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Research Report

Simulation for plasma—material interaction on fusion science and nanotechnology

AtsushiM.lto

| spatially-micro & temporally-macro
Plasma

off-diagonal phenomena , q

National Institute for Fusion Science, National In
E-mail: ito.atsushi@nifs.ac.jp

Continuum
mechanics
& Fluid Dynamic

Plasma-material interaction (PMI) refers to phenomen: / : / Meso-scale : The

plasma, which has high energy and low density, fac | Statistical physics ! ces.
. ol I

Nanotechnology is supported by the PMI. In nuclear fu =l : 's of

the inner wall of the vacuum vessel are important isst ( £ =l o & Molecul - lzzy

. / Atom olecule [ .

nanostructure on a tungsten surface. In PMI, while fo 2 g ! Classical Mechanics| 7 i e is
- MD 7 1

extremely long, ranging from seconds to hours. Certa ! ¢ | r, to

elucidate the entire process, the PMI must be regardec O Electronic state |~ 7 o rom
. . . ! . Quantum mechanics| ,° spatially-macro & temporally-micro "
this perspective, this study introduces the difficulty ar Material(solid) ©FD)  J7 off-diagonal phenomena

Received September 23, 2022; Accepted October 17, 202
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Fig. 1. Spatio-temporal scale diagram and multiscale phenomena. PMI is

| @ ® \ Content from this work may be used underth problem located in the off-diagonal region which is spatially-microscopic ~ 4tion
of this work must maintain attribution to the  apq temporally-macroscopic.
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43 F &) 512 (MD) % E A% R (DFT)

« RFDEIZZEHHNERNIZHELS - BFODHEFHFHICHEL
o BFIEZHFZLAL « f=12L. EIEKIREE
- ETIRESR: « ETILERR
> TRIZE->TIEREHEIZELHS > exHRRAD
> ITRILFX—EE: 0.1-1eV/atom > IR)LEXF—FEE: 0.01 eV/atom

[RF%4: 107-8 atoms or more e JREF#: 100-1000 atoms

CREYURNT ORIV ETIVHRMERFZERE. B oM —E(EEIREE, BOﬁM)LJ&i%?"&)
RIEDEWFEENT v IV THOTERA. FEDRFZEIHOTIAIITTERRN,




Ehrenfest MD (on TDDFT) by QUMASUN rléﬁ

HHEADFO_1—rUARERE

3 9,
Ri — _a_l—éi{Unn({R}) + Elocal [,0] + Enl [p]}

EFNFOREKEFEI—2=v LA Z

=\—3535 T Vh[p] + ch[p] + Vlocal + an) l/)i(x' t)

. FEHTFOBFRHRSFERAD
. B (AA N DEE CET AL T S
Bi2% ., EENICHHE TS BT

QUMASUN

He?* onto tungsten (110) surface
A.M.L, Y.T., A.T. Nucl. Mater. Energy, 42, 101836 (2025).



D FT/TD DFT COd e HQU MAS U NH https://github.com/atsushi-m-ito

QUMASUN has been made from scratch by us that took a half year. — —
DFT/TDDFT common feature: @
Wave function: represented by a real space grid with periodic boundary

* Note: our development is toward a better combination of real-space grids QUMASUN

and plane-wave systems to increase accuracy.

Exchange correlation: supporting LDA(LSDA), GGA-PBE.
 Pseudo-potential:

e  ONCV pseudo potential

* MBK pseudo potential, generated by “ADPACK” and supplied for “OpenMX”
TDDFT feature:
w/o K-point sampling: only gamma point
Dynamics support: Time dependent Kohn-Sham eq., Ehrenfest MD
e Calculation cost: O(N?)
* Parallelization: domain decomposition, spin parallel, state parallel
DFT feature:
e SCF iteration: Solving Kohn-Sham eq. with LOBPCG method.
 K-point sampling
e  Dynamics support: MD, structure relaxation
e Calculation cost: O(N3)
e Parallelization: domain decomposition, k-point parallel, and spin-parallel



« AHHIF: He?*, Helt, He®

SHESA

AHFHIRILF—:100 eV
AFIE: =Hh A (EX)
=T YT AT UA8RT, (110)FM
BFH:576 + AWNETF(0-2)
Xalb—I3 RNy IR:
9.50 x 8.95 x 26.86 A3
60 x 60 x 180 grid

@
S

BEE e S e
Ty : X V2a
SALRTYT: At = 4.84 x 10719 [s] /
stHEE 60000~ step = 30-40 fs AHALE
g




FIERIRRE D<KV (DT K

[1:DFT] state of a
incident atom
e |f a projectile He nucleus e

has electrons, solve
atomic orbital Y, (x)

[2:DFT] structure
relaxation in small
system

e 1x1xNgz super cell with
vacuum in z-direction

* NxxNyx1,k-point
sampling

Cost of DFT: O(N/3)

- Add initial velocity

 Atomic orbital with initial
velocity v is given by

[ () = e Vo T/Mapo (x)

Convert to large target

 Nxx Ny x Nz super cell
 Corresponding to gamma point

Y;(x) are expanded from point
space to larger real space
according Bloch’s theorem

[3:TDDFT] time
evolution

Cost of TDDFT: O(N/2)

| l
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Vi FRFAZEY DAEFE6Bohro i

il

Que : FREVDOFRDEFEEDH]

Case Projectile Target site Que
(a) He?t A 1.11
(b) He?t B 1.16
(c) He? " C 1.29
(d) Helt A 1.03
(e) Helt B 1.16
(f)  Helt C 1.18
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. SWEEBIE AL —5— TR Sa=relli
1 Yi(z1) -0 Yn(x1) e
\IJ($1,---,$N):_ : e
Yi(zn) - Yn(zN) K-V =W

» FBEIBRFRODBAVICEITD. [EFDIRLERIZZAD
« MRIBVICEFH 1 ERDODDHER
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FME{LERDZZ A

TEEVICup-spinEFHN m BERDOH SR @

P(m; St) = n(m; Sp) — (m+1)n(m +1; 54) ST B4EEY
+‘m+’§m+‘%mn+zsm+0umamﬂmix
n(m; ST Z ngn H w]k|¢7' ]k) é’ﬁ: V=W
{giim} T k=1

(Vi [Vr k) /% T, )Yy (2, t)dx

spinZXBIURVEZX(E, up-spin&down-spinCENFNETELTH S EL D
P(0) = P(0;5:)P(0;5)),

P(1) = P(1;5)P(0; Sy) + P(0; 5+) P(1; S)),

P(2) = P(2;S+)P(0;S)) + P(1; S+)P(1; S)) + P(0; S+)P(2; S)).

EEARIE: Y.T., A. M. 1., A. T., arXiv:2407.02849 [physics.chem-ph]



P EERDZE R A example @

F B aiEy

HIRFC. DD B LTz 28 F%R&ELT

« HOREYDEREN0.67227c (X BRI=EIFSEEH THLLY)
EER-V=W

o UPEFDRLHEZENO0.3, downEBEFDRLEEXRE0.37207z&79 3

e IFMAY (BFH0EREINZEX): (1 -0.3)2=0.49

- AEREF (EF11ERESINSER): 0.3%X(1-0.3)+(1-0.3)X0.3 =0.42

« BAMAY (EFm2EgtsnsdmEx): 0.32 = 0.09

AR Y.T., AL M. I, AL T., arXiv:2407.02849 [physics.chem-ph]



Observed probability of backscattered/penetrating  Kinetic

Projectile gjte He?*, He', He' energy[eV]
A 0.441 0.405 0.135| 89.7
He2t B 0.464 0.385 0129 | 80.1
C 0.478 0.376 0.125 | 81.8 _1_ _H_
AL_e€nn17 0.980 0.004>| 92.7 ::> \
He® B [_<0.064 0.930 0.004>| 87.0 _H_ :
19 oo 0.967 0.001>] 91.6 _H_ __1_

¢ He2* AHTIL. HelHEPHME{LDERNEREEZHHND
¢« He"" AR TIF FAEEFZHETIR) = EREDERE, BPEFS<TAI IR [ERE])

1




A b ERREDOtraditionali X A= X L& DELER

ZHHEEXER, et al., INA#E54(1985)917

- 25, 2p
Y L ’ (2)BEFFEHERIRTIERL
(MFAICELET D = pEE ?
BICEFHE Elfk = HIS@EE?
v ls H 1 s | @
‘ |
° | + — /(a .3 AL 4m-¢§§3&¢mz |

| He'(1s)—He®(15s?) He*(1s)—He*(1s2s) | |

(a) 8.2 fs (b) 10. 6 fs (c) 13.1 fs (d) 15. 5 fs / (e) 17.9 fs (f) 20.3 fs (g) 22. 7 fs




Summary & Discussion
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Unit Report for Activity in 2024

Reconstruction of electron velocity distribution
function & Gibbs entropy from ECE spectrum in
optically thin plasmas

Meta-hierarchy Dynamics Unit

E. Kawamon (NCKU, Taiwan), H. Igami (NIFS), T. Tokuzawa
(NIES)




How mmput energy goes to heat in turbulence ?
« Boltzmann’s H-theorem:;

- Dissipation
(s=—[flnfdv) §
- f 1 T av=o o ?
dt ACA Py . Y= Qg P
. . E S
Entropy production(heating) only = O
0]
o) (a_f) XV, Of 1OV, Vo O*f1OV* T =
at coll ; 10—1
. Entropy production (dissipation = 10 10° 10'

only at micro-scales in position K

& velocity (k-p space) (wa!venur_n.ber
In position-space)

- Energy mput 1s macroscopic



Optically-thin ECE spectrum contains
Information ot

- - % - Q
PRy o [ Ay 0, |k (ky, @) - inl?8 |0 —m P
X coupling X
= fooo dn? —Asstmice) (n® — ng)

d
|(W)Ar(k»mﬂce)|
k., dy . wavenumber, polarization vector of X-waves,
n. refractive index

- mQ ,v k,u . k,u
Electron current: j,:= ( = l]m( ; l);lvj_];n (—; l))
ce ce

v Fredholm integral equation of the 15t kind (ill-posed linear
problem)
v How to extract for measured Pgjg ? 312



can be extracted by Maximum entropy
method

f=Fy(w,)+
Constraints from measurement of

S = _f In dﬁJ_ PECE,mA/PECE,mO
[ 1

f ~ — - 2
Jvidvy Ay Jm }

Entropy:

= PrcE
' kPECE,’mO f vydv Fo(vi)|ax im

A, . undetermined multipliers
0l = 0 gwves , Constraints determine 4,,




Transtormation from v, -space to p-space
- Axisymmetric Fourier-Bessel transtorm

« fo(p) =

2 ub
(vt b) 12(joy) fvl v, dv, Jo (]Op vulb)

= Zpu fe(p)]O (]Op ub)
$(p) = — X0 . (p)? e

OO
\\"I"V




f. can be represented by basis function H,, (p)

(v¥0)*

2J1(Jop)
1

Hn,(p) = f xdxxz[(mﬂce)zla}(kbm'ch) ']_)m(kJ_ ) UJ_)lz]]O(jOpx) -
0]

- H,,(p) can be computed once the propagation mode X 1s
determined, i.e., by calculating k, and ay(k,,mQ.,).

JAE Vet AmHm (D),

- H,,(p) 1s a sort of the basis function
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Example of reconstruction (numerical tests)

« X-mode harmonic ECE from m =1
to 5, 1s generated by

Pecem = va_va_ IEi} ‘]:n|2

(p =1 to 5 are given)

- Perfect reconstruction for high vt
(>0.5¢)

1/12



Reconstruction (1ll-posed condition)

- Harmonic ECE m = 2-5 are
measured, whereas the

gwen contamsp = 1-7

- Despite the lack of
fundamental ECE, the
reconstructed p-profile
closely matches the
original with minimal error.




Experimental veritication in LHD plasma

- Low B ~ | T for high
harmonic ECE
measurement

‘N
I
&
>
O
c
]
>
o
@
| .
(I

L]

« X-mode harmonic ECI
fromm =2to 3

- Optically thint < 1, low n,
& T, plasmas

Optical depth T

- External perturbation to
fe(v) by ECE modulation oz




I(V) Dy

External perturbation to
ECH/NB

modulation

- NB start-up n. plasma

- ECH modulation (10-100 Hz)

as external f(v) perturbation

drive
‘n,, T, &

ECI

5 (2nd & 319)

fluctuated @ 10 Hz
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An example ot
Reconstructed

- Reconstructionup top = 3

Frequency [kHz]

- Comparison with Thomson
data 1s 1n progress MM

=100 [Hz]

6/( ,w) [arb. units]

N
=
K4

>

v

C

W

)

o

w

(™
w




Summary

1. A reconstruction method of f,(v,) & the Gibbs entropy — [ f.In(f,)dv, from
ECE spectra 1s formulated and numerically validated

Pros:

- No need of calibration of radiometer (coeftficients of propagation of the
waves 1n the plasma, antenna pattern, etc. are eliminated in the
formulation)

- Relativistic extension 1s easy, 2D velocity components reconstruction
possible

Cons:
» Applicable to only optically-thin plasmas

2. Expernmental verification in LHD experiment 1s in progress 1217



Publication:
- Kawamori Fiichirou 2025 Nucl. Fusion Vol. 65 026024

International Conferences, Workshops:

- E. Kawamori, H. Igami, T. Tokuzawa, " Reconstruction of electron velocity distribution function
and Gibbs entropy from electron cyclotron emission spectrum”, US-Japan Workshop on RF
Heating and Current Drive Physics, 17-19 March 2025, Kyoto University Uji campus (hybrid),
Japan, Oral 23

- Tzu-Chi Liu, E. Kawamori, H. Igami, T. Tokuzawa, “Measurement of High Harmonics ECE in
Optically Thin LHD Plasmas for the Reconstruction of Electron Velocity Distribution Function
and the Evaluation of Electron Entropy”, 8 Asia-Pacific Conference on Plasma Physics
(AAPPS-DPP2024), Nov. 3-8, 2024 at Grand swiss-Bel Hotel, Malacca, Malaysia, Poster

- E. Kawamori, "Evaluation of electron entropy with the use of harmonic electron cyclotron
emission spectrum in optically thin plasmas”, 24" International Stellarator Heliotron Workshop,
9-13 September 2024, Hiroshima, Japan, Poster

- Tzu-Chi Liu, E. Kawamori, H. Igami, T. Tokuzawa, “Measurement of High Harmonics Electron
Cyclotron Emission (ECE) in Optically Thin LHD Plasmas for Electron Velocity Distribution
Function Reconstruction”, 24" International Stellarator Heliotron Workshop, 9-13 September
2024, Hiroshima, Japan, Poster
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Cross-check by 9ch Thomson Scattering
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Relativistic extension

/

/i
JL

—

/

- Emissivity at o = m(Q,. —Aw)

4

(m=1, 2, ...)restricts the electron
radiation source to the
momentum sphere

N\

_ 2 /2 — oy Sdee _ Qe
y—\/1+u /c =m— = i)

NS

Iy

« The 6f (v, ) reconstruction
scheme can reconstruct

5f(uyp, |uy/|) with u?, = Jiz —u?

| SN

\
R

—\

e E—, RE—, T, T, Q" —m, Cm—, —, ", —, V— — i, —, Y——, Y
A, e, RS, T, e, s, i, Ve, e, VI, VS, e,
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Elmination of ‘%, by application of Cold plasma
approximation to ECE wave propagation

rvlva_ Zila;(kl»mﬂce) 'jmlz

- % - 2°
er_dUJ_FO(vJ_) Zi a; (kp,mQce) ']m‘

e

e
PmO

This equation 1s independent on the other harmonics m
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oummary of reconstruction procedure

1. Fourier transform of 7,,,(t, mQ..) 2 7, (w, MQ.), ® K Qe
2. A, are determined by solving,

(m' max )

ﬁnz Pmax (v ) .
— = , HM kJ_ ce m kJ_ co
Nmo zp 1 2J1(jo ) z A H™ (k) (mQee)) ¢ H™(ky (mQe,))

Km’=1 J

m =12, .., My,

3. 6f (w) =4

2]1

Hm( kJ_ (mﬂce)) — (mﬂce)zf XdXX []m 1 (Ckl vJC"b ) +]T2n+1(°) +
Jm-1Cms1 O] Jolo )

]1(]0

(b) )meax/1 H™(; ky (mQe.)), [6f (wy) = X4 61 Jo (Jo vulb) ]

vy

4. § (w)=-3¥" 6% (w)
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Bessel function Jm

Bessel function of the first kind J,

18



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16

