BACIIHSR D 721 E Ui\ a8 & < | EwTro Iz
B A 3T 7=, R & KR i 0D B it i 0D Hh e
LU, Rl ME x, EREJAE y, KERICE
BECTHFEREEMLT DL zDIEDH A EE
F# L7, TR TIX, B/RIRD 1/4 4 X
(0.545mm) &9 5,

ENT T, BN A2 K B A RN B Vs
DEDORLT Z BN 51T T A RABREICRE
IR ORI BIRICEREZ AL T, £m ST
BRI DS IRG LI R W 2 Tk L 7=,
212, WIIORLT-RFEEIG OB A & 7T, IR
2 LR LK hy 12725 £ D 12Kk EH 2,
WA KR I BB 0 2 D T Lz 484 &
i, AREZHRTEL THLOREME t EERT D,

RN OFFEAS 15 1,027 TV, BERL T
152328 CH 5, 21 5 DOFHE L. MPI &£ OpenMP
DONAT Yy hE LT, RKIRRFOARA—/"—a

108



F'2—%—SQUID ® 1 /— RZMHV, ZHHEHEE
8 7rvATIIULL, &7 vk ANOFHEIT
9 AL K@D OpenMP Tif%| & L7z,

4, FREHICRETEEAREHESFTOHR

R KL T Uit DA #E R O TR LA X 3
WRT, [N S, t =0.7s B s RE TR
ORI D | it T ET 2T, KE)
S EEIZ T TR DO K & RIEICHERT 55
MHEATL TN D,

yRIEE) & E AV R RIT TR A T
A1, APM D X 7 1 A7 — L O E %
W, B A E R T 5, AW TIERHAE
TMZET HHAERD -0, FEEIT~ 7 v A
N0l U TERL LT, £ R DORFEE
BlE. MRHTRE R ORI k OEFEEIS ok DR —

S DZERICIIT S 02s MOFELE ak & LT,
& z IR TRD T,
. t+0.2s kd dv dt
a =f t+025ﬂ = ®)
Jo 7 [ dxdy dt
Ak T DO RFEEIS adl 1%, A TRD =,
- kmax___
all — k 9
al=) G ©

RIERME ko & ASKIT-0> § J7 11585 0D B ) P-4 Uk
L udl 1T, KBS of TEZASIT LT, kAT
Kbz,
t+0.2s k. k
_ kdxdy dt
uf = ft t+025ﬂa s (10)
[, [ akdxdy dt
patih 028 (1 akukdxdy dt
kaax t+0.25ﬂ- a"dxdy dt
SYREE) DOFERE & LT, A uk' 24kl 7o
z J7 B ugl (253 2 B R D z J5 1A EE uk
DFEL L TR TRDT-,

4
uy

all —
13

(€8Y)

= ugl —uf (12)
SRR uk 1E. S RGERT ~OFRED H &
TRTHD, $n. SREBICKIETEHRE LT

KL 34 DR A TR 5 7230 KL 94 DG
(PRI d 286 OIEYENR % s % d CIERITIE
L7 EBRS G, ZoRdT, 22T d &osidE S
IR TR D 72,

H 2.3mm Rk 5.9mm ﬁ. 11.5mm

e R e

= 00 7003"” o

E R e e D T N e e s o l..-\,-\.kwk\

0 2. 5003

o, .J"-J‘-'./"./“J‘-‘-./“v‘-'\. S rdu e p v v e

04 500
3 : {E/\*iﬁ‘%j:@ﬁﬁ(?)ﬁﬁrﬁrﬁ%%@ 3D 1]
_ kaax ﬂdk
d= kaax (13)

kmaxak dk 732
S =\[ kagx )

(14)
INHEPNT, G IFRATRD T,
S
CV =E (15)

Cy BREWVITZ L, HREOR T L IRA LT

109



BLE A ORIEEZ R L T D,

Oy uk' A FRREIT . S REENC RIF 9
REEDN R A MRS D X 4 (SRR DKL T D3
T4 %t=08s5~50s ([ZBITD, SRR TD5y
WO E wl' & x SR O 2 J7 i O AL 9uk /02
OB ERT, RICITREN i OFRIECTH 5 Cy
DOAHiPH (€, < 0.35.0.35< C, <0.55.Cy =0.55)
W T T Lic, KA D, €, =0.55 O, WHES
LD EANMT A SR S ' A3/ 7133 L
HRL 13 £ 0 B3, KB 13309 2 7tk
HEI~OBE R RN A HIDH,035< C, <0.55
TH | R/NRLAILRERZRE MR H AL D08, Cp =
0.55 DIFLEE_TIELDE NIV, Fhi1T
HEEARLOBIINC L0 | ul S4B
LD, ZAUE, FRLF D EERITRIR D /NS 72
RLEE o34 & 72 0 | 3 E AE OB AN £ > TR
WTRLIZERmBEND, ZLT, €, < 035D
W, ul CHEARLICHBIZR ST, HRED)
\CHE AR DO RN RN T &R ST,

5. ¥R

AMFFECTUE, [EAEE & FAR D =k o0 sl e iR
BrikTdh b APM % VT, 3 ki Habik % fighT
U\ FRAT G SR & oo E BN S 2 R 2 KIE T EEHRI
DWTHHT LTz,

2 e i < AR T T L OARRELT AT B e A
& L TONIEEN R 2 KT TR DT
175728, APM OfEHTHRERICHON T, [[—E S
D ERTE 7 18] O SR - B 2 VN T o pblod FE &
Ko, ZNESEEORE ZFRTIE L L,
Z UCL it N M EE D $hiE A BL & KL 43 AT D28
iR E PRI D R OREREIRA) & 2
Fhod B D BAfR & ST L 72,

BLPE 34T DR ECE B R LT ool B &R
EAR ORISR A B LT, AR’ 0.55 Lk
O T, EEAR O XV k3T 5
BEELR R MR L, L L, BEMRED/ NS
7pn & HWEAR & REEDEBOIXS DX
IIREL Y EEREDS 0.35 LT OFEFH T,
T AR R DT IS R 2 RIE S22 &

0.10
0.05 +

-0.05 +

-0.10
0.10

0.05 +
0 +

. L bt
y 00 g &
T T

0.35< C, < 0.55

-

C-0.05 T

-0.10
0.10

0.05 T+

0+ -
-0.05 + o
O:uy
-0.10 } } }
-200 -100 0 100 200
T [ O SR e A 0uk /02 (1/s)
4 BRI O SriE EE & E A O Btk
DHER SNz, ZOMREEE R D & RS
DRI TR D Lo W5 0k BE 2 FEA L
T, WEAR CHMRAET ST &) | kiR
ELTOHRET IVOMRENRARETH D Z &N
RBEEND,
LSHEDITH A DFEMIZE D IRS OIEMZE
il LT, LR A S oM L, ik
YN E BT E D LI OEFIRE T LR
WZO7RIF TN ZENREETH S,

S5 EE uk (m/s)

055<Cy

.42 0y
O:u; T Uy
1

S5 H

(1) S.P.Pudasaini and M. Mergili, J. Geophys. Res.:
Earth Surf., 124, 2920-2942, (2019).

(2) T. Fukuda and S. Fukuoka, Adv. Water Resour.,
129, 297-310, (2019).

(3) T. Lai, C. W. Lin, and Y. J. Chou, Powder
Technol., 427, 118712, (2023)

(4) PFFE, M, TARTREmICE BI OKTH),
77,2,1 619-1 624, (2021).

110



FRERICETEF/ R 7—IVBEEDL S 1 L— 3 VR

Yijia WU, Anilkumar Chirag
FORRE REERE TRt et

1. ZC®IZ

BERFBHT 31T 2 Bl D BRI, Bl O 4
v MEARIC BT DR G K O ks & o
THED THE T D, TV i, Bt
BREET7 + Vi ko TS T 57+ /
> 77 AT Ji(phonon gas model: PGM)IZ - T &
<Rl &dv, Pl iy Rm Y < ik F R
(Boltzmann Transport Equation: BTE)Z W% Z &
TR HTIAFIRE CTd D, L LN
HRCRE AR RL A . AR, & D W IETER R I B
Vo REER R F N EASND &L T S
kO EEIIRE BT D, 2k, BELoH
INPHRENE — N DR E b7 & OB IR L T
W5, FRICTERIEMEMEHT BV TIE, Bl 1%
REER R MEE D BB L IRE =R L F—D T
F LT F— 7 RIS KB E N D,

AT, REE— FBLGILEE—F, &5
WCENLDORGEBE LI 2 F¥ XVET AN
PR S AL, FEALERITIS T D Bt oD BEAR (1) 1)
TIPS DR SN O D0H D, L LR
O, BURE R TIRKIR & U C AR TR AL BH T %
LT GR 27T 21213E-TE
LY. & LR LMV X OEERIRER A KO &
nTns,

DX IR R FFHEIE D B v U T Dk &
WDIZHIHIT B DWW TER R A R D D Z &1,
BB OMHEH R L O RE(COBLEN SO EHETH
0| BGERAM N T a—T g T 8 et
B RV A AN OBFICIA IS ATHET
HD, TDOTDIZIE, IREIE— F T & OFEHI7RE)
ik A T = XL DOFEHT AT R ThH Y | mhERER
FO(HPC) OIEMNEEREE 2R T=T,
AAFFETIT AHAMEREA S 72 fREM 72 2 D
D%, Thbb 7777 A MNa{ta ¥ (Graphite

Intercalation Compounds: GICs)35 K N4 3E A
TENLT 7 ALY 3 (a-S) BRI, HEFHly
T8 ) (NEMD)iE R L OHREYE — RARHT 2 L
7= BB R PE OO LEE R AT 217 9

2. FeCl —RIREMILEMIZE 1T 5 BEEMRT

KHFETIE, 777 74 FEBLOZED FeCls-7
7774 MNaEM{t&® (Graphite Intercalation
Compounds: GICs) (23317 2% B = 288 O PR
EILICBEDDLZLEEAMNE LT, BRHEE
(Stage-n) Z & OFpMEAFEMICIHAE L7, Z22°C
® [Stage-n] &%, BT 5 FeCly J8§ DRIZAFAE
T277 72 BOMEERT D,

P55y 181 1% (NEMD) #Ex2 W= hn %
TOMITIC &V | BB Stage Bl L THE
AR 72 IE B 2 R 2 E R D2 e
Rolry TOAN=ANERPTHI-0IC, A
7 ML (SED) T AATV,
BB L OWERICIKIE L= 7 &/ O iR %
ML, hick o, 74/ O H BT
BlOabt—L 2R 0oz 8W@ikicilbs
HERWPRR A E RIS Lz, ZO/E, #
Brie 72 7 7 A4 & &g U TS B BATRILH
DL, ab— L ARIIINT BB HR S,
FeCls J& MBIZFE 5 BMR B R OIH] A T = X LI
BricZemB a2 Lz (B 1ab),

111



(a) (c) pristine graphite stage1
4
10°r 5 % % "Te o4,
. ° 0 o.o° e 107 F 107 Ensmmrmnaimal &
[ 1
£ 107} T Py 0 g 0f AR
& = = 100 = o
S ol 10°F o mFP 10" o MFP .1
3 © Coherence length 8 102} @ Coherence length S
€ 2?.:?:110 0.1 1 2 34 1 2 3
S 10°% o stage2 ¢ 8
= : ::3:3 ; 3 stage2 stage3
Pi 10° " band 10'f e 1 1
¢ staged : Y %
10" ks bl . 0¥ Aoy ° & 08,
01 1 234 O lSisemeize W | 107 | batistc "y 1
Frequency (THz) € 10 ( . 3
period¥ g 1 -
(b) = [ g At =0f ;%1
1 ]
10° 10 r‘. MFP 1 o Loies - T
G 10" oCPhafanDe length. @ Cohere nath
& o ' ’ow 01 T2 34 0.1 1 2 34
~ o!u
= .° { o staged stage5
2 e %oup
c 0 g0 o
S 10°} . [5% oo "‘~ 10 Fo--on- APR00 R 1
g 06 10 P e [ PR, B '--" % ®
c & graphite <© f = \ =
o e st E 1 ¢ 10'f ° e 1
5 age! 10} Mal & o
.g @ slage2 e : .__k
o : 5‘59:3 o 10° b © MFP LI & 10° T o MFP oo
. e : [ o Conerence length. o Coherence length °
10 0.1 1 0.1 1 23 0.1 1 2 3

Frequency (THz)

Frequency (THz)

Frequency (THz)

X 1: 277774 MNERIEAY (GIC) D& AT — IR 5B EFED #L, a) % Stage GIC
B2 H AT O B R EURFEME O ik, b) 45 Stage GIC I2Bi1F 5 a b — L > A ED HE,

c) 4% Stage GIC |

3. FHMBAIZEDTELI7ZRAI)AVDOE
B R
TENLT 7 AUy (a-Si) 2B 5 Ry
DYBELIMT D=0, HFEHES T8 HF
(NEMD) ¥ =2 bL—3 3 &2 Ef L, B
PEDZALZ A LTz, IEREMBHI BV T, B
IR #E £ — K (propagons) & FEMBIFEE— F
(diffusons) DOMFIZE > THDLATEY , Ry
IS OREE— NIZRIZTTHEL EENIC
ﬂﬁ#é:kiﬁ%kéﬂfmé“ﬂ
AT TIL ST DO—H % T ¥ MMIE RN
2 50 Si [FALRICER S 5 2 L TRMi 2 5EA
L, BARDFFEE (at%) 12 L TEOREL
FENT LTz, ZORER. 10 at% D RHHREIZ B
THMRERIT 10~20%8 L. Z O 1E TR
RLEHLRVW—FERLE (K 22) . BERE
(Density of States) DFFENHIX, Z OEYRE R

BIFAEHHEBRTERBL N b — L v 2EOHEFELRR,

DR TIFEEZDRIC L2 EFHDL T TlEe < | i
DERZELDHDTHDZ ENRBINT,
BHIRTRN Z & 1T, MR & RPE AR IZRS )
TRBRE OBRERZ THl$ 5 Allen-Feldman P
2 T, AR ORI S - BMRE R O PR
TR AT A Z EMTE ol EIT,
[ A € — K5 fi# (Normal Mode Decomposition:
NMD) & W=t a1 T o 7o iR, V97 B —v
a VIRIIRE S B L TRV I ENRSH
7z (¥ 2b), —J5, EAE— FIZESIISME
(Participation Ratio: PPR) DFFHIZ LV . A
DA L - TIREIE— FOREDEE 25

FoOoTWBIZENHLNE ST, ZOF—RKD
RENZER. BMEERLTOEERTH D &5
ZHhbd,

112



Si @ Si(heavy) [Mass of Fe]

1618 W PureSi
? @ Impure Si
15|
»
E
2
Z 14

0 2 4 6 8 10
Impurity composition (at%)
2 EHW S AR EEALLET LT 7 X Si
(a-Si) (292 NEMD #HEHRE R, 10 at%D Al
W BEIZ BT BMRE R D 10~20%IE T4 %
LR ST,

4. BBHYIZ

ABFFETIE, FeClJgfiba® (GICs) B LT
RIBEANT ENLT 7 22U 3 (a-Si) Zxt%
(2, ISy 7B /1% (NEMD) 3 L OMREE
— NARAT 2 IV T B 8 R 2 R4 L 72, GICs
R\, BREEOEWCERT a2 —1
v REREN DA Ak — L MEEAS~ OB
BHOMNE ol —J7, a-Si Tid, RitpE AL
Ko TIREE— FOREMRREY | 2002
WROMFNCEG L TWD Z ERERSNE, &
D OREFIE AR Y 7 4 Uik K
ET L ERMICEMT 252 THHTHY .
FkM e~ 22 A v MBI ORRFHCMT 72 A
R ARMET 26D TH D,

S5 H

(1) J.M. Larkin et al., Phy. Review B., 89, 144303
(2014)

(2) P.B. Allen et al., Philosophical Magazine, 79,
11-12 (1999)

113



Suppression of electron acceleration by strong self-amplified
magnetic field in quasi-parallel collisionless shocks

Minh Nhat Ly
RICRZ REFFeBL A Te Rk

1. Introduction

Collisionless shocks are ubiquitous phenomena in
space and astrophysical plasmas. In the ordinary
shockwaves we frequently observe on Earth, energy
dissipation is primarily driven by particle collisions.
However, the hot and dilute extraterrestrial
environments where astrophysical shocks are found are
effectively collisionless, as binary particle collisions
are rare. Through extensive studies of such systems,
most notably Earth’s bow shock and supernova
remnants, we know that the magnetic field facilitates
the dissipation of the shock's kinetic energy via
collective interactions with charged particles (see Refs.
1, for a review).

One of the most important properties of collisionless
shocks is their remarkable ability to accelerate particles
to relativistic energies (2). These "cosmic accelerators"
are believed to be responsible for the highly energetic
particles, or cosmic rays, detected on Earth (3, 4). Both
electrons and ions primarily gain energy through a
process known as diffusive shock acceleration (DSA),
which involves repeated scattering across the shock
front by electromagnetic (EM) waves (2).

The physical characteristics of a shock, and
consequently its ability to accelerate particles, are
largely determined by the angle, 65, , between the
shock normal (the direction of shock propagation) and
the upstream magnetic field (5). This parameter
determines whether the shock is quasi-parallel (65, <
45°) or quasi-perpendicular (65, > 45°). It is well-
established that quasi-parallel shocks can efficiently
inject both electrons and ions into the DSA cycle,
although ion acceleration is significantly more efficient

than that of electrons (5, 6). In contrast, while electron

acceleration can occur at quasi-perpendicular shocks,
the injection of ions into the DSA process has not been
observed (5, 7).

Ion acceleration at quasi-parallel shocks is relatively
well understood. Tons are reflected from the reforming
shock front and stream into the upstream region,
forming what is known as the shock precursor. In this
precursor, the streaming ions amplify the magnetic
field and generate the turbulence necessary to scatter
particles back toward the shock (8, 9), which is a
crucial step for completing the DSA cycle and
preventing their escape.

In contrast, electron acceleration in quasi-parallel
shocks is more complex and less understood (10, 11).
Due to their much smaller Larmor radii, electrons
require significant pre-acceleration before they can be
injected into the DSA process. Their acceleration is
believed to depend strongly on ion dynamics, as the
turbulent fields generated by ions are the dominant
mechanism for their energization. Unraveling the
mechanisms of electron acceleration is crucial for
interpreting astrophysical observations, as electrons are
the primary source of the observed non-thermal
radiation spectra (12).

In this research, we propose an additional constraint
on electron acceleration within the DSA framework.
We demonstrate that if the shock drives strong
magnetic field amplification, it can become locally
superluminal, which in turn suppresses electron DSA.
This process is demonstrated self-consistently using
first-principles Particle-in-Cell (PIC) simulations.

2. The Particle-in—cell method to study
quasi—parallel shocks

In this section, we introduce the Particle-in-Cell
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(PIC) method and outlines the simulation setup used to
study quasi-parallel collisionless shocks. We will
demonstrate two simulation setups: one that results in
electron acceleration and one that does not.

2.1. Particle-in-cell method

The Particle-in-Cell (PIC) method is a kinetic
approach that models plasma as a large ensemble of
discrete macro-particles, representing both ions and
electrons (see Ref. 13 for PIC method review). This
technique is essential for our research as it facilitates a
self-consistent study of the micro-scale physics that
fluid-based models, such as magnetohydrodynamics
(MHD), cannot resolve (14).

In the PIC method, macro-particles move freely
within the simulation domain, driven by the equations
of motion. The electromagnetic (EM) field, which
provides the Lorentz force, is calculated on a grid.
Consequently, macro-particles interact indirectly
through the grid-based EM field. This approximation is
valid because the plasma is collisionless and binary
interactions between particles extremely rare. The
feedback of particles for the EM field, charge and
current densities, are computed at each time step by
summing the contributions of all individual particles
onto the grid. This self-consistent loop accurately
captures the complex interplay between particle
dynamics and wave generation, such as the ion
streaming that drives turbulence and the subsequent
particle scattering fundamental to the diffusive shock
acceleration (DSA) process.

2.2. Simulation setup

The simulations employ the piston method, which
models the shock in the downstream rest frame (Fig. 1)
(5, 6). We employ public PIC code SMILEI for our
calculation (15). Reflective boundary conditions are
used for both the macro-particles and the EM fields.
The initial plasma is given a drift velocity of —wv,,;

filling the entire simulation domain. This plasma

reflects off the boundary on the left. The shock emerges

from the interaction between the two counter-streaming
flows and propagates to the right. Assuming a strong
shock condition (compression ratio r = 4), the shock
speed is vg,'=1/3 v, in the downstream frame,

which corresponds to vg, = 4/3 v, in the upstream

rest frame.

= " 5

5 = 1D3V simulation setup

32

T
w

&% reflected flow, vy, toy B :
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Figure 1. Schematic picture of PIC simulation setup

using piston method.

Simulation parameters are summary as follow:

- Domain and Resolution: The simulation domain
length is L, = 180224 [c/wpe], where c is the speed
of light and w,, is intrinsic plasma frequency. The
spatial resolution is set to 10 grid cells per electron
inertial length ¢/wp,. The time step is dt= 0.4 wzjel to
satisfy the Courant—Friedrichs—Lewy condition (13,
15).

- Physical Parameters: In all simulations, the angle
between the magnetic field and the shock normal is
fixed at Op, o = 30°. The magnetic field is initialized
as Bo = Bo [c0s(0py )X + sin(fpp,0)y]. The injection
velocity is vy, = 0.25¢, leading to a shock velocity of
vgp= 0.33c. The magnetic field strength is set in code
units to yield a fixed Alfvén Mach number of M,=
Vg /v4= 26, where v, is the Alfvén speed.

- Varied Parameter: We vary the sonic Mach number
(Mg = vg,/cs,), setting it to Mg = 4 and M, =20.
Here, ¢, = m is the plasma sound speed.
We chose to vary M_s because these cases demonstrate
different levels of magnetic field amplification. The
M, =20 case, in particular, generates a turbulent field
strong enough to suppress electron DSA.

3. Results

3.1. Evidence of electron DSA suppression
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Figure 2. Maximum Lorentz factor ¥,,4,. €volving
overtime. Ymqye Was obtained by tracking 10 highest
energy electrons in the entire simulation domain and

calculating their average ,.

In the Mg =4 simulation (blue line in Fig. 2),
electrons are continuously accelerated, with their
energy steadily increasing throughout the simulation.
This linear growth in energy is a classic signature of the
Diffusive Shock Acceleration (DSA) mechanism
operating effectively.

In simulation with M, = 20 simulation, electrons
initially gain energy by pre-acceleration processes,
their acceleration halts, and the maximum Lorentz
factor plateaus at around y, = 100. This stalling of
acceleration provides clear evidence that the DSA
process has been suppressed for electrons this case. The
following sections will explore the physical reason for
this suppression.

3.2. Magnetic field amplification

To understand the suppression of electron DSA, we
examine the magnetic field structure at the shock.
Figure 3 reveals that the My = 20 shock is associated
with significantly stronger magnetic field amplification
compared to the Mg = 4 case.

Figure 3 a) shows a snapshot of the magnetic field
components B, and B, for the M =20 simulation.
The upstream magnetic fluctuation and amplification
of perpendicular components (x — x,, > 0) is causing

by reflected-ions-trigger streaming instability (8).

Figure 3 b) quantifies the amplification in the upstream
by showing the time-averaged perpendicular magnetic
field, B, = /B + BZ. M =20 show much stronger
amplification than Mg = 4 which is consistent with
results from previous studies (16). Notably, in the
M, = 20 simulation, the amplified magnetic field
(orange line) exceeds the theoretical critical threshold
required to suppress electron DSA (red dashed line). As
will be discussed in the following section, this intense

turbulence is the key mechanism that halts the electron

acceleration process.

L B L0
-==- Critical B ]

Ms =201, |

B, [Bo

S

—.m‘.»’u!,ﬂw.‘u‘m‘.rh# b)]
of ; : X . , = :
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X = Xen [Clwgel

w

Figure 3. a) Magnetic field profile, B, and B, at t =
225,000 w,, of simulation with My = 20. b) Time
average over t = 200,000 — 250,000 w,;  of
perpendicular magnetic field, B, = m . The
magnitude of B, [B,] is compare with initial value
B, o and the theoretical critical value from Eq. 1. The
position has been normalized with the shock position,
Xgp-
3.3. Critical field condition

The reason for the suppression of electron DSA in
the Mg =20 case is straightforward. For electrons to
be injected into the DSA process, they must travel
upstream against the plasma flow, scatter off turbulent
fields, and return to the shock. Since electrons diffuse
primarily along magnetic field lines, their ability to
escape upstream is highly dependent on the field's
orientation.

If the perpendicular magnetic field is strongly

amplified, the angle 6, = arccos(B,/B:,:) will
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significantly increase (B, = m is the total
field amplitude). The speed an electron must achieve
along the magnetic field line to outrun the shock front
is vg,/cos (0g,). As the electrons velocity cannot
exceed the speed of light, if v,/ cos(6g,) > c, the
shock will become superluminal and subsequently
impossible for electron to escape upstream. Hence, the
critical condition for electron DSA is

Dot < Lcos (Bgno)- (D
BO VUsh o7

4. Discussion and conclusion

In this study, we investigated the impact of the Sonic
Mach number (M) on the efficiency of electron
acceleration in quasi-parallel collisionless shocks.
Using 1D Particle-in-Cell (PIC) simulations, we
modeled two distinct scenarios: a low Mach number
shock (Mg = 4) and a high Mach number shock (Mg =
20), while keeping other parameters like the Alfvén
Mach number constant.

We clearly demonstrate that shock with Mg = 20
can drive strong magnetic field amplification, in which
case electron DSA is suppressed. This results change
common belief that high Mach number shock is always
more efficient in particle acceleration (11). In mildly
relativistic shocks regime, extreme amplification of
magnetic field can significantly dampened electron
acceleration process. The suppression is caused by the
superluminal shock condition, which was triggered by
intense magnetic field amplification in the Mg = 20
case. The resulting increase in the field line angle (65,,)
blocked the electrons' upstream return to the shock,
halting the DSA process by violating the critical
condition in Eq. (1).

In conclusion, our work has shown by first-principle
that electron acceleration might be suppressed by
strong self-amplified magnetic field in quasi-parallel
collisionless shocks. This finding has important
implications for astrophysical environments such as

supernova remnants and galaxy clusters, where a wide

range of shock Mach numbers is expected. Future work
using 2D and 3D simulations would be valuable to
confirm if this suppression mechanism persists in

higher dimensions.
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Data-driven subgrid-scale model for large-eddy simulation
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Particle acceleration in collisionless shocks with pre-existing
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simulations
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(Graduate School of Engineering, The
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Deep Neural Network Potential for Unveiling Drug Release Mechanism
of pH-sensitive Antibody-drug Conjugates Linkers in Acidic Solutions
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Theoretical elucidation and design of local atomic structures and their
colossal permittivity properties of doped TiO»
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(Graduate School of Engineering, The
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Exploring the structure and reactivity of Al;s clusters deposited on
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Diquark mass and Quark-diquark potential from lattice QCD with a static
quark
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https://www.hpc.cmc.osaka-u.ac.jp/faq/

Q. EERPTTHEBERLCA FL—UREOBIIFIRETL L 52 °?

ATV, FIEETY, BEFBMOHGEIZ S E LR, UTORAFEEE WEB A7 AN HFFEEWVWTEY
ij‘o
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https://manage.hpc.cmc.osaka-u.ac.jp/saibed/
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—MFIH CETARIH) EPREIN R

https://www.hpc.cmc.osaka-u.ac.jp/service/basic_resourceadd/
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. EERT THAAEEOXINE BRIV ZER T L3 ?
A. WEB VAT ANHIIAEETEEHAOT, FrlE TIHEITZI N,
KBRS TEHRAELES FHHRIERR DR AT LB

Mail: system@cmc.osaka-u.ac.jp

TEL: 06-6879-8808
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a7 A7 U7 NMil(jobscript.sh)

#PBS -q SQUID
#PBS -l elapstim_req=0:30:00,cpunum_job=24
cd $PBS_ O WORKDIR

Ja.out input$PBS SUBREQNO

BATTIE

gsub -t 1-5 jobscript.sh

gstat DT ST A R Y v I Vs T OEE,

1EIOD qsub (2D & 1 R DFRE 2D £

RequestID

ReqName UserName Queue Pri

123456[].sqd ngs

username OCIC 0

STT S Memory CPU Elapse R H M Jobs

- - YYYI

sstat DRt THRE L= BESZ TR REINET

-

RequestID ReqName UserName Queue Pri STT PlannedStartTime
123456[1].sqd  ngs username  OCIC 0.5002/ 0.5002 QUE -
123456[2].sqd  ngs username  OCI1C 0.5002/ 0.5002 QUE -
123456[3].sqd  ngs username  OCI1C 0.5002/ 0.5002 QUE -
123456[4].sqd  ngs username  OCIC 0.5002/ 0.5002 QUE -
123456[5].sqd  ngs username  OCI1C 0.5002/ 0.5002 QUE -
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BEWEDLET 4 — A

https://www.hpc.cmc.osaka-u.ac.jp/support/contact/auto _form/
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