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Generation of ultrahigh magnetic fields and micro-scale particle accelerator

M. Murakami and D. Balusu

Institute of Laser Engineering, Osaka University

1. Introduction:

Laser plasma-based ion acceleration has drawn
significant interest'?, due to their unique properties
such as high directionality and laminar flow?®, spatial
confinement on the order of micrometre (= pm) and
temporal compactness (~ ps), containing up to 10!
particles in a pulse duration, making them ideal for a
wide range of applications including diagnostic tool in
proton radiography experiments*®, compact particle
accelerators®’, creation of high-energy density (HED)
matter® and proton fast ignition’. In medical
applications, proton beams can be used for radiation

10,11

therapy'*'" , as they deliver high dose of radiation to a
particular depth (known as Bragg peak), resulting in
less damage to healthy tissues unlike X-rays'2. To
attain high-quality and high-energy ion beams, various
acceleration mechanism have been developed over the
past few decades. These includes mechanisms such as

sheath acceleration (TNSA)!*4,
(RPA)IS—U

target normal

radiation pressure acceleration
collisionless shock acceleration (CSA)!%!, and
coulomb exposition’22, Among these mechanisms,
TNSA stands out for its ease of implementation,
leading to extensive studies through both simulations
and experiments?>24,

However, much work has to be done in order to
achieve protons with higher kinetic energy. To enhance

the transfer of laser energy to ions, it is crucial to

maximize the absorption of the laser pulse by electrons.

An effective approach involves engineer foil targets
with structured design in the primary laser interaction
region, departing from the use of flat foils. The success
of the structured targets in enhancing the conversion

efficiency and temperature for the laser-driven

electron is noteworthy, evident in both particle-in-cell
(PIC) simulation and experimental results.

Here, we present a novel ion acceleration scheme
known as Expanding Nozzle Acceleration (ENA),
which is achieved through target structuring. ENA
employs a micro-nozzle housing a hydrogen sphere.
The micro-nozzle plays a crucial role in facilitating a
two-stage ion acceleration process, generating an
accelerating electric field (Ex) at different locations
and focusing the incident laser pulse. [lluminating the
system with a laser intensity of 3 x 10?! W/ecm? ,
remarkable results were observed, including a 6.25-
fold enhancement in laser intensity onto the hydrogen
sphere and protons attaining an energy of 400 Mev.
This signifies a three-fold increase in proton energy
compared to a planer target and a two-fold increase
compared to spherical target. Notably, the maximum

0.88

proton energy scales with Emaxa Io”*°, where Io is the

laser intensity.

»
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-
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Fig. 1 : Laser and target configuration

2. Target and simulations parameters

2D PIC simulations have been performed using
EPOCH. The simulation parameters are set as follows:
the simulation box size is 26 pm x 26 um, containing
2600 x 2600 cells. Each cell is filled with 100 pseudo
particles for ions and 200 pseudo particles for

electrons. A simulation time step of 10 fs was used.
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ENA target is illustrated in the Fig.1. It comprises a
hydrogen sphere with a 2 um diameter, positioned
inside the aluminum micro-nozzle, at a distance of 3
pum form the nozzle’s entrance.

The nozzle has a thickness of 0.4 um and a length
of 12 um, with an opening of 5 um at the entrance and
9 um at the exit. We assumed fully ionized states for
the target materials, with Z = 13 for aluminum and Z
= 1 for hydrogen. The number density of aluminum
and hydrogen was assumed to be 35n. and 30ne,
respectively, while for electron it is 472n., where n. =
(mewo*4me?) is the critical density. The target is
irradiated with a p-polarized laser pulse with Gaussian
profile both spatially and temporally, moving along the
positive x-direction.

800 nm and a pulse duration of 100 fs (FWHM),

The laser had a wavelength of

focused to a spot size of 10 um with a peak intensity
of 3 x 10*' w/em™,

When the laser incident on the target, the center part
of the laser get focused by the entrance cone like
structure and hot electron are generated from the inner
surface. With the laser intensity 3 x 10*! w/cm? , the
amplitude of the electric field 1.5 x 10 V/m has
amplified to 4 x 10" V/m, 2.5 x amplification in
electric filed and corresponding 6.25 x enhancement in
laser intensity. This intensity is focused on the
hydrogen sphere. The first part of the ENA target helps
in increasing the intensity of the incident laser and
generation of hot electrons from the inner surface,
which passes through the hydrogen sphere leading to
charge separation and enhances the sheath electric file

(Ex) developed on the surface of the sphere.

3. Optimization of the micro-nozzle

The outer part of the laser falls on the exit arms of
the target and hot elections are realized into the
vacuum results is generation of electric field (Ex) at
the exit arms due to the charge separation as the
electron from the target moves into the vacuum, figure

3a to 3d shows the electric field (Ex) profile on the

hydrogen sphere and at the exit arms of the target at
different time steps. Initially, protons are accelerated
by the sheath electric filed generated on the hydrogen
sphere. These accelerated protons then enter into the
electric field generated at the exit arms of the target
and undergo further accelerates. Proton density profile
of at different time steps is shown in the Fig. 2.

le14 Electric Field (Ex)

2.5 —— Region-1
20 /N \ —— Region-2

15

V/m

1.0

0.5

0.0

100 150 200 250 300 350
fs
Fig. 2: Temporal evolution of the electric field.

0 50

For the effective proton acceleration, the position of
the hydrogen sphere inside the micro-nozzle plays an
important role. The protons that are accelerated from
the electric field in the region-1, must be properly
timed to undergo further acceleration from the electric

filed generated in the region-2.

350fs

0 100 200 300 400
Energy (MeV)

Fig. 3: Energy spectrum for the different positions.

Figure 3 shows the energy spectrum on the protons
for different positions of the hydrogen sphere inside
the micro-nozzle. Initially center of the hydrogen
sphere is kept inside the nozzle at distance of 3 um
from the entrance and shifted 1 um towards the nozzle

exit, it was observed that kinetic energy of the protons

28



is high when center of the hydrogen sphere at a
distance of 4 um from the nozzle entrance

We have compared the ENA target with planar

target and a hydrogen sphere without the micro-nozzle.

It was observed that three-fold increase in the energy
of the proton compared to planer target, and a two-fold
increase in proton energy compared to hydrogen
sphere without the outer micro-nozzle.

Figure 6a show the energy spectrum of proton for
all the three cases at 400 fs and Fig.6b shows the
evolution of proton energy over time. For the ENA
target, the proton energy drastically increased from
100 fs to 250 fs, attributed to its two-stage acceleration
that sets up electric field (Ex) at different locations.
This provides an additional accelerating field for the
initially accelerated proton from the hydrogen sphere.
In contrast, for planer and spherical target, protons
experience initial acceleration due to electric filed
established by charge separation, but they lack a
further driving force. As a result, kinetic energy of the
protons saturates quickly. This marked difference
highlights the crucial role of the micro-nozzle in
driving ion acceleration.

To explore the intensity dependency across a
broader spectrum, additional simulations were
performed with seven different intensities. The
outcome of these simulations was utilized to establish
a preliminary intensity-scaling, as illustrated in the fig.
Analysis of the data points reveals that the maximum
proton energy scales with Emaxa 10%% for intensities
greater then 5 x 10?° W/cm? and less then 5 x 107!
W/cm?, and Emaxat 10?3 for intensities less then 5 x 10%°
W/cm?. However, for intensities greater then 5 x 102!
W/cm?, target distortion occurs due to the extremely
high intensities, potentially leading to decreased
performance. Consequently, parameters of the target
are scaled up for such high intensities. Hence for the
given parameters the ideal intensities for irradiating
the ENA target is between 5 x 102 W/cm? to 5 x 102!
W/em?,

Comparing our finding to the intensity scaling of
Target Normal Sheath Acceleration (TNSA) with
Emaxa 10%°, Expanding nozzle acceleration (ENA)
performance demonstrates improvement with Emaxot
1,088

for higher intensities. However, at lower

intensities, ENA performance aligns with TNSA.

4. Conclusion:

In this study, we have introduced a novel ion
acceleration scheme, Expanding Nozzle Acceleration
(ENA). With this scheme, protons undergo
acceleration from the electric field generated at two
different locations. The utilization of ENA reveals
significantly higher proton energies compared to the
conventional schemes, as

dimensional PIC code EPOC. Specifically, ENA

demonstrated by 2-

exhibits a two-fold enhancement in proton energy

compared to spherical target and three-fold
enhancement in proton energy compared to planer
target. Moreover, the maximum proton energy in ENA
scales with Emaxat 038, This scheme still leaves further
optimization for higher proton energy, but at the price
the energy efficiency. A proof-of-principle experiment
for ENA is expected to be demonstrated under a

moderate laser condition.
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Machine learning study of single-atom platinum supported on graphene
nanostructures (SAC Pt-G)
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1. Introduction

Platinum (Pt) supported on graphene is an
established catalyst for CO oxidation, oxygen
reduction, and other fuel cell reactions, but the cost and
rarity of platinum necessitates further research into
reducing Pt loading. The single-atom catalyst
configuration stabilized on a support, namely,
graphene, maximizes catalyst surface area and
minimizes catalyst loading, but faces issues related to
low reactivity and instability due to sintering or
poisoning [1-3]. Single atom catalyst Pt on graphene
(SAC Pt-G) has been successfully synthesized through
various methods, and SAC Pt-G synthesized through
atomic layer deposition has exhibited a reduced
overpotential and resistance to catalyst deactivation
compared to commercially available Pt-C [4,5].

SAC Pt-G favors edge adsorption, as Pt terminates
dangling C bonds in vacancies and edges, based on the
observed experimental structures and overlapping
local density of states (LDOS) [6]. DFT studies by
Wella et al. employed density functional theory (DFT)
to determine Pt-SAC adsorption sites and stability on
zigzag and graphene nanoribbons, also confirming the
preferential edge adsorption of Pt, as opposed to
vacancy substitution within the graphene plane [7].
Adsorption studies also show enhanced performance
compared to pure Pt(111) [8].

However, single atoms tend to cluster or sinter in
situ and Pt-SAC is difficult to stabilize, thus, we aim
to identify viable structures for synthesis and factors
that enhance the stability of these structures. While
DFT-based computational approaches can accurately
model the structural properties and adsorption

behavior of SAC-Pt G, this is executed at great

computational cost. To speed up the individual energy
and force calculations in structural optimization,
machine learning (ML) techniques can be
implemented to reduce the number of first-principles
(FP) calculations.

In particular, we use the GOFEE algorithm, or
Global Optimization with First-principles Energy
Expression [9,10] to identify stable and metastable
structures of SAC Pt-G on the hydrogenated graphene
edge of nanoflake graphene, armchair graphene
nanoribbon (AGNR), and zigzag graphene nanoribbon
(ZGNR) structures.

Additionally, we also investigate the effect of
nitrogen doping on the stability and reactivity of SAC
Pt-G and its reactivity. Experimental studies have
shown that N adsorbed adjacent to SAC Pt increases
the stability of Pt by increasing the population of the
Pt 5dy, orbital, allowing for stronger Pt-C binding [11].
However, a more detailed analysis, assessing several
possible atomic arrangements, is required to determine

the dominant structures of N-doped SAC Pt-G and

their behaviors in adsorption studies.

2. Computational Details
2.1. The GOFEE algorithm

To determine the structure with the lowest energy,
known as the global minimum, GOFEE uses a
combination of Gaussian process regression and FP
calculations to train a surrogate model on the fly, rather
than using a predetermined training database. The
surrogate model speeds up the relaxation steps by
using Gaussian process regression to relax new
candidate structures instead of FP calculations. This is

performed by executing several steps, where each step
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consists of 1) mutating the population, 2) relaxing the
system via a surrogate model, producing the surrogate
energy (Eg,-), 3) selecting the best candidate using
f(x), 4) evaluating the candidate using FP, then 5)
training the surrogate model to improve the accuracy
of the structure search towards finding the GM. This
training data is used to update the population and
surrogate model. The acquisition function f(x) in
Step 3 depends on minimizing the surrogate energy
while encouraging exploration, determined by the
parameter k and the uncertainty o,
f(x) = Equr (X)) — k0O (%) Eq. 1

The candidate with the minimum f(x) is evaluated
in Step 4 using two single-point FP calculations, one
of which is slightly perturbed to calculate atomic
forces.

For this study, 30 independent runs of 300 steps
were performed, employing the Generalized Projector
Augmented Wave (GPAW) method [12,13] to evaluate
the total energy using the Linear Combination of
Atomic Orbitals (LCAO) method with a Perdue-
Burke-Erzerhof (PBE) atomic setup [14,15]

The ability of the structure search to identify the
global minimum is quantified by the success curve,
which is the fraction of independent runs that have
identified the global minimum structure and energy as
a function of the number of FP calculations.
Candidates with a final success rate of at least 15% are
selected from the search, then evaluated for stability

and reactivity using DFT.

2.2. Structure search

To evaluate graphene nanoribbon systems using
GOFEE, armchair and zigzag nanoribbon starting
scaffolds with monohydrogenated bottom edges were
prepared according to Figure 1, and free C, H, N, and
Pt atoms were allowed to move freely within the
boundary indicated. For the armchair and zigzag
nanoribbon structure searches, the set of free atoms

contain combinations of 5-8 C atoms, 0-8 H atoms,

and 1 Pt atom. However, the experimental graphene
edge is more closely approximated by a flake graphene
model containing both armchair and zigzag edges, as
opposed to a nanoribbon. The starting scaffold
approximates half of a coronene molecule (C;oHg)
fixed in place, with additional 10-14 C, 5-8 H, and 1
Pt atoms allowed to move freely within the boundary
indicated in Figure 1. In all cases, the effect of N
doping was also investigated by adding 1-2 N atoms to

the set of free atoms.

_9880A

Figure 1. Scaffolds used in the SAC Pt-G structure

search with boundaries outlined.

2.3. Structure Evaluation

Selected candidates produced by the structure
search were evaluated using FP DFT calculations to
assess their stability and reactivity, indicated by the
binding energy of Pt and the adsorption energy of
reaction intermediates. Candidates with the lowest
energy within 0.2 eV of the GM and a success rate of
at least 15% were further optimized using DFT to
accurately assess the stability. Geometric optimization
was performed, employing ultrasoft pseudopotentials
and rev-vdW-DF2 corrections in the Quantum

Espresso 7.2 software package [16,17].

3. Results

A comparison of sample ZGNR, AGNR, and flake
structures alongside their success rates is presented in
Figure 2 and Figure 3. The structure search easily
identifies the GM at low degrees of freedom, but is still
successful at identifying the GM even with many free
C atoms. However, increasing H tends to decrease the

success rate of the search on the same scaffold.
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Figure 3. Global minimum and success rate of selected

N-doped SAC Pt-G structures.

The results confirm the preferential adsorption of
Pt on the graphene edge, where Pt tends to be
incorporated within 5- and 6-membered rings. N-
doped structures are more difficult to model versus

their counterparts, exhibiting lower success rates due

to the increased degree of freedom, but in agreement
with prior findings, N tends to adsorb adjacent to

Pt[11].

4. Conclusion

The machine learning-based GOFEE algorithm
was implemented to perform a structure search on
SAC Pt-G systems, including armchair nanoribbons,
zigzag nanoribbons, and flake graphene resembling
coronene. The results exhibit a high success rate,
indicating the successful identification of the global
minima across different independent runs and confirm
the preferential edge adsorption of Pt, forming 5- and
6-membered rings on the graphene edge.

Further improvements to the GOFEE code may be
implemented to optimize the acquisition function for
increased accuracy and lower computational cost.
Future work on this study includes examining the
adsorption of intermediates involved in oxygen
reduction and carbon monoxide electrooxidation to

assess the catalyst reactivity.
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Development of Graph Neural Network Interatomic Potential to
Investigate Diamond Oxidation and Graphitization

John Isaac G. Enriquez and Yoshitada Morikawa
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1. Introduction

Synthetic diamond has been regarded as an ideal
material for several new technologies, particularly in
high-power electronics and quantum devices [1,2].
The device fabrication methods used in conventional
materials such as silicon are ineffective for diamond
because of diamond’s extreme hardness and chemical
inertness. Plasma and thermochemical etching are
currently used to fabricate diamond devices, though
these technologies in their

[3.4].

are arguably still

infancy Understanding the diamond’s
oxidation, thermal degradation, and wear will lead to
insights that scientists and engineers could use to
accelerate the development diamond device
fabrication methods.

While ab-initio methods have been useful in
elucidating the surface chemistry and engineering
design of materials, the high computational cost limits
its application to small and highly idealized models.
Recently, machine learning molecular dynamics
(MLMD) simulation method has been gaining
popularity. In this method, an analytic expression of
the potential energy surface and its derivatives as a
function of atomic positions is obtained by fitting onto
ab-initio calculation results to perform simulations.
The fitting procedure is performed using several

machine learning and neural network methods, among

which includes Gaussian process regression, high-

dimensional neural network, and graph neural network.

Successful ~construction of machine learning
interatomic potentials (MLIP) will enable large scale
and long timescale simulations with accuracies
comparable to ab-initio molecular dynamics.

In this article, we discuss the method that we used

in the construction of MLIP for the study of diamond

oxidation, graphitization, and wear. In addition, we
present some tools that we developed for the analysis

of molecular dynamics simulation results.

2. Computational Details

A database of structures with total energy and
forces is built using spin polarized density functional
theory calculations with generalized gradient
approximation exchange correlation functional. Semi
empirical van der Waals correction is implemented.
The core electrons were treated with ultrasoft
pseudopotentials. The wave functions and
augmentation charge are expanded using plane wave
basis with cutoffs of 36 Ry (490 eV) and 400 Ry (5442
eV), respectively. Special points for Brillouin-zone
integration were generated using the Monkhorst-Pack
scheme. The convergence threshold for energy
minimization is 1.0 X 107°Ha/atom ( 2.72 x
1078eV/atom ). We perform  geometry
optimizations until the forces on each atom is less than
1.0 x 1073 Ha/a, (5.14 x 1072 eV/A). The number
of k-points depends on the simulation cell size and
were all tested for convergence. All calculations were
performed using the STATE code package [5].

The graph neural network interatomic potential is
constructed using the Neural Equivariant Interatomic
Potential (NequlP) software package [6]. This
method implements graph message passing algorithm
analogous to the convolution filters used in image
recognition neural network models to generate
equivariant representations of atomic environment.
The message passing captures many-body interactions
between atomic species. Molecular dynamics
simulations are performed on LAMMPS code using an

NVT ensemble with Nose-Hoover thermostat [7].
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3. Results
3.1. Graph Neural Network Interatomic Potential
Construction, Fine-tuning, and Evaluation

An initial database is constructed which is
composed of equilibrium structures of diamond,
graphite, graphene, and diamond (111) and (100)
surfaces and non-equilibrium structures generated
using coordinate randomization and ab-initio
molecular dynamics of the equilibrium structures. The
initial database is used to construct an initial
interatomic potential model which is then used to
perform molecular dynamics simulations to generate
additional non-equilibrium structures. The interatomic
potential is improved though an active learning
process by evaluating its performance based on (1)
accuracy, (2) stability, and (3) reliability [8]. The
accuracy is measured based on the energy and force
mean square errors and root mean square errors with
respect to the DFT calculations. On the other hand, the
stability is monitored by checking for any exploding
atoms or formation of unphysical structures. This can
also be quantitatively checked by looking for any
sharp changes in total energy and simulation
temperature. Finally, the reliability is determined
based on sufficiency of the atomic environment in the
database. This will be discussed further in the next
section.

The active learning process allows the addition of
new structures with atomic environments that are not
represented in the database. The fine-tuning and
evaluation of the interatomic potential is continued

until all the three criteria have been satisfied. These

process is outlined in Fig. 1.
Add New Structures

o0 = Neem b
equ! oy YProduction
Structures DFT ‘ Dataset . GNN . .®‘ . MR

Fig. 1. Graph Neural Network interatomic potential

construction, fine-tuning, and evaluation.

3.2. Reliability Estimation

The reliability is estimated based on the presence
or absence of atomic environment on the database
similar to the atomic environments that appear during
the molecular dynamics simulations. Machine
learning of interatomic potential is a kind of regression
modelling. Therefore, the predictions are more reliable
in interpolating between datapoints and less reliable in
extrapolating. We determine the extrapolated atomic
environment based on the feature vectors calculated
using graph message passing, where the aggregate
function or convolution is calculated using the product
of Bessel radial function R(ri j) and spherical

harmonics Y, (f’i j):

AGGREGATE
N (1
= tanh Z R(rij)f (rijo 1) Yim (i5)
%)
. (bm
2 sin(=—=1y;
Rmo———é?izﬂmn) @
19
(0 — D +2) myj\P
R
7 p+1
+p(p+2) (r—) 3)

_pp+1) (@)p“’
2 T,
Here, f (rij, rc) is a polynomial cutoff function which
ensures smooth the decay of the radial function at the
cutoff radius 7, . The details of this method are
discussed in our recent publication [8].

To illustrate this concept, we plot the 2-
dimensional projection of the feature vector of the
entire database (black) using TSNE method in Fig. 2.
Using the TSNE method, the feature vectors were
clustered based on their similarities. Next, we plotted
the feature vectors corresponding to the atoms in
equilibrium and slightly perturbed equilibrium
structures (SPES) of diamond bulk (blue), graphite
(orange), and surface atoms of the C(100) (violet) and

unreconstructed (green) and reconstructed (red)

36



C(111) surfaces. These structures occupy the clusters
on the plot. In Figure 3a, we plotted the same feature
vectors with the addition of the feature vectors
corresponding to the sublayers of the C(100) and
C(111) surfaces. We can see that most of the clusters
of atomic environments have been identified. The
remaining unidentified atomic environments shown by
small clusters and cluster boundaries correspond to the
reactive or transition state structures from one
equilibrium state to another. The extrapolated atomic
environment will appear on the plot as isolated dots or
dots in between clusters. The lack of neighboring
atomic environments means that energy and force
predictions for the extrapolated atomic environments
are likely unreliable. The extrapolated atomic
environments are then added to the database and will
be included in the training of the next version of the

interatomic potential.

(R L

TSNE2
°

. Diamond Graphite

20 F N " P « R ol ol e

oot | X¥x I AH
40 i ® coon @ can-ax) @can-exn
-4 =20 [ 20 %

TSNEL

Fig. 2. Plot of feature vectors of the structures on the
database projected in 2D space (black) with the feature
vectors corresponding to diamond (blue), graphite (orange),
and the surface atoms of the C(100) (violet), unreconstructed

C(111) (green), and reconstructed C(111) (red) surfaces.
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Fig. 3. (a) Plot of feature vectors of the structures on the
database projected in 2D space (black) with the feature
vectors corresponding to slightly perturbed equilibrium
structures (SPES) (blue). (b) Regions containing atomic
environments classified as reliable, less reliable, and non-

reliable.

3.3. Hybridization Analysis Using Neural Network
Binary Classifier Model

Molecular simulation data of covalent solids like
diamond and silicon usually employs coordination
analysis  for  structure  identification  and
characterization. Using this method, 1- and 2-
coordinated atoms are classified as sp' hybridized, and
the 3- and 4-coordinated atoms are classified as sp? and
sp® hybridized, respectively. However, sp3-hybridized
atoms can also be 3-coordinated when there is a
dangling bond. Since the properties of sp?> and 3-
coordinated sp> atoms are not the same, it is necessary
to distinguish between the two type of atoms. For this

purpose, we constructed a supervised binary classifier

neural network model where we used a database of

2 3

slightly perturbed sp” and 3-coordinated sp
hybridized atoms from graphite and diamond surfaces,
respectively, with the bond lengths and bond angles as
learning representation. Figure 4 implements this
analysis on the thermally degraded C(111) and C(100)
surfaces [8]. The proportion of sp? and 3-coordinated
sp’ atoms in the thermally degraded C(111) surface is
almost similar. In comparison, the proportion of 3-
coordinated sp® atoms in the thermally degraded
C(100) surface is significantly higher compared to the
sp® atoms. This analysis implies that the thermally

degraded atoms on the C(111) and C(100) surface are

expected to have different properties.
[aag s SRR

B AR AR AR AR AR AR AR AR

(a)C(111) (b) C(100)
Fig. 4. Comparison of the hybridization of the thermally
degraded atoms on the C(111) and C(100) surfaces [8].
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3.4. Detection and Analysis of Chemical Reactions
on the MD Simulation Using Feature Vectors
Analysis of MD trajectory will generate new
physical and chemical insights. However, isolating
individual chemical reactions is very challenging,
especially for large scale MD simulations. Here, we
propose a method of detecting chemical reactions by
monitoring the changes in atomic or chemical
environments which in turn are represented by
changes in feature vectors calculated by graph
message passing. For instance, during a simulation
where there is no ongoing chemical reaction, the
feature vector has to be constant. When a chemical
reaction happens, an inflection in the feature vector
plot must occur. We illustrate this concept in Figure 5.
We choose a central atom (grey sphere with red
highlight) and plot the radial component of the feature
vector. The plot from structures A-C shows the
metastable adsorption of O, on top of the C(100)
surface, C-D shows the O, metastable adsorption
transforming to O, molecular adsorption, and D-E
shows the O, dissociation and C-dimer bond breaking.
The structures A, B, C, D, and E all coincide on the
inflection points on the plot. The two inflection points
between A and B are caused by the O, adsorption on

the neighboring atoms of the central atom.

4. Conclusion

We constructed a machine learning interatomic
potential based on graph neural network model for the
investigation of diamond surface oxidation and
thermal degradation. In this paper, we presented the
active learning method of database and interatomic
potential construction and fine tuning. In this active
learning method, we evaluated the interatomic
potential based on accuracy, stability, and reliability.
The reliability can be estimated by detecting
extrapolated atomic environments that may arise
during the MD simulation. We also presented the use

of neural network binary classifier trained using bond

lengths and bond angles as descriptors to differentiate
between sp? and sp*-hybridized atoms in simulating
diamond surfaces. These method gave insights that
augment the conventional coordination analysis.
Finally, we propose the use of feature vectors
calculated using graph message passing in the
detection and analysis of chemical reactions during
MD simulations. The changes in the plot of feature
vector component over time have been shown to
indicate a change in chemical environment and the
inflection points coincide with equilibrium and

metastable structures.

B

50 100 150 200
Simulation Frame

g e B
e W

Fig. 5. Plot of the radial component of the feature vector of

20 0

central atom (grey sphere with red highlight) vs the
simulation frame, showing the changes in chemical

environment:
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1. Introduction

In the field of electronic interactions, an
intriguing phenomenon has emerged—an interaction
between two angular momenta: the total angular
momentum arising from the f system (J) and the
orbital angular momentum originating from the
photoexcited cyclic m electronic system (L). This
interaction, termed J-L interaction, has been observed
experimentally in the paramagnetic phthalocyaninato/
porphyrinato lanthanide complex. Our group's
research is devoted to uncovering the intricacies of this
interaction.

Our work has focused on investigating the J-L
interaction in  double- and  single-decker
phthalocyaninato/ porphyrinato complexes, featuring
lanthanide ions with 4% and 4f° configurations. [1] We
have investigated the interaction through careful
experimental analysis using magnetic circular
dichroism (MCD). In our prior investigations, we
explored the interaction in single-decker compounds
encompassing various lanthanide ions ranging from
terbium to ytterbium. Furthermore, our investigation
has integrated computational chemistry methods to
deepen our understanding. Ab initio calculations have
revealed two manifestations of the interaction:
ferromagnetic-type  and  antiferromagnetic-type

interactions. To date, we have observed the
ferromagnetic-type interaction in terbium, erbium, and

ytterbium complexes, whereas the antiferromagnetic-

type interaction has been observed in dysprosium
complex.[2]

Building  upon  this  groundwork, using
computational chemistry, our study explores the
electronic structure of lanthanide-monoporphyrin
complexes with different capping ligands, such as
1,4,7,10-tetraazadodecane (L1), 4,10-diaza-12-crown-
4 ether (L2), 1-aza-12-crown-4 ether (L3), and 12-
crown-4 ether (L4), as illustrated in Figure 1. We argue
that the choice of capping ligand influences the J-L
interaction.

Through this examination, our objective is to
elucidate the interplay between angular momenta and
the impact of ligand restraint on electronic structure,

thereby enriching our understanding of the J-L

interaction.

NH/\HNH—N> o/\HN-—°>
| Ii \i | Ii i \i
(@) (b)
o HN'—°> d O.—o>
A, \ . i \
(© (d)

Figure 1: Structures of (a) [Dy(Por)(L1)]*, (b)
[Dy(Por)(L2)]", (c) [Dy(Por)(L3)]", and (d)
[Dy(Por)(L4)]".
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2. Computational Methods

The geometry structures of [Dy(Por)(L)]" (Por =
porphyrine; L = 1,4,7,10-tetraazadodecane (L1), 4,10-
diaza-12-crown-4 ether (L2), and 1-aza-12-crown-4
ether (L3), 12-crown-4 ether (L4) were constructed
using the Avogadro program.[3] Subsequently, the
geometry optimization process was carried out
employing Gaussian 16, revision C.01 [4] at the
B3LYP level of theory. The basis set 6-31G(d,p) was
utilized for C, H, N, and O atoms [5], while Stuttgart
RSC 1997 basis sets were employed for metal ion [6].

For the determination of electronic structures, spin-
orbit states (SO), and oscillator strength of the
optimized geometries, a series of computational
methods were employed. Initially, completed active
space self-consistent field (CASSCF) were performed,
followed by restricted active space state interaction
(RASSI) and
OpenMolcas version 23.10. [7]
the basis set ANO-RCC-VQZP and ANO-RCC-VDZP

Single Aniso modules, using

In these calculations,

was applied for Dy and the donor atoms (N and O),
respectively, while ANO-RCC-MB was employed for

the remaining atoms (C, H, N).

3. Results and Discussion

The calculations initially focused on the states
associated with the 4f° electronic configuration,
eferred to as the ground states. Following this, utilizing
these findings as a starting point, the computations for
the n—m* excited states were carried out. This involved
considering the two highest occupied molecular
orbitals (HOMOs) and the two lowest unoccupied
molecular orbitals (LUMOs) of the porphyrin 7 system,
thus broadening the active space for analysis.
3.1 Ground Multiplet States

To obtain the ground multiplet states of the
[Dy(Por)(L)]" complexes, we employed a CASSCF
module with 9 electrons distributed in 7 orbitals,
denoted as CAS(9,7). This calculation involved 21

configurational interaction (CI) roots, yielding a total

of 21 electron configurations representing the nine
electrons within the seven 4f orbitals. The positioning
of these seven 4f orbitals was identified between two
occupied © and two unoccupied © orbitals. Given the
successful arrangement of these 4f and pi orbitals, this
configuration was chosen as the foundational setup for
subsequent analyses.

Table 1 displays the eight lowest doublet spin-orbit
states corresponding to the ground multiplet states of
the [Dy(Por)(L)]* complexes. The change of nitrogen
with oxygen at the capping ligand significantly altered
the sublevel structure of the complexes. The lowest
substate in [Dy(Por)(L1)]*, [Dy(Por)(L2)]*, and
[Dy(Por)(L4)]" predominantly comprises more than
90% [+11/2), with negligible contributions below 10%
for other J. values. These results are consistent with
our previous findings.[2,8] For [Dy(Por)(L3)]", the
lowest substate primarily consists of 75% [+15/2) and
16% [+11/2), with insignificant contributions below
10% for other J: values. This signifies a notable shift
in the [£11/2) in
[Dy(Por)(L)]", [Dy(Por)(L2)]", and [Dy(Por)(L4)]"
to [£15/2) in [Dy(Por)(L3)]". The second lowest

dominant J, value from

substates in all complexes are predominantly [+13/2).
They are separated by around 8 cm’!, 22 cm™!, 38 cm
!, and 45 cm’!, respectively, from the lowest ground
state. This illustrates that the energy separation
between the lowest and second lowest substates
increases as the number of nitrogen donor atoms
decreases. Considering the composition of the lowest
substate, [Dy(Por)(L3)]" lacks a prominent dominance
of component |+13/2) over other components in the
second lowest substate. Consequently, it is not prudent
to conclude that [£13/2) represents the |J.) for the
second lowest substate. Furthermore, beyond the two
lowest substates, the degree of mixing is noticeably
more pronounced in the higher substates, particularly
for complexes with L2 and L3 capping ligands,
rendering the determination of J. for the remaining

substates considerably more intricate.
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Table 1. Energy level of the dysprosium complexes

extracted from CASSCF/RASSI/ SINGLE_ANISO

calculations.
[Dy(Por)(LD)] [Dy(Por)(L2)]"
Energy States Energy States
(cm™) (cm™)

0 0.99|+11/2) | 0 0.96|+11/2)

8 0.98]+13/2) | 22 0.88]+13/2)

121 0.90|+9/2) | 100 0.68|+9/2)

0.14|+1/2)

217 0.78|+7/2) | 158 0.36|+7/2)
0.16|+1/2) 0.20|+3/2)

0.17|+5/2)
0.13]4+9/2)
0.13|+1/2)

242 0.54|+5/2) | 200 0.30|+7/2)
0.40|+3/2) 0.29]+5/2)

0.25|+3/2)

343 0.77|+1/2) | 269 0.41|+1/2)
0.19|17/2) 0.20|+5/2)

0.19|+3/2)
0.18|+7/2)

355 0.57|%3/2) 323 0.32]|+3/2)
0.43|+5/2) 0.28|+5/2)

0.25|+1/2)
0.11|+7/2)

502 1.00|+15/2) 517 1.00|+15/2)

[Dy(Por)(L3)]" [Dy(Por)(L4)]"
Energy Energy
States States
(cm™) (cm™)

0 0.75+15/2) | 0 0.93|+11/2)
0.16|+11/2)

38 0.57|+13/2) | 45 0.95|+13/2)
0.23]+9/2)
0.10|+7/2)

84 0.24|+11/2) | 56 0.52|49/2)
0.24|£5/2) 0.35|+1/2)
0.16]+7/2) 0.12|+7/2)
0.10]+3/2)

119 0.28]+1/2) | 102 0.47|+3/2)
0.26|+3/2) 0.44|+5/2)
0.13]+11/2)
0.11]|+7/2)

144 0.39|+1/2) | 123 0.45|+7/2)
0.18|+3/2) 0.41|+9/2)
0.14|+5/2) 0.14|+1/2)
0.11]+11/2)

215 0.24]+9/2) | 223 0.50(+1/2)
0.21|+3/2) 0.43|+7/2)
0.14|+7/2)
0.14|+11/2)
0.11]+5/2)

225 0.28|+5/2) | 231 0.51|+5/2)
0.21|+1/2) 0.46|+3/2)
0.20]+7/2)
0.16]+3/2)

353 0.27|+9/2) | 532 1.00]+15/2)
0.25|+7/2)
0.18|+11/2)
0.14|£5/2)

In addition to the change in J., the orientation of
the main magnetic axis in [Dy(Por)(L3)]" exhibits a
significant deviation from that of other complexes as
shown in Figure 2. Unlike [Dy(Por)(L1)],
[Dy(Por)(L2)]", and [Dy(Por)(L4)]", where the main
magnetic axis aligns with the z-axis (perpendicular to
the porphyrin plane), [Dy(Por)(L3)]" demonstrates an
inclination of 52 degrees towards the amine of the L3
ligand. This inclination becomes even more
pronounced for the main magnetic axis in the second
lowest substate, reaching approximately 69 degrees
from the z-axis. This observation underscores that
even a slight alteration of one atom in the ligand can
induce a change in symmetry, thereby impacting the

orientation of the main magnetic axis of the compound.

*x
£ 2

(©) (d)

Figure 2: The main magnetic axis of the lowest J. of
[Dy(Por)(L)]" complexes ((a) [Dy(Por)(L1)]", (b)
[Dy(Por)(L2)]", (¢) [Dy(Por)(L3)]" , and (d)
[Dy(Por)(LA)]").
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3.2 Excited-states

In calculating excited states, we expanded the active
space utilized for the CASSCF method to include 11
orbitals, designated as CAS(13,11). The active space
encompassed the seven 4f° orbitals of Dy(1lI), along
with the two highest doubly occupied = orbitals and
the two lowest unoccupied m orbitals. The initial
orbitals were derived from one of the 21 CI roots
generated in preceding ground state calculations. To
streamline the report, we will focus solely on the
[Dy(Por)(L3)]" and
[Dy(Por)(L4)]", which exhibit significant differences

calculation  results  of
in the main magnetic axis in the ground state.
Utilizing a total of 195 CI roots, each with a spin
multiplicity of 6, in this CASSCF calculation resulted
in 1170 spin-orbit states (585 doublets). Among this
extensive array of SO transitions, we focused on
identifying m—m* transitions associated with the Q
and B bands, considering the oscillator strength of
Additionally,
SINGLE_ANISO module, we determined the angular

each transition. employing  the

momenta for each SO state, as detailed in Tables 2-3.

Table 2. Selected transition energy and angular
[Dy(Por)(L4)]*
CASSCF/RASSI/SINGLE_ANISO calculations.

momenta  of extracted from

Doublet | Energy Osc. Strength |Lz| |Sz| | |Jz] =
(cm™) (initial doublet |Lz +
— final Sz|
doublet)
1 0 291 | 148 | 439
2 17 1.27 | 0.62 | 1.89
3 47 1.83 | 0.96 | 2.79
4 66 032 | 0.17 | 0.49
5 79 241 | 125 | 3.66
6 204 0.06 | 0.01 | 0.07
7 218 0.07 | 0.02 | 0.09
8 340 498 | 2.50 | 748
137 31697 | 0.015(8—137) | 9.53 | 2.50 | 12.03
138 31708 | 0.015(8—138) 041 | 249 | 2.90
139 31724 | 0.008(3—139) 029 | 214 | 1.85
140 31733 | 0.008(3—140) 8.84 | 2.14 | 1098
141 31769 | 0.014(1—141) 1.06 | 1.72 | 0.66
142 31781 0.014(1—142) 8.07 | 1.74 | 9.81
143 31812 | 0.014(2—143) 229 | 1.10 | 1.20
144 31817 | 0.0142—144) 6.76 | 1.09 | 7.85
145 31883 | 0.014(4—145) 339 | 051 | 2.88
146 31884 | 0.014(4—146) 5.86 | 0.62 | 6.48
147 31912 | 0.008(5—147) 4.07 | 0.18 | 3.89

148 31912 | 0.008(5—148) 5.14 | 027 | 541
149 32038 0.015(7—149) 447 | 0.04 | 443
150 32038 0.015(7—150) 432 | 0.05 | 427
151 32057 | 0.015(6—151) 446 | 0.04 | 442
152 32058 0.015(6—152) 429 | 0.07 | 422
407 47288 | 2.84(1—407) 2.64 | 140 | 4.04
409 47299 | 2.44(1— 409) 1.20 | 0.61 | 1.81
412 47314 1.94(2— 412) 213 | 1.12 | 3.25
413 47323 2.98(2— 413) 3.88 | 1.92 | 5.80
410 47305 | 2.86(3— 410) 0.04 | 0.02 | 0.06
411 47310 1.79(3— 411) 1.89 | 0.97 | 2.86
414 47362 | 2.71(4— 414) 225 | 1.16 | 341
415 47364 | 2.70(4— 415) 2.05 | 1.05 | 3.10
416 47371 2.62(5— 416) 249 | 127 | 3.76
417 47373 2.73(5— 417) 276 | 141 | 4.17
418 47451 3.02(6— 418) 5.08 | 248 | 7.56
419 47465 3.00(6— 419) 4.67 | 241 | 7.08
420 47507 | 2.98(7— 420) 0.09 ] 0.02 | 0.11
421 47509 | 2.97(7—421) 0.11 ] 0.07 | 0.18
422 47510 | 2.98(8— 422) 0.04 | 0.02 | 0.06
423 47512 | 2.99(8— 423) 0.04 | 0.02 | 0.06

The selected doublet SO states of [Dy(Por)(L4)]"
are listed in Table 2. Two pairs of degenerate SO states
associated with the m — ©* transition at the Q-band of
[Dy(Por)(L4)]" were identified. The doublet states
numbered 141 and 142 will be henceforth referred to
as the lower and higher excited doublet SO states,
respectively. The lower excited doublet SO state is
distinguished by its separation of 31770 cm™* from the
ground SO state. Along the z-axis, the spin angular
momentum (Sz) was determined to be 1.72 %, with an
absolute value of the orbital angular momentum (|L])
at 1.06 £ for this doublet state. Since Sz is proximate
to that of the ground doublet SO state (1.48 #), it is
reasonable to infer that S in the lower excited doublet
SO state corresponds to the spin angular momentum of
the dysprosium ion (Sz(f)). However, in comparison to
the ground doublet SO state, the || in this doublet has
significantly decreased by 3.97 #. This reduction is
attributed to the orbital angular momentum of the =
system (Lz(m)), as previously reported.[9]

For the higher excited doublet SO state, which sits
about 31781 cm™" above the ground doublet SO state,
the Sz remains nearly unchanged compared to that of
the ground state (1.48 #). However, the |L| value in
this state notably increases to around 8.07 #. Once

again, the disparity in |L| values indicates the presence
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of Lz(m) in the excited state of [Dy(Por)(L4)]", aligning
with previous finding. [9] Considering the decrease in
the Lz value in the lower excited doublet SO state,
indicating an opposite orientation or antiparallel
between Lz(m) and Lz(f), it can be inferred that an
antiferromagnetic-type interaction exists between
Lz(m) and Lx(f) in this compound.

Concerning the interaction magnitude (Ay), we
turn to our previous studies,[9] where this value was
defined as half the energy gap between the lower and
higher pairs of the excited SO doublet. In the Q band
of [Dy(Por)(L4)]", the A, value was determined to be
around 6 cm™, which overestimates the experimental
result (Ayz = 0.39 cm™). [10] Despite the discrepancy,
it is significant to note that the opposing orientation
between Lzm) and Lz(f) aligns well with the
experimental observations, providing further evidence
for the presence of an antiferromagnetic-type J-L

interaction in [Dy(Por)(L4)]".

Table 3. Selected transition energy and angular
[Dy(Por)(L3)]"
CASSCF/RASSI/SINGLE_ANISO calculations.

momenta  of extracted from

Doublet | Energy Osc. Strength | Le| |Sz| | |Jz| =

(cm™) (initial doublet |Lz+

— final Sz|
doublet)

1 0 4.52 ]2.28 | 6.80
2 34 359 [1.80 | 539
3 78 293 [146 | 439
4 118 0.60 10.30 | 0.90
5 137 334 [1.70 | 5.04
6 250 4.66 2.34 | 7.00
7 272 4.61 231 | 6.92
8 296 4.81 241 | 7.22
133 31568 | 0.003(1—133) 433 222 | 6.55
142 31723 | 0.005(1—142) 4.57 ]2.24 | 6.81
136 31601 0.002(2—136) 323 144 | 467
143 31754 | 0.006(2—143) 3.67 |1.83 | 550
138 31648 | 0.003(3—138) 3.00 [1.47 | 447
144 31801 0.004(3—144) 296 149 | 445
140 31688 | 0.003(4—140) 0.87 1044 | 1.31
147 31844 | 0.003(4—147) 270 137 | 4.07
141 31712 | 0.003(5—141) 334 |1.81 | 5.15
148 31865 | 0.006(5—148) 377 |1.82 | 559
145 31821 0.003(6—145) 4.64 12.30 | 6.94
150 31973 | 0.007(6—150) 474 1240 | 7.14
146 31838 | 0.002(7—146) 331 [1.67 | 498
151 31997 | 0.001(7—151) 4.69 235 | 7.04
149 31872 | 0.003(8—149) 499 1234 | 733
152 32025 | 0.007(8—152) 4.51 242 | 693

403 46815 | 2.11(1— 403) 448 (226 | 6.74
410 47091 1.90(1— 410) 430 [2.17 | 6.47
404 46846 | 2.90(2— 404) 370 |1.86 | 5.56
411 47120 1.42(2— 411) 345 |1.73 | 5.18
405 46895 | 2.33(3— 405) 3.01 |1.49 | 4.50
413 47169 | 2.34(3— 413) 296 (147 | 443
406 46935 | 2.19(4— 406) 222 |1.10 | 3.32
414 47208 | 2.01(4— 414) 094 (047 | 141
407 46961 2.83(5— 407) 350 |1.79 | 5.29
416 47234 | 2.90(5— 416) 3.63 |1.86 | 5.49
408 47068 | 2.99(6— 408) 4.74 (238 | 7.12
420 47340 | 3.04(6— 420) 4.78 (240 | 7.18
409 47087 | 2.80(7— 409) 4.54 [2.28 | 6.82
422 47363 3.07(7T— 422) 4.72 1237 | 7.09
411 47120 1.53(8— 411) 345 |1.73 | 5.18
423 47395 | 3.08(8— 423) 4.85 (244 | 7.29

Similar to the computations conducted for
[Dy(Por)(L4)]", those for [Dy(Por)(L3)]" also yield a
pair of doublet SO states associated with 1 — w*
transitions. These doublet SO states are separated by
31568 cm™ (doublet 133) and 31723 cm™ (doublet
142) from the lowest doublet SO state, as shown in
Table 3. However, unlike [Dy(Por)(L4)]*, where the
higher-energy doublet is merely one level above the
lower-energy doublet, in [Dy(Por)(L3)]*, eight other
doublet SO states separate the two doublets.

In doublet 133, the L7 value undergoes a reduction
of approximately 0.2, while Sz remains relatively
unchanged (2.22), yielding a Jz; value of 6.55.
Conversely, in the higher doublet (doublet 142), the L,
experiences a slight increase of 0.05, resulting in a Jz
value 0.26 larger than that in doublet 133. From this
data, it can be deduced that the J-L interaction in
[Dy(Por)(L3)]" has the same type with that in
[Dy(Por)(L4)]", consistent with findings from
experiments using MCD data. [10]
between

However, a contrast

[Dy(Por)(L3)]" and

significant
[Dy(Por)(L4)]" is in the
magnitude of change in Lz observed within the pair of
doublet SO states of [Dy(Por)(L3)]". This change is
much smaller, approximately 18 times smaller, than
the observed change in [Dy(Por)(L4)]*. This suggests
that the change of the second ligand influences Lz(x),
consequently leading to a different interaction with J.
Ground state calculations indicate that the main

magnetic axis of Jz in [Dy(Por)(L3)]" is not
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perpendicular to the porphyrin part, potentially
contributing to this effect.

Furthermore, the presence of multiple energy
levels between doublets 133 and 142 in
[Dy(Por)(L3)]" poses challenges for determining the
Ay value via half-energy separation, a method
previously employed in other studies. Despite this
limitation, the current calculation provides a
qualitative assessment of the J-L interaction, which
was previously beyond reach.

In addition, we have successfully identified, for the
first time, the SO states associated with © — w*
transitions in the B band. These states are separated by
47288 cm™ and 47299 cm™! for [Dy(Por)(L4)]" and at
46815 cm™ and 47091 cm™ for [Dy(Por)(L3)]" from
their ground states. Notably, these SO states exhibit
significantly high oscillator strength and are
confidently assigned to the B band, as shown in Tables
2 and 3. This substantial oscillator strength aligns with
the characteristic behavior of the B band in
porphyrin/metalloporphyrin compounds. Regarding
changes in angular momentum, the disparity in angular
momentum between their doublet excited SO states
and their lowest doublet SO states are marginal (<0.1).
These results correspond with computational findings
on [Y(Por)(L4)]" and [Y(Por)(L3)]" (LAm) Q=4.0,
Lz(m) B~0.1). Additionally, their doublet excited SO
states demonstrate negative changes in angular
momentum compared to their lowest doublet SO state,
indicating an antiferromagnetic-type J-L interaction in
the B band. Furthermore, these computational

outcomes qualitatively support our experimental

findings.

4. Conclusion

The study explores the electronic structures of
[Dy(Por)(L)]" complexes in both ground and
excitedstates using the CASSCF method. Results
revealed significant changes in sublevel structure upon

replacing nitrogen with oxygen in the capping ligand,

leading to variations in the energy separation between

the lowest and second lowest substates. Particularly,
[Dy(Por)(L3)]" exhibits a deviation in the main
magnetic axis orientation compared to other
complexes, underlining ligand sensitivity in symmetry.
Additionally, the study identifies SO states associated
with m—m* transitions in the Q and B bands.
Furthermore, it confirms the presence of an
antiferromagnetic-type J-L interaction between the
orbital angular momentum generated by & and the total
angular momentum of the dysprosium ion in

[Dy(Por)(L3)]" and [Dy(Por)(L4)]" complexes.
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Inter—subunit coupling in PyrR pyrimidine synthase attenuator

protein ol igomers

Sandhya P. Tiwari

Institute for Protein Research, Osaka University

1. Introduction

Many proteins form oligomers under physiological
conditions, which can confer thermal stability, greater
complexity in structural and functional activity.
Understanding the mechanisms of assembly provide
insight into protein evolution, providing a framework
for how protein structures adapt to gain new function.
Previously, due to computational limits, intrinsic
dynamics, or vibrational signatures, have typically
been modelled implicitly by considering the
conformation of a participating protein subunit in
isolation. Generally, it is assumed the isolated subunit
is in a conformation which captures the implicit effect
of the binding partner on the intrinsic dynamics,
suggesting the influence of a partnering subunit is
already integrated. However, this description lacks
detailed information on the influence of critical
contacts at the protein-protein interface. Since the
binding of many proteins to their protein partners is
tightly regulated via control of their relative intrinsic
dynamics, investigation of the intrinsic dynamics of
proteins is necessary for the comprehensive
understanding of function. In this study, we examine
the case of a protein family, pyrimidine synthesis
attenuator PyrR!, to understand the effect of the
binding partners in the stability of the tetramer vs. the
dimer, and to uncover signals that link to their
modulation via allostery. By partitioning the
covariance matrices from elastic network models to

obtain normal modes?, we found that explicitly

modelling the partnering subunits revealed the

influence of perturbations that extend from the
tetrameric interface, that is not captured by modelling
the subunits in isolation. We want to confirm this effect
with greater detail with molecular dynamics (MD)

simulations.

2. Simulation preparation
Table 1 Systems prepare for MD simulations, SGP -

Guanosine-5"-Monophosphate

PDBID. | Monomer Dimer Tetramer
4p82 No 5GP No 5GP N.A.
5GP 5GP 5GP

4p86 without without without
5GP 5GP 5GP

Initial structures were obtained from the PDB for
PyrR dimer (4p82) and PyrR tetramer (4p86 with 5GP).
Missing residues were modeled using Modeller®, and
the subunits were extracted as monomer (4p82, 4p86)
and dimer (4p86) with and without allosteric ligands,
5GP. Explicit solvent MD simulations were prepared
using the Amber99sb-ildn-ions
GROMACS? v2021 on the local computing cluster

forcefield®, in

before performing the production run for 300 ns on

SQUID GPUs, for four replicas per system.

3. Overall rigidity of 4p86 dimer without SGP vs.
4p82 dimer with no SGP

Preliminary analysis shows the persistence of lower
root mean squared fluctuations in the dimer from the
4p86 tetramer X-ray crystal structure, despite the

removal of the allosteric ligand, 5GP. In Figure 1, we
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see that the regions with larger RMSF differences tend
to be closer to the dimeric interface. When selecting
residues that interact with 5GP in the initial PDB file
(4p86) shows an asymmetry in the number of residues
within 5A between chains. More residues in chain B
are in contact with the ligand, and this affects the
apparent rigidity of chain B in the Dimer from 4p86,

even when the ligand is removed.

12 -

10+ H‘

RMSF A

T AN
';;“Mﬂh;'. h “j‘./lu Kﬂw’\m I“J

T T T T T T
0 50 100 150 200 250 300
Residue

Figure 1: Root-mean-square fluctuations of Dimer
Jfrom PDB 4p82 (with no 5GP) in orange vs. Dimer
(with 5GP removed) from PDB 4p86 in blue. The
residues that interact with 5GP in the initial structure

are marked in green panels.

4. Future direction

As part of our investigation, we will be exploring
the pairwise correlation within each protein system to
understand the changes in dynamics conferred by
allosteric ligand-binding and the influence of coupling
from partnering protein subunits. We will differentiate
the stabilizing effects of allosteric ligand-binding via a
systematic comparison with the ligand-free structure,

at different orders of oligomerization.

5. Conclusion

Our results show that the MD simulations were
effective in capturing crucial changes to the flexibility
of PyrR from different starting conformations. With
our analysis of coupling using the MD simulations

trajectories, we expect to uncover the interplay

between allosteric ligand-binding and oligomerization

on the stability of the PyrR protein.
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Fig 3. (a) Regression results from deep learning (b)
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Model ing Drug Release of Phosphoramidate-based Antibody-drug

Conjugates using Machine Learning Metadynamics

Rizka Nur Fadilla and Yoshitada Morikawa
N NGNS TR T S

1. Introduction
Antibody—drug conjugates (ADCs) are a type
of biopharmaceutical drug designed to

deliver cytotoxic payloads (chemotherapy

drugs) specifically to cancer cells. The
goal is to kill cancer cells while minimizing
harm to healthy cells, a common challenge in
conventional cancer chemotherapy. The goal
is achieved by linking the payload to an
antibody that can precisely locate cancer
cells via a suitable linker. The success of
ADCs depends on the antibody’ s specificity,
the linker s cleavage selectivity (remaining
intact outside but readily cleaved inside
cancer cells), and the potency of the payload
[1].

One of the most critical challenges in ADC

development is the instability of the linker.

This issue can lead to the premature release

of the payload, for instance, in the
bloodstream, before it reaches the targeted
cancer cells. Such premature release can
cause toxicities, as demonstrated by the
withdrawal of Mylotarg from the market in
2010  [3],

2000. Understanding and

after 1its FDA approval in
overcoming these
challenges 1is crucial for the successful
development of ADCs.

The phosphoramidate—-based linker (see Fig
1) is one of several proposed linkers that

potentially tackle the linker instability

challenge. It exhibits stability at neutral

pH (representing the environment outside
cancer cells), with a controllable rapid
release in low pH (representing the
environment inside cancer cells). The linker
has shown its potency in carrying a diverse
payload, which could significantly enhance
the efficacy of ADCs [4-6]. Despite these
encouraging results, no approved ADC
utilizing this linker has been reported yet
One possible explanation is the lack of a
clear mechanistic understanding of how the
payload release is controlled

Exploring the potential energy surface
(PES) of the involved chemical reactions is
insight 1into the

essential to gaining

payload release mechanism from a

phosphoramidate-based linker. This PES can

be represented using an interatomic

potential model. Achieving an accurate

representation of the PES involves solving

the Schrédinger equation, which can be
approximated  through  density—functional
theory (DFT). However, the high

computational cost of DFT often limits its
use for statistical sampling, such as in
metadynamics simulations [7]

Recently, machine learning techniques have
shown promise in accurately representing the
PES when trained with data generated from
DFT-based

calculations. Here, we have

developed a machine learning interatomic

potential for phosphoramidate in aqueous
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solution. Subsequently, we utilized this

developed potential to explore the PES
associated with the payload release from a

phosphoramidate—based linker.

2. Computational Method
2.1 Deep Potential

We utilize the Deep Potential (DP) scheme
[8] to develop a machine learning
interatomic potential. Within the DP scheme,
the potential energy of atomic
configurations is represented as the sum of
atomic energies. The local environment of
the atom within a specified cutoff radius
determines each atomic energy. The process
begins by establishing the local coordinate
information of each atom while preserving
translational, rotational, and permutational
symmetries. Subsequently, this local
coordinate information is used as input for
a deep neural network, generating atomic

energies as the output. The DP scheme

implementation is carried out using the

DeePMD-kit [9].

Payload model R Linker Ry Antibody model
| o
N o
™8~
‘ L N
OH Ro
Fig. 1:  Components of antibody—drug

conjugates with  phosphoramidate-based
linker. Symbols R;, R,, and R; denote the

substituent of the linker.

2.2 Density-functional Theory (DFT)
Density—functional theory (DFT) 1is a

computational method based on quantum
mechanics that accurately investigates the
molecules,

DFT to

electronic structure of atoms,

and solids. This study employs

generate training data for input into the DP

network. We utilized the CP2K software [10]
to calculate the system s energy and atomic
forces. The training data comprises two
systems: pure  bulk water and  the
phosphoramidate in aqueous solution. Fig. 2
and 3 illustrate the

typical training

structures used in this context

Fig. 2: Pure bulk water. The red and white
colors denote oxygen and hydrogen atoms,

respectively.

Fig. 3: Phosphoramidate-based ADC in
aqueous solution. The red, white, green,
blue, and brass colors denote oxygen,
hydrogen, carbon, nitrogen, and phosphor

atoms.

2.3 Metadynamics

Metadynamics is a simulation technique
employed to 1investigate the PES and
accelerate the sampling of rare events by
potential.

periodically 1introducing bias

This bias potential is incorporated into the
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space of selected collective variables (CVs)
that characterize the chemical reaction. In
our study, we have chosen two CVs: the P-N
coordination number (reflecting the P-N bond
cleavage) and the P-0 coordination number
(representing the P-0 bond formation). To
conduct the metadynamics simulation, we
utilized Plumed [11] patched with LAMMPS

[12].

3. Validation of Deep Potential

To validate the accuracy of the developed
potential, we compare the machine learning
(ML) potential’s prediction on energy and
atomic forces to the DFT results (Section
3.1). We also calculate both quantities
root mean square errors (RMSE). We further
use the ML potential to simulate the behavior
of liquid water and compute the oxygen—
oxygen radial distribution function (Section
3.2).
3.1 DFT vs Deep Potential

Parity plots of the energy and atomic
forces, DFT vs ML, over 805 test data, are
shown in Fig. 4. The test data are not
included in the training process. They
water and

consist of pure bulk

phosphoramidate in aqueous solution. The
RMSE of energy and atomic forces are smaller
than one meV/atom and 100 meV/A, which
indicates a good quality of potential.
3.2 Radial Distribution Function

The performance of ML potential is further
validated through the oxygen—oxygen radial
distribution function (RDF) of pure bulk
water, as shown in Fig. 5. The discrepancy
between the predicted RDF and the
experimental one is not significant. The ML
potential predicted the water molecules to

be slightly more localized than the

experimental results. This result and the
parity plot indicate that the ML potential

is reasonably good

Energy (RMSE=0.43 meV/atom)

-~ Ideal Fit ,

-154.5

-155.0

-155.5

ML (eV/atom)

-156.0

-156.5 /

-156.5 -156.0 -155.5 -155.0 -154.5
DFT (eV/atom)

(a)

Atomic Forces (RMSE=65.41 meV/A)

-- Ideal Fit -
o F F

e F o¥

20 e
F. !

30

ML (eV/A)

-10

-20 "j

-20 -10 0 10 20 30
DFT (eV/A)

(b)

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

(b) atomic forces

0-0 Radial Distribution Function of Water

---- Experiment
3.0 4 —— ML prediction

Fig. 5: Oxygen—oxygen radial distribution

function of water.

4. Tautomerization
ML metadynamics is performed to simulate

the payload release for clarifying the
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detailed mechanism. Prior to payload release
we observed tautomerization occurred in the
simulation. The tautomerization changes the
molecule from having single nitrogen—
protonated to double nitrogen—protonated, as
shown in Fig. 6 (a) and (b), respectively.
ML metadynamics simulation is performed to
simulate the payload release to clarify the
detail mechanism. Prior to payload release

we  observed  tautomerization in  the
simulation. The tautomerization changes the
molecule from having one hydrogen bonded to
nitrogen to two hydrogen, as shown in Fig

analysis to

6. Further simulation and

clarify the reaction mechanism are ongoing.

(b)

Fig. 6: (a) Initial and (b) final state

of tautomerization.

5. Conclusion

We have developed a machine learning

potential using the Deep Potential scheme,

which can represent the interatomic
interactions of phosphoramidate in aqueous
solution. When coupled with metadynamics
simulation, this machine learning potential
emerges as a promising tool for exploring
the potential energy surface, especially in
the presence of rare events. Once this work
is completed, we expect to be able to clarify

the payload release mechanism in detail.
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1. INTRODUCTION

New classes of 2D materials are the subject of recent
research efforts for a variety of applications (e.g.
electronics, energy storage, catalyst). The high surface
density of these 2D materials makes them ideal for H,
storage and catalysis. In particular, the newly
synthesized hydrogen boride (HB) sheets are a
promising material for H, storage due to their inherent
high hydrogen composition. This HB sheet can be
reliably synthesized from MgB, with a yield of
42%.[1]

Recent studies have shown that H, extraction is
possible by using heat treatment or photon irradiation
which can extract about 94% of the total hydrogen
composition.[2] The noteworthy storage and
extraction yield is a significant advantage over bulk
metals and alloy based H, storages. We also found in
our previous study that it is remarkably stable against
water,[3] a common substance in ambient condition
and fuel cell technologies, making HB sheets a
promising material for hydrogen storage applications.
To further investigate its viability, there is a need to
study the cyclic hydrogen discharge-recharge process.
In particular, the effect on the stability and structure of
hydrogen deficiency is unclear.

In addition, HB sheets have been shown to be a
promising catalyst for ethanol reforming and carbon
dioxide conversion.[4] However, in the experimental
process, the HB sheets are subjected to heat pre-

treatment that induces hydrogen desorption and

releases about 33-50% of the hydrogen composition,
meaning the experimental condition of the HB sheets
are in a hydrogen deficient state.

In both hydrogen storage and catalyst applications,
the condition of the hydrogen deficient HB sheet is
important to understand. For simulation studies, to
effectively study the reaction processes, an accurate
representation of the hydrogen deficient HB sheet
structure is required.

In this study, we investigate the structure of the
hydrogen deficient HB sheet at varying levels of
hydrogen vacancy saturations using a workflow
involving machine learning assisted structure search
with a density functional based tight binding (DFTB)
method as a target potential. This is followed up by
accurate optimization using the density functional
theory (DFT) method. Finally, we obtain a set of the
most energetically favored structures with varying

hydrogen content.

2. METHODOLOGY
In the pursuit of exploring novel structures,
scenarios like high-

particularly in complex

dimensional  structure searches where local
optimization falls short, the demand for a robust and
efficient global optimization (GO) algorithm is
imperative. This study employs GOFEE (global
optimization with first-principles energy expression)
algorithm, integrated within the AGOX package,[5] as

the GO algorithm of choice. Conventional GO
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Figure 1. Workflow diagram.

methods entail resource-intensive

typically
computations for energy and force evaluations,
compounded by entirely random structure propagation,
diminishing the likelihood of converging to the global
minimum (GM). GOFEE introduces two pivotal
innovations. First, it mitigates computational burdens
by employing a Gaussian process regression (GPR)
model, iteratively train on-the-fly using the target
potential — here, Density Functional Tight Binding
(DFTB) method as implemented in the DFTB+
package [6] — to handle energy and force evaluations
during local optimization steps. Secondly, rather than
relying on random structure propagation, a genetic
algorithm is adopted. This approach entails generating
subsequent structures for evaluation by iteratively
applying mutations to preceding structures.

In the following discussion, we explain the
workflow of the structure search as described in Fig. 1.
The first step is initializing four sets comprising 30
independent instances of GOFEE calculations. This
entails seeding each calculation differently, making the
initial state of the search distinct from each other. For
a more comprehensive search, we included two

variations of GOFEE calculation: template and «

No-Template (NT)

/ /| [

With-Template (WT)

Figure 2. Graphical model of the with-template and

no-template initial state.

parameter. In the template variation, we considered
two starting structures, a no-template (NT) and a with-
template (WT) setup (refer to Fig. 3). The NT
configuration allows GOFEE complete freedom to
place all hydrogen and boron atoms while the WT
initializes with a 2D boron sheet that creates a bias
towards a sheet-like structure and only allows GOFEE
to place the hydrogen component. The k governs the
exploratory-exploitative tendency of the search and
was varied to values of 2 and 3. The lower k value
nudges the balance towards a more exploitative
direction. The combination of these two variations
results in four sets of GOFEE calculations that are
distinctly initialized. The mutations applied are
random and rattle mutations with a 6:14 ratio in the 20
samples. A dual-point evaluation was also performed
with the second point a small nudge towards the force
direction. With 500 iterations, a cumulative total of
120,000 structures are evaluated, resulting in the
identification of the GM structure and its
corresponding energy.

Subsequently, the second step involves a reduction
in the number of structures by eliminating those
exceeding 3eV from the GM energy. Following this,
the third step entails duplicate removal. Here, we
employ a group strategy for atomic structures utilizing
the eigenvalues of the distance-based Laplacian matrix,
implemented within AGOX. This comparison method

exhibits insensitivity to minor fluctuations in bond
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Figure 3. Workflow results on pristine HB sheet. (a)
shows the success rate on finding and converging to a
global minimum shown in (b). In (¢), a graphical
representation of the sampling strategy is shown.

Lastly, (d) shows the 3 best DFT-optimized structures.

lengths, thereby effectively clustering structures with
similar eigenvalues. Within each group, we opt for the
energetically most favorable structure. In the fourth
step, a further reduction in the number of structures is
achieved through a simple sampling technique.
Specifically, we select the 10 lowest energy structures
and choose 20 structures by stratified sampling from
the remaining unselected structures, resulting in a total
of 30 structures.

Continuing with the fifth step, we proceed to further
optimize all 30 structures until the forces are below 10
4 Ry/Bohr. This optimization is conducted using DFT,
implemented within the Quantum Espresso
package.[7] Herein, a k-point mesh of 6x6x1 is
employed, alongside a tight self-consistency threshold
of 10, and wavefunction (charge) cutoff energy of 60
(480). The exchange-correlation functional was
approximated using rev-vdW-DF2 to -effectively
account for the vdW interactions.[8] The
pseudopotentials generated using the Perdew-Burke-

Ernzerhof formulation of the generalized gradient

approximation were adopted from the GBRYV ultrasoft

pseudopotential library.[9] Finally, the duplicate
removal step is reapplied to yield the final set of
structures, wherein the true GM manifests as the most

energetically favored configurations within the set.

3. RESULTS AND DISCUSSION
3.1 PRISTINE HB SHEET

As a preliminary benchmark, we initially subject a
pristine HB sheet to the workflow. Figure 3 provides a
summary of the results obtained from the workflow
steps. Notably, in terms of success rates (Fig. 3a)
converging on the GOFEE GM structure (Fig. 3b), the
WT approach demonstrates a high success rate of
approx. 70%. Conversely, the NT approach encounters
challenges in locating the GM, likely due ot the
increased complexity inherent in the initial unbaised
state, necessitating more iterations copared to the WT
approach. Figure 3c illustrates the graphical
representation of the sampling strategy, which entails
selecting the top 10 structures along with the 20
stratified structure samples. Subsequently, all 30
structures undergo optimization using the DFT method,
and the top three structures showcased in Figure 3d. It
is noteworthy that the optimal structure post-

optimization is identical with the GM identified in the

preceding GOFEE calculation.

3.2 HYDROGEN-DEFIGIENT HB SHEET

To emulate the experimental condition, a few
models corresponding to 11, 22, 33, and 44 at%
hydrogen deficiencies were used. The summary of the
structure search findings is presented in Figure 4. In all
cases the GOFEE calculation successfully obtained the
GM within the iteration span. Interestingly, the higher
hydrogen deficiency (e.g. 44 at%) converges much
faster compared to lower hydrogen deficiency. The
GMs found by deficiency 22 at% and greater show a
more complex configuration of the bridge hydrogen. It

seems the desorption process does not simply remove
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structures.

the hydrogen atoms but instead also induces
reconfiguration on the remaining hydrogen atoms. In
the post-processing steps, duplicate removal on 11 at%
deficiency has significant effects but as the deficiency
increases, the impact reduces due to the increasing

complexity of the system. This complexity stems from

the lack of enough atoms to form a periodic and
symmetric structure making a tendency to form more
“chaotic” structures. This is also why the NT has
increased rates at high deficiency — because the GM
found by WT was more chaos and close to NT
performance. The best DFT structure are also
presented. In all cases, the best structure is not
identical to the GOFEE GM found, meaning that the
final DFT optimization is a better and more accurate
approach in obtaining true GM. Lastly, the best DFT
structure was artificially expanded along its periodic
direction for a clearer visualization of the holes created
in the desorption process.

Finally, we describe the relative energies of the
discovered structures. In all deficient cases, the
relative energy shows that the structure is less stable
than the pristine structure. Interestingly, the largest

energy step increase is in the step from pristine to 11

at%. The succeeding increase in deficiency saturation
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did further destabilize the structure but not to the same (9) Garrity, K. F., et al., Comput. Mater. Sci. 81,
magnitude as the first step. This means that the 446452 (2014).

desorption process bottleneck happens in the initial

hydrogen desorption step, and succeeding hydrogen

desorption will be easier. Additional calculations on

energy barriers are still required to further investigate

this aspect.

4. CONCLUSION

In conclusion, our study explores the structure and
stability of hydrogen deficient HB sheets. Leveraging
a machine-learning-assisted structure search workflow,
we elucidate the effect of varying levels of hydrogen
deficiency on the structural configuration and stability
of HB sheets.

The structure at varying levels of hydrogen
deficiency is described in detail. These set of structures
can be a baseline model for future calculations that
needs a more accurate HB sheet environment in high
temperature conditions. As observed, the increase in
hydrogen deficiency also increasingly destabilizes the
structure. The largest destabilization happens at the

first step — from pristine to 11 at% deficiency.
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Model ing diffuse signhatures of cosmic ray processes in galaxies:

extra—galactic gamma-ray background radiation
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1. Introduction

Cosmic rays are energetic, relativistic particles.
Within our Galaxy, they contain a non-negligible
fraction of the energy budget, with their total energy
density being around 1 eV/cm?® at the solar circle (this
is comparable to thermal, turbulent, and magnetic
energy densities; see e.g. 1). Cosmic rays are believed
to originate from violent astrophysical environments,
such as supernova remnants and young massive stellar
clusters (2, 3), where strong shocks can boost charged
particles to highly relativistic energies through
diffusive acceleration processes (4). External galaxies
undergoing intensive episodes of star-formation
(starbursts) will have an abundance of these
accelerator environments, so it is expected they will be
rich in cosmic rays. It has been shown that the high
abundance of cosmic rays in starbursts is able to
modify their thermal and hydrodynamical properties
(5), and drive significant high energy non-thermal
emission, ranging from radio wavelengths to gamma-
rays (6, 7).

Cosmic rays are therefore a potentially important
physical component within galaxy ecosystems which
can control their development. However, they are
rarely included in detailed galaxy evolution models.
While sophisticated treatments of mechanical and
radiation physics are often included in these models (8,
9, 10), current approaches do not fully capture the
observed evolutionary properties in populations of
galaxies. In particular, model predictions for the
abundance, halo-to-stellar mass ratios and star-

forming histories of some galaxy types show

particularly severe discrepancies from observations
(e.g. very massive and intensively star-forming or
primordial galaxies). As such, there are now renewed
efforts to search for hidden agents shaping galaxy
evolution, with cosmic rays being one clear candidate.
The non-thermal emission from populations of
galaxies can be a useful way to test models of cosmic
ray effects in galaxy evolution. One possibility is to
use their gamma-ray emission. While gamma-rays
have now been detected from a small number of
spatially resolved nearby galaxies (7), extending these
detections to large populations of distant galaxies is
beyond the capability of current and near-future
instruments, and is also subject to physical horizons.
Instead, it is possible to use the unresolved
background gamma-ray emission from large
populations of distant galaxies to probe cosmic ray
activities. In this project, the contribution to this
background emission was modelled using a novel MPI
galaxy gamma-ray emission prototype code. This code
post-processed outputs from galaxy formation and
evolution simulations (11) and computed the expected
gamma-ray background emission they contribute, as
observed from Earth. The precise methodological set-
up for this code is described in Ref (12). Developing
these reliable models for the galaxy contribution to the
gamma-ray background is essential to understand the
physical information that can be obtained from future
measurements, and to inform observational strategies
and analysis techniques for up-coming facilities (e.g.

the Cherenkov Telescope Array; see Ref. 13).
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2. A new prototype model for cosmic ray
containment in galaxies

In previous studies, it has been challenging to
properly quantify precisely how well galaxies can
contain their cosmic rays. Determining a correct
treatment is essential to model the gamma-ray
background intensity and spectral shape reliably.
Earlier studies simply adopted a fiducial value to
quantify the containment (or ‘calorimetry’) of cosmic
rays in these galaxies (see 12). The physics governing
cosmic ray calorimetry in galaxies is a combination of
attenuation by the interactions they undergo in the
interstellar gases of their host system (so-called
hadronic pp interactions — see Ref. 14), and cosmic ray
transport effects. Existing models provide a relatively
thorough treatment of the attenuation effect. However,
the escape of cosmic rays by advection in bulk plasma

flows out of a galaxy has received less attention.

2.1 Cosmic ray transport

Charged cosmic rays propagate through galactic
ecosystems by diffusion and advection. The former
dominates within a galaxy where turbulent magnetic
fields suffuse interstellar gases, while the latter can be
important for mid-energy cosmic rays entrained in fast,
bulk flows. Such flows can arise from the confluence
of energy and matter injection by concentrated star-
forming activity in galaxies. They can be driven by
thermal pressure gradients associated with gas heated
by the processes associated with concentrated star-
formation, or they can be driven by non-thermal
pressure gradients associated with cosmic rays (15, 16).
Thus, cosmic rays operate to drive large scale flows

while also being redistributed by them.

2.2 Cosmic ray containment

To model an outflow driven by thermal gas pressure
and cosmic rays, a two-fluid prescription was adopted.
The first fluid is a thermal gas, while the second is a

non-thermal cosmic ray fluid. This does not capture

the energy spectrum of the cosmic rays, but it is
sufficient for the purposes of this work, as it broadly
incorporates the dynamical impacts of the total cosmic
ray pressure gradients on the outflow and the spatial
distribution of the cosmic ray energy density entrained
in the flow. This allows the redistributive effects of an
outflow on the cosmic rays in a galaxy halo to be

modeled.
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Figure 1 : The containment fraction of cosmic rays in
a galaxy subject to an advective outflow. The strongest
parameter dependency is on total galaxy halo mass.
For most galaxies able to sustain an outflow, between

60-80 per cent of its cosmic rays are lost.

The energy, matter and cosmic ray injection rate at
the base of an outflow can be parameterized by the
star-formation rate of a galaxy. By solving the 1-
dimensional (isotropic) fluid equations around a
galaxy of a given mass, and coupling to the cosmic ray
transport equation with fiducial parameters to capture
cosmic ray diffusion in the magnetic fields of the flow
(see 17 for details), the resulting distribution of cosmic
rays can be obtained. To model the time evolution of
the system, a numerical approach is required in solving
the fluid and coupled cosmic ray transport equations.
The Eulerian grid-based code FLASH4 (18) was used
to do this, allowing the dependency of the flow
properties and resulting cosmic ray distribution on
model parameters to be explored. Cosmic ray transport
physics is currently theoretically unsettled at the

microphysical level (e.g. 19), and only fiducial,
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canonical transport parameters can currently be
adopted. However, the exact choices for these (e.g. for
the cosmic ray diffusion coefficient) do not strongly

impact the results obtained in this work.
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Figure 2 : Outflows evolve to a steady or unsteady state
after their initial eruption. The starburst episode
driving the flow is considered to persist for 10s of Myr.
The flow evolution profile is affected strongly by the
properties of the host galaxy, modifying the
distribution and escape of cosmic rays through the halo.
The top panel shows a less intensively star-forming
galaxy in a strong gravitational potential, which can be
compared with the bottom panel, showing a more
intensively star-forming galaxy in a weak gravitational

potential that is able to drive a faster, stronger outflow.

The dependency of the cosmic ray distribution in a
flow on the most important galaxy parameters (found
to be galaxy halo mass and star-formation rate) is
shown in Figure 1, with corresponding examples of the
development of a galaxy outflow over time shown in
Figure 2. These results show that galactic outflows can
reach a steady-scenario relatively quickly (a few Myr

compared to the 100 Myr evolutionary timescale of the

system), and tend to attain a cosmic ray containment

fraction of around 20-40 per cent.

2.3 Post-processing model and gamma-ray
background

To obtain an overall determination of the galaxy
contribution to the extra-galactic gamma-ray
background, a prototype model was constructed. This
uses information about the star-formation rate, mass,
redshift and effective size of a galaxy to determine the
steady-state cosmic ray distribution therein, corrected
for the effects of outflows (see section 2.3). By
adopting appropriate cross sections for the production
of gamma-rays via hadronic pp collisions between
cosmic rays and interstellar gas (provided by Ref. 14),
a corresponding gamma-ray spectrum can be
calculated for a broad range of galaxy types. A full
description of the prototype model adopted is available
in Ref. (12). By interfacing this prototype model with
the distribution of galaxy sizes, masses, star-formation
rates and over redshift from the outputs of the EAGLE
simulations (described in Ref. 11), the overall galaxy
contribution to the extra-galactic gamma-ray
background could be estimated.

In computing the gamma-ray background flux
received on Earth, a co-variant radiative transport
formulation was adopted that ensures the conservation
of photon number and phase space volume during
cosmological transport, and accounts self-consistently
for gamma-gamma pair creation and the subsequent

inverse-Compton scattering of high energy photons

with soft background radiation fields from galaxies.

3. Results

The total contribution from star-formation in
galaxies to the gamma-ray background is shown in
Figure 3. This indicates a contribution ranging from
10-50 per cent of the flux, depending on energy. By
splitting the contribution according to the star-

formation intensity of the contributing galaxies, it was
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found that more than 95 per cent of the emission is
contributed by rare galaxies undergoing very intensive

starburst episodes.
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7z=0, segregated according to galaxy mass.

Figure 4 separates the total contribution according
to galaxy mass and redshift. This shows that much of
the emission originates from low mass galaxies,
residing around redshift 2-2.5. This represents an
epoch where many galaxies were growing and

building up their stellar mass.

4. Discussion and conclusions

This work has shown that a significant portion of the
unresolved extra-galactic gamma-ray background can
be attributed to populations of star-forming galaxies.

Most of the emission originates from low-mass

galaxies undergoing very intensive star-formation
activities, meaning gamma-ray background radiation
is a biased tracer of cosmic ray feedback activities, and
is particularly sensitive to cosmic rays in young
galaxies building-up their stellar masses for the first
time. Such galaxies are relatively rare in the Universe,
which indicates new considerations may be required to
establish robust statistical methods able to differentiate
between contributions from various source
populations, as the relative dominance of the shot
noise (often used to make such distinctions) may be

smaller than generally expected.
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1. Introduction

In recent years, there has been considerable research
attention on inflatable aeroshell technology, which
offers distinct advantages compared to traditional rigid
heat shields. In Japan, the development of an inflatable
aeroshell system known as the Membrane Aeroshell
for Atmospheric-Entry Capsule (MAAC) has been a
focal point [1-2]. This innovative aeroshell comprises
a rigid capsule, a thin, flexible membrane, and an
inflatable torus pressurized with gas to maintain its
shape, as depicted in Fig. 1. The Japan Aerospace
Exploration Agency (JAXA) has undertaken
numerous flight experiments employing scientific
balloons and rockets to assess the viability of utilizing
a membrane aeroshell for deceleration purposes. A
flight test conducted in 2012 revealed challenges
associated with operating the acroshell at low Mach
numbers, where instability in attitude and significant
aerodynamic forces, coupled with fluctuations in

inflation pressure, were identified as potential factors

contributing to aeroshell collapse [3].

Inlatable

/ Torus

Capsuls )

Fig. 1: Flare type inflatable membrane aeroshell

The deformation of the membrane surface under the
peak freestream dynamic pressure resulted in a change
in the flare angle, which could not regain its original
shape thereafter. Furthermore, the drag coefficient
profile observed during flight tests differed from that
obtained in wind tunnel experiments [4]. The flexible
nature of the membrane makes it susceptible to
deformation, leading to potential instabilities and
increased thermal loads due to turbulence effects. At
transonic speeds, aerodynamic stresses on the
aeroshell are very intense, resulting in frequent
structural failures owing to acroelastic interactions [5].
However, a thorough understanding of the underlying
processes causing such failures remains inadequate. To
effectively forecast the behavior of reentry vehicles,
coupled studies must be conducted that account for the
feedback impact of structural deformation. Coupled
analyses, by definition, entail unsteady behavior, such
as limit-cycle oscillations, which make understanding
difficult. Dynamic Mode Decomposition (DMD) is
among the reduced-order models that decompose
large-scale spatiotemporal data into distinct spatial and
temporal modes, extracting patterns with characteristic
frequencies. Keeping this background in mind, this
study aims to elucidate the deformation behavior of the
deployable aeroshell using a coupled model and to
unveil its spatial patterns and temporal behavior

through modal decomposition under the transonic flow

regime.
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2. Numerical Methods
2.1 Coupled Analysis Model

The aerodynamic behavior of the aeroshell in
transonic fluid flow is described by the three-
dimensional compressible Navier-Stokes equation and
the equation of state. To solve these equations, we
employ a vertex-centered finite volume method
implemented in the open-source unstructured mesh
fluid flow solver SU2 [6]. To approximate the viscous
terms, the mean of flow property gradients across
adjacent cells is computed, utilizing the Green-Gauss
approach to obtain spatial gradients. The viscosity
coefficient is determined using Sutherland's formula.
The Jameson-Schmidt-Turkel (JST) method [7] is
employed as the advection scheme with second-order
dual time-stepping. Matrix solutions are obtained
using the FGMRES method, and the research excludes
turbulence models. Domain decomposition and MPI
are utilized for parallel computation of the extensive
problem.

The governing equation of structural dynamics is
based on the principle of virtual work and discretized
with respect to microelements. It consists of the
displacement field within each element, an element
stiffness matrix, an element load vector, and an
element mass matrix. The load vector, stiffness matrix,
and mass matrix are computed for each element. The
a-method is employed with Gauss-Legendre
quadrature integration to solve the overall stiffness
equation. However, the current approach does not
account for the nonlinearity of material characteristics.
CalculiX [8] is used to examine the nonlinear
dynamics of a membrane aeroshell coupled with the
help of an adapter. The nonlinear structural behavior
under dynamic stress is evaluated using implicit
integration of equations of motion, considering it as a
three-dimensional ~ continuum  with  constant
temperature during analysis.

The partitioned coupling strategy is selected for this

application. preCICE [9] is utilized as a coupling

library to couple the flow solver SU2 to the structural
solver CalculiX. During analysis, an adapter is
included for each solver. The coupling process
assumes that the continuity and equilibrium conditions
are consistently fulfilled on the coupled interface. The
fluid solver transmits the aerodynamic forces to the
coupled interface while receiving displacement
information from the structural solver. The nearest-
neighbor data mapping algorithms is incorporated to
facilitate the data exchange between non-matching
grids. TCP/IP sockets have been used to allow for
efficient data flow between the solvers. To meet the
continuity and equilibrium conditions, the parallel-
implicit coupling technique is adopted with the
Interface Quasi-Newton convergence acceleration
scheme in the iterations. Adopting these schemes
increased the computational cost significantly.
However, the stability of the coupling process

increased.

2.2 Dynamic Mode Decomposition

The data-driven technique namely DMD, originally
invented by Schmid [10], is used to extract coherent
patterns and dynamic behavior from complex, high-
dimensional datasets, offering insights into underlying
system dynamics, modes, and frequencies. Utilizing a
time-series matrix D comprised of flow field data
matrices u captured at distinct spatial points and time
instances, shown as Eq. (1), it is possible to capture the
temporal evolution of the entire system through the
application of a time transition matrix A.

DI['U,(),U1,'“ ,Un+1] (1)

X = ['U/O,'U,l,"' 7un]a Y= [’U/l,’ll,g,'-- 7un+1]
(2)
Y = AX
A® = PA = A =PAD' A3)
Y = AX = dADTX 4)
u(t) = ®AY2 @1 (0) 5)

Two matrix X and Y can be defined by Eq. (2).
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From the result of the singular value decomposition of
X, we can obtain the result of the eigenvalue
decomposition of A. Using the eigenvalue matrix A,
eigenvector matrix ¢ and coefficient matrix vector &,
we can reconstruct u(t). Due to the increasing
computational intricacy associated with eigenvalue
decomposition for sizable A matrices, we implement
the Exact Dynamic Mode Decomposition (Exact
DMD) [11] method. We decompose matrix X into
singular values, selectively employing pertinent
modes. Subsequently, matrix A is projected, followed
by eigenvalue decomposition. The eigenvector matrix
¢ represents the dynamic modes, each contributing
uniquely to the system, while the eigenvalue matrix A,
a complex structure, characterizes system changes

(magnitude and amplitude).

(a) SU2 grids

(b) CalculiX mesh

Fig. 2: Grids for fluid and structural analysis

3. Analysis Conditions

The numerical analyses are conducted on a scaled
model of the membrane aeroshell, constructed with
high-strength Zylon fabric for both the membrane
surface and inflatable torus. The model dimensions
include a diameter of 80 mm for the aeroshell, a
membrane thickness of 0.15 mm, and a flare angle of
70°. The diameter of the inflatable torus is 6 mm, and
for simplification purposes, the actual inflation
mechanism is omitted from this study. The aeroshell is
subjected to a uniform flow environment. This study
selected specific Mach number of 0.9 while
maintaining a constant angle of attack of 0° and a
uniform flow dynamic pressure of 7.95, 4.49 and 0.19

kPa. The free stream Reynolds number is on the order

of 10°. The membrane surface is assumed to be fixed
at a temperature of 300 K, with a no-slip condition and
no pressure gradient in the normal direction. The
computational domain for the fluid flow analysis
consisted of 5,231,960 unstructured tetrahedral nodes,
as illustrated in Fig. 2(a). A separate computational
mesh having triangular shell elements is used for the
structural simulation, as shown in Fig. 2(b). The
capsule and the rear sting are treated as fixed
boundaries, while the rest are designated as free
boundaries and coupled interfaces. As the mechanical
properties of Zylon, Young’s modulus was set as 70

MPa, Poisson’s ratio of 0.3, and density of 900 kg/m?.

4. Results
4.1 Aerodynamics and Elastic Deformation
The instantaneous distributions of the Mach number

are shown in Fig. 3.

Time: 0.0330

Time: 0.033000

4= 0.19 kPa

Fig. 3: Mach distributions for different cases

No shock wave appeared in any of the cases. The

incoming high-speed flow stagnated in front of the
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capsule, so a high-pressure region appeared in front,
and a low-pressure region was formed at the rear side
of the aeroshell. Flow separation occurred near the
torus, accompanied by the expansion waves. In the
large recirculation region formed behind the aeroshell,
alternating vortices and thin shear layers were formed.
The continuous generation and shedding of the wake
vortex induced oscillation of the aeroshell.

The substantial membrane surface area of the
inflatable acroshell leads to flow stagnation, causing a
pressure disparity between its front and rear regions.
An adverse pressure gradient prompts flow separation
from the inflatable torus, triggering the formation of
vortex pairs. This dynamic process of wake vortex
shedding  induces

generation  and unsteady

aerodynamics, manifesting as fluctuations and

oscillations in the behavior of the aeroshell.
Employing the probe technique, we tracked the
positional variations of the inflatable torus across
distinct positions. For evaluating displacement data

along the three axes, two probe points were
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(b) FFT of torus displacement

Fig. 4: Displacement and frequency plots

strategically positioned within the structural mesh,
encompassing the upper and lower portions of the
aeroshell. Figure 4 illustrates the instantaneous time-
series data reflecting the torus displacement in flow
directions and their frequency plots for all cases.

It is self-explanatory from Fig. 4(a) that the
oscillation amplitude increases with higher dynamic
pressure of the freestream. To obtain the frequency of
such oscillation, Fast Fourier Transform (FFT) has
been applied to the displacement data in x direction.
From the frequency domain plot of the torus
displacement, as shown in Fig. 4(b), it is evident that
the peak frequency of oscillation is 179 Hz for each
dynamic pressure cases even though the amplitudes

are different.

4.2 Dynamic Mode Decomposition
The dynamic mode decomposition approach is
used on the structural displacement data obtained from
the coupled analysis. The frequency distributions and
corresponding amplitudes of the DMD modes are
shown in Fig. 5. Several closely spaced modes with
various frequencies up to 1000 Hz exist in the
displacement spatiotemporal data. Notably, the high
and mid-range dynamic pressure case exhibits peak
frequencies around the same as obtained from the
frequency plot of torus displacement (179 Hz).
However, the low dynamic pressure case shows
multitude of closely spaced frequencies, indicating a
higher degree of oscillation and higher frequency that
the other cases. To identify the physically important
modes from the DMD modes with low computational
cost, a greedy approach for compressive sensing has
been adopted for this work [12]. Based on the greedy
algorithm, two distinct frequency groups are identified
for the primary and secondary modes.
For the high and mid-range dynamic pressure cases,
the primary mode group exhibits a frequency of 169 -
179 Hz, while the secondary mode group exhibits a

frequency of 560 Hz. These two frequencies closely
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Fig. 5: Amplitude and frequency for DMD modes

correspond to the frequency obtained by the FFT
method. In contrast, for the low dynamic pressure case,
the primary mode group frequency is 552 Hz, and the
secondary mode group frequency is 420 Hz.

The primary mode of the displacement for high and
mid-range dynamic pressure cases are the membrane
deformation, and the secondary mode is the oscillatory
swinging motion, as shown in Fig. 6 and 7. On the
other hand, for low dynamic pressure case, pitching
oscillations are the dominant primary and secondary

modes rather than membrane deformation, as shown in

Fig. 8. The contribution of each DMD modes to the
aerodynamics and the combined oscillation is still
under investigation at this point.

For the high and mid-range dynamic pressure
cases, time evolution of the primary and secondary
modes indicates that the DMD modes are purely
oscillatory rather than exhibiting neither growth nor
decay characteristics, shown in Fig. 9(a) and (b).
However, the low dynamic pressure case exhibits
increasing amplitude tendency with time. This
observation indicates the inherent unsteady oscillatory

behavior of the analyzed transonic dynamic pressure

cases, shown in Fig. 9(c).

(b) secondary mode
(560 Hz)

(a) primary mode
(169 Hz)
Fig. 6: Dominant mode groups for g,,= 7.95 kPa
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Fig. 7: Dominant mode groups for gq.,=4.49 kPa

(b) secondary mode
(420 Hz)

(a) primary mode
(552 Hz)
Fig. 8: Dominant mode groups for g,,=0.19 kPa
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dynamic pressure cases

5. Conclusions

This research explored the unsteady fluid-structure

interaction behavior of a deployable aeroshell in
transonic flow, considering variations in freestream
dynamic pressure. Additionally, dynamic mode
decomposition (DMD) is employed to analyze
coherent patterns within the system. Using the greedy
compressive  sensing algorithm, the dominant
membrane deformation structures are identified. The
results revealed that the dominant pattern of
deformation is the combination of axial deformation
and swing oscillation. The frequency of oscillation of
the aeroshell is almost independent of the dynamic
pressure. However, the amplitude of such oscillation is
higher in the case of increasing dynamic pressure. The
time evolution revealed that these dominant modes are
purely oscillating with time rather than increasing or
decreasing characteristics except the low dynamic
pressure case. This study offered valuable insights into
the complicated oscillation behavior of the deployable
membrane aeroshell by decomposing structural
deformation, enhancing the understanding of the

complex dynamics involved in reentry processes.
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1. Introduction

Heterogenous catalysts plays critical roles in the
human civilization by facilitating the synthesis of
essential compounds. Given in-depth understanding of
interactions between catalysts and chemicals,
enhancing the performance can be achieved by tuning
the morphology of the catalyst, especially the structure
of the active sites. However, elucidating the active
sites is non-trivial due to the dynamic of the catalyst
during operating condition (i.e., non-equilibrium
states) which might reconstruct the active sites far

from the as-prepared condition.

In this study, we aim to elucidate the active sites at
non-equilibrium states by taking CO2 hydrogenation
to methanol as a case study. The utilization of
greenhouse gas CO2 to methanol and the application
of methanol in a fuel-cell are appealing solutions to
tackle the global warming, but development beyond
the conventional catalyst (i.e., Cu/ZnO/AlO3 or CZA)
is hindered by the controversy in the active sites.
Industrially, methanol is synthesized from the mixture
of CO2/CO/H2 gas and there is a strong possibility
that the adsorbates and intermediates existed during
the reaction might induced surface transformation,
thereby form the new active sites. We regard this
phenomenon as “self-optimization of the catalyst”
since the origin of the new active sites come from the
additional surface

system itself without any

engineering.

In the raise of computing power, simulation of

catalysis is highly promising to unbiasedly elucidate
the catalyst reconstruction by providing explicit
atomistic picture of catalytic events. In general, the
simulation requires the interatomic potential, from
which the energy and forces of atoms that govern the
dynamic of the system can be derived. Accurate
potential can come from a very computationally-
expensive method called Density Functional Theory
(DFT). Fortunately, given the rapid progress in
machine-learning (ML) technique, DFT results can be
accurately predicted by an ML model after learning
from adequate database. This framework results in
faster and more efficient method called machine-

learning molecular dynamics (MLMD) [1].

In this article, we highlight our application of
MLMD to uncover atomic-level phenomena in the
self-optimization of active sites, first focusing on the
formation of small clusters on Cu surfaces induced by
CO. This study, which has been published in reference
[2], has been conducted utilizing the SQUID super

computer of Osaka University.
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2. Machine Learning Molecular Dynamics

In practice, we apply the MLMD by integrating
four frameworks including DFT, ML, MD, and the
analysis tool that we called elucidator. The schematic
is shown in Fig.1 and each of them is discussed in the

following.

Quantum Espresso [3]

DFT | ML

)
Non-equilibrium .( )- lnteratormc
information Potential
4

Elucidator I M D

Dynamics

Simulation

ASE [5], Ovito [7]

Fig. 1 : The framework of MLMD
2.1 Density Functional Theory (DFT)

We employed DFT software Quantum Espresso
[3] to provide the energy and atomic forces for each
training data that consist of atomic environments of the
Cu surface interacting with various configurations of
CO molecules (both in gas and adsorbed states). Some

snapshots of the training data are shown in Fig 2.

Fig. 2 : Some snapshots of training data: (a) CO
on the flat Cu(111) surface, (b, ¢) CO with some
Cu clusters, and (d) CO on Cu step surface.

2.2 Machine-Learning (ML)

After generating the database with the
corresponding target values (i.e., energy and atomic
forces), we proceeded with constructing a machine-
learning interatomic potential. In this study, we

employed the Gaussian Process Regression (GPR)

machine-learning algorithm, implemented within the
FLARE software [4]. GPR was selected due to its
capability to provide prediction uncertainty based on
the database, facilitating the active learning approach.
This method utilizes high uncertainty values as criteria
for including atomic environments in the database,
ensuring each data point is sufficiently distinct,
resulting in a compact and minimally correlated
database. To ensure the reliability of the potential, the
atomic force of each atom is evaluated. All the Mean
Absolute Error (MAE) is below 0.1 eV/A. The result

of the validation is shown in Fig. 3.
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Fig. 3 : The parity plots showing the validation of
the atomic forces of each element: (a) Cu with
MAE of 0.04 eV/A, (b) C with MAE of 0.08 eV/A,
and O with MAE of 0.06 eV/A.
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2.3 Molecular Dynamics (MD)

The LAMMPS [5] package is utilized to conduct
MD simulations employing both MPI and OMP
parallelization techniques. This software reads the ML
potential and computes energy and forces of the
system at each time step, resulting in dynamics of the
atoms.

2.4 Elucidator

Elucidator is a set of analysis tool that we used to
post-process the trajectory of the MD simulations.
This tool is Python-based program which relies on two
libraries, namely ASE [6] and Ovito [7]. Tasks that are
performed includes: the visualization of the dynamics,
identification of the size and shape of the clusters, as
well as analyzing the mechanism of the cluster

formations.

3. The formation of Cu nano-clusters on Cu
surface induced by CO adsorptions

With the help of MLMD, we succeeded in
capturing the atomic level events of the formation of
active sites in the form of small nano-clusters. Such
formation is induced by the interaction of Cu surface
with CO adsorbates as no similar behavior is observed
when the Cu surface is not exposed with the CO. The
snapshot of the Cu surface at 550 K without and with
CO exposure are shown in Fig. 4 and Fig. 5,

respectively.

No cluster is found

Fig. 4 : Snapshot (top-view) of Cu island (yellow)

deposited on Cu(111) surface (green atoms).

Clusters are found !

Fig. 5 : Snapshot (top-view) of Cu island (yellow
atoms) deposited on Cu(111) surface (green
atoms). The island is decomposed to small
clusters due to the interaction with the CO

adsorbates.

With the help of elucidator, the shapes and sizes of
the nano-clusters formed during the simulation can be
identified. As shown in Fig.6, the size of the clusters is
ranged from dimer (consists of 2 atoms) to heptamer
(consists of 7 atoms). In all cases, the CO is adsorbed
on the edge of the cluster, which is consistent with the
DFT calculations that suggest that CO is favorably

adsorbed on low-coordinated atoms.

Fig. 6 : Snapshots of the clusters formed during

the simulation of CO interacting with Cu surface:
(a) dimer, (b) trimer, (c) tetramer, (d), pentamer,
(e) hexamer, and (g) heptamer. The CO in the gas

phase is drawn in semi-transparent color.

Further, the mechanism of the cluster formation can

be clarified from the results of MD simulations. We
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found that the clusters are mainly formed by the
agglomeration of the Cu-CO complex(s) which then
grow bigger over the time. Such process is typically
initiated by the detachment of monomers from the
island. The time evolution of this mechanism in the

scale of ns is shown in Fig. 7.

0.012 ns

Fig. 7 : The mechanism of the formation of Cu
clusters induced by CO adsorptions. The event is
initiated by detachment of the monomer from the
island, followed by subsequent agglomerations
that form bigger cluster over the time.

We attribute the origin of the surface
transformation due to the lowering of the detachment
barrier of the Cu adatoms from the step edge when the
CO adsorbs on the Cu atoms. The DFT calculated
barriers shown in Fig. 8. clearly shows that the more
CO adsorb on the step edge, the lower the detachment
barrier of the Cu atom. For instance, without the CO
adsorbate, the adsorption of detachment barrier for a
single Cu adatom is as high as 0.72 eV but when the
Cu step edge is fully occupied with CO the barrier
reduces to 0.12 eV. Interestingly, the high coverage of
CO also slightly increases the re-attachment barrier of
the adatoms which further favor the stability of the

small clusters over the island.
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Fig. 8 : The detachment barrier of Cu adatom
from the step edge given different number of

adsorbed CO.

4. Conclusion
Overall, we apply molecular dynamics accelerated

with machine learning to provide the direct

observation to the influence of CO adsorption upon the
formation of Cu clusters on the Cu(111). This Cu
clusters might become the new active sites for further
reaction in the methanol synthesis. The clusters,
ranging from dimer to heptamer, are formed indirectly
by agglomeration of smaller clusters. The main origin
of the cluster formation is attributed to the reduction in
the detachment barrier of Cu adatom when the CO

adsorbs on top of it.
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