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Tém tit

Phuong phép st dung dong dién dé tao ra tir trudng nham didu huéng dong chay cia cac hat plasma & khu vyc chén
cua vo 16 phan Gmg nhiét hach dugc m6 phong trong nghién ctru nay. Mo hinh Pargicle-in-Cel} duoc ap dung dé tinh toan
chuyén déng cua hat cling nhu thong lwong, nhiét thénga cﬁa} hat e}ectron va ion tién khi t6i bé mat ki’m loai. Két qu’é thu
dugc cho thay sy kha quan trong vi¢c st dung tia dién d€ dicu khién dong hat mang nang lugng cao tan cong tryc tiep t6i
v6 10. Nho vao su thay doi cia cau tric tr truong, thong lugng, nhiét thong ciia hat giam dang ké trude khi dong hat tien
téi kim loai.

Tur khoa: Tia dién; m6 phong hat; nhiét thong; divertor.
Abstract

The use of current filaments in order to control the plasma transport entering divertor tokamak is discussed in this
work. The Particle-in-Cell simulation was used to compute the transport, particle flux and heat flux of the electrons and
ions when they reach the metal surfaces. We obtained a promising result on using current filaments to control the plasma
flow entering the first wall of the tokamak. On account of changes in the magnetic structure, the particle flux and heat
flux were significantly reduced before the plasma flow reached the metal.

Keywords: current filament; particle simulation; energy flux; divertor.

1. Giéi thi¢u chan cua cac vo 10. Divertor ¢6 nhi€ém vu thu
gom nhiét va tro, cac tap chét dugc tao ra trong
qua trinh dién ra phan tng nhiét hach nham tbi
uru hoa sy tinh khiét ciia ngudn nhién liéu trong

Divertor 1a mot phan quan trong khong thé
thiéu & 10 phan tmg nhiét hach. Divertor thudc vi

tri & day cua cac ong chan khong, hay nam ¢ T T e e e 3
10, bdo v¢ vo 10 khoi cadc dong hat mang nang
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luong cao that thoat va tin cong truc tiép vao bé
mat kim loai bao quanh 10 [1-6]. Thong thuong
dé thuc hién nhitng churc nang nay, divertor dugc
thiét ké sao cho nhirng tim phién ctia n6 c6 xu
huéng huéng vé diém X cua 16 (diém giao thoa
gitta nhirng duong strc tr kin va duong suc tu
h&). Do do, tai diém cudi cia divertor ngay cac
bé mat kim loai, cac duong suc tr c6 xu hudng
hoi tu tai mot diém. Nhu chung ta da biét, cac
duong strc tir ¢6 anh hudng truc tiép 1én su di
chuyén cua cac dong hat plasma. Tai khu vuc
nay, tir truong s€ dinh hinh lai cac dong hat mang
nang lugng cao nay, 1am cho chiing hdi tu tai mot
diém. Gia tri nay thong thuong sé& cao hon rt
nhiéu 1an so v6i khu vuc xung quanh va s& cao
hon nhiéu so v&i ngudng chiu nhiét cho phép cua
kim loai [7-10]. Khi do, kim loai ¢ vung nay s€
bi &n mon va hu hai. Mot trong nhitng van dé
then chdt trong tién hanh xay dung 10 phan tng
nhiét hach 1a 1am sao dé giam thiéu dugc su thiét
hai ctia vo 10 tir ngudn nhiét cao nay.

C6 rat nhidu giai phap da dugc dua ra, dé
xuat, dé giai quyét cho van dé nay nhu sir dung
su cong huong cua tur truong, tach ro1 dong hat,
hay thiét ké lai divertor c6 dang bong tuyét [11-
15]. Mot trong nhiing y tuong dé giai quyét van
dé nay 1a mo rong, phan tan dong hat plasma dé
n6 co thé trai dai nguén nhiét 1én toan bd dién
tich ctia cac tim phién divertor. Dong nhiét hoi
tu s& duoc khuéch tan, tranh duoc tinh trang dinh
cua dong s€ cao hon ngudng chiu nhiét cua vat
li¢u. Mot trong nhitng phuong phap duoc su
dung cho y tuong nay la st dung bias di¢n ap tai
divertor. Phuong phap nay co thé ting do rong
cua dong nhiét, gidm dong nhiét cao tdi bé mat
kim loai. Nhung x¢ét theo tung loai hat riéng ¢,
bias di¢n 4p giam dong hat electron nhung tang
dong ion t6i bé mit kim loai trong truong hop st
dung bias dién ap am. Khi sur dung bias di¢n ap
duong, két qua thu duoc s& nguoc lai [16-17].
Trong rat nhiéu két qua phan tich tir thuc
nghi¢m, cac nha khoa hoc da chi ra ré’mg su dung
tir truong co thé diéu khién hinh dang, kich

thude cling nhu d9 16n cia dong nhiét hach [11].
Thi nghiém tai 10 phan tng EAST (Trung Qudc)
dé xuit ring str dung cac tia dién co thé thay doi
duoc hinh dang, cAu trac cua tir truong, do do,
c6 thé 1am giam ngudn nhiét cao téi bé mat vo 10
[18]. Trong bai bao nay, anh hudng cua tir
truong dugc tao ra tr cac tia di€n lén dong hat
plasma dugc nghién ciru thong qua mé hinh mo
phong Particle-in-Cell (PIC). Mo ta vé phuong
phap PIC va m6 hinh thyc hi¢én moé phong dugce
dua ra & muc 2. Noi dung muyc 3 chi ra, va phan
tich két qua tir phép mo phong. Két luan vé anh
hudng cia tir truong téi dong nhiét hach duoc
néu rd & muc 4.

2. M6 hinh nghién ciru

C6 rat nhiéu mo hinh duoc st dung dé nghién
ctru chuyén dong cua cac hat plasma khu vuc
vung ria 10 phdn Gng nhiét hach. Hai mé hinh
dugc st dung rong rdi nhat hién nay 1a mé hinh
xem cac hat plasma dich chuyén nhu mot dong
chat 16ng (fluid model) va mé hinh xem xét dong
luc hoc cua tung hat (kinetic model). M6 hinh
chat long thuong duwoc s dung dé giai cac
phuong trinh chuyén dong cua hat ctua khu vuc
ria 10, tinh toan chinh xac dua theo kich thudc
hinh hoc cua divertor [19-20]. Tuy nhién,
phuong phéap nay lai khong thé giai quyét cac bai
toan co lién quan toi su xudt hién cua dich
chuyén tir hay dich chuyén dién co trong 10.
Nguoc lai, m6 hinh xem xét dong luc hoc lai co
thé mo phong duoc nhing su dich chuyén nay
[21-22]. M6t vi du dién hinh cta phuong phap
sir dung cac phuong trinh dong luc hoc dé giai
cac bai toan plasma 1a phuong phap PIC. O m
hinh PIC, hang ngan cac hat electron hodc ion
cung loai & gan nhau s& duoc gom lai thanh
nhom véi nhau tao thanh mot si€u hat. Chuyén
dong ctia mdi siéu hat mo ta twong d6i day du,
chinh xdc chuyén dong cua ting hat electron,
ion. PIC hoat dong bang cach theo ddi chuyén
dong, bién dong nho cua tirng si€u hat dé tinh
toan nén cac trang thai cua plasma nhu dién
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truong va dién thé. Thong qua d6, PIC c6 thé sir
dung cac dai lugng vi md (van tbe, vi tri tung
hat) dé tinh toan cac dai luong vi mo (mat do,
dién thé, v.v.). Phuong phéap ndy c6 rat nhiéu ting
dung, loi thé trong viéc mé phong chuyén dong
ctia hat plasma & trong nhiéu linh vuc khac nhau.
PIC dugc dung dé mé phong su chuyén dong cua
electron va ion sau khi thoat ra khoi b ngudn &
tau vil tru [23-24]. Mic du c6 duoc nhiéu wu
diém thuan lgi nhung PIC van kho cé thé ap
dung rong rai cho moi bai todn mo phong hat
plasma. Ly do boi vi PIC can theo ddi chuyén
dong cua tirng hat electron, ion riéng 1¢ nén nod
can luong 16n bo nhd may tinh dé luu trir thong
tin vi tri, van tdc cta tung hat. Khong c¢6 by nhé
ctia bat ky may tinh nao du 16n dé di mo phong
toan bd s6 luong hat plasma c6 trong mot 16 phan
g véi cing kich thude thyc. Hon thé nita, do
PIC can tinh toan, cap nhép vi tri cua tung hat
plasma trong ting budc nhay thoi gian cuc ky
nho, Véi s6 luong hang triéu triéu toi ty ty hat
plasma t6i thiéu can thiét phai c6 trong nhiing
mo hinh mo6 phong, viéc tinh toan, cap nhap van
tdc, vi tri cua timg hat ton mot luong 16n thoi
gian chay cua may tinh. Do d6, thong thuong
PIC duoc 4p dung dé mé phong cho khu vuc ¢o
dién tich nhé, sd luong hat vira phai dé dam bao
thoi gian, bo nhé ciia bat ky may tinh, siéu may
tinh ndo. Tuy nhién s6 lwong hat, kich thude khu
vuc ciing phai dam béao gia tri t6i thiéu dé co thé
thu duoc két qua chinh xac va giam dugc nhidu
dir liéu. Moi yéu cau vé cac théng sd ciing nhu
chu trinh, vong tudn hoan hoat dong cua PIC
duoc dé cap o rat nhiéu tai liéu tham khao nén s&
khong duogc nhic lai chi tiét trong bai bédo nay
[25-26].

Trong bai béo nay, md hinh PIC khéng gian
hai chiéu s& dugc st dung d& mo phong anh
huong cta viéc str dung cac tia dién gén khu vuc
divertor 1én dong nhiét hat chay tir trung tdm cta
10 t61 n6. Xét mdt dién tich hinh vuong c6 kich
thude 0.02m tinh tir bé mit kim loai (Hinh 1).

Kich thuéc nay da nhé dé dam bao khong tén
nhiéu thoi gian tinh toan nhung van dap ung
chiéu dai t6i thiéu can thiét 16n hon vai 1an so
v6i ban kinh Larmor cta jon dé thu duogc két qua
mo6 phong hop ly. Hé khong co sin cac hat
plasma tai thoi diém ban dau. Hat electron va ion
s& dugc bom lién tuc vao hé tai vi tri diu ngudn
va bi hép thu hoan toan khi chung va cham vao
ké mat kim loai. Dién thé tai bé mat kim loai
duoc gia st 1a dong nhat doc theo phuong cua
kim loai. Dién thé tai 1 bén trai duoc gia sir bang
khong. Cac hat electron va ion dugc bom vao hé
phai thoa man diéu kién sao cho van toc theo
phuong song song v&i duong strc tir cua n6 ludn
duong. Piéu kién nay gitip cac hat plasma c6 thé
di chuyén tién xa hon vao trong hé ma khong
quay nguoc lai toan bd va that thoat tai diém
ngudn. Theo phuong y, dong hat electron va ion
dugc bom vao h¢ cé dang tap trung. Do thi cua
mat do va van toc tai vi tri nguén doc theo
phuong y ¢6 dang phan b Gausian. Dinh cua do
thi, noi mat do (va nhi¢t do) cé gia tri cao nhét
nam ngay diém chinh giita theo phuong y ctia
hé. Po rong ctia phan bd Gausian duoc chon vira
phai sao cho tai gﬁn khu vuc trén va dudi cua hé
mo phong theo phuong y, khong c6 bat ky hat
plasma nao dugc bom vao hé. biéu kién nay
duoc ap dung dé dam bao cho két qua tinh toan
dugc chinh xadc ma khong bi anh hudng boi cac
diéu kién bién. Electron va ion ¢6 cung mat do
tai diém nguon. Tai dinh cao nhat mat do cua nd
co gia tri ngg = njo = 1017 m~3. Nhiét do cao
nhit tai ngudn cta chung (kgT,) c6 gia tri lan
Iuot 1a 100 eV va 50eV cho hat electron va ion.
Trong sudt thoi gian dién ra md phong, electron
va ion dugc bom vao hé tai moi budc nhay thoi
gian sao cho mat do cua chung ludén khong ddi
tai vi tri nguén x=0. biéu kién phéan xa dugc ap
dung tai hai viing bién theo phuong y cua hé. Khi
hat di chuyén ra khoi hé tai hai viing bién nay,
chung s€ bi phan xa lai vao trong h¢ dang xét voi
chiéu van tdc theo phuong y nguoc huéng véi
huéng di chuyén trude d6 (Hinh 1). Phép mo
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phong dugc thuc hién cho téi khi hé dat dugc
trang thai cAn bang, thoi diém ma tit ca trang
thai ctia plasma hau nhu khong thay doi theo thoi
gian. Moi Két qua duoc st dung & muc 3 la két
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Hinh 1. Khu vye dem di m6 phong. Cac hat electron va
ion duge bom vao tai vi tri x=0. Cac dudng thang mau
den mo ta cac duong suc tu tai thoi diém ban dau.

Gia st rang trong trudng hop ban dau, twong
tu nhu & khu vuc chan céc divertor, cac duong
sirc tir 1a nhirg duong thang song song cach déu
nhau theo phuong x, phuong vudng goc véi bé
mat kim loai (Hinh 1). Tt truong theo phuong x
dugc gia st bang 0.02 T, va khong c6 gia tri tir
truong nao theo phuong y va z. Két qua cua
truong hop nay s€ dugc dem di so sanh voi
truong hop thtr hai, khi ma céc tia dién duogc
thém vao mo hinh. Cac tia di¢n nay s€ dugc thém
vao theo phuong vudng goc véi mit phang dugc
xét & bdn vi tri sao cho trong truong hop thong
thuong, dong hat s& di qua phia trong ctia bon tia
nay. Puong strc tir dugc tao ra boi soi ddy mang
dién c6 dang duong cong kin bao quanh soi day.
Tt truong duogc tao ra nay co gia tri ti 1€ nghich
v6i khoang cach t6i si ddy. Didu nay tao nén sy
tap trung cua tur truong. Tu truong cd do 16n cuc
nhé & khu vuc xa cac tia dién va mang gia tri cuc
16n & khu vye gan véi cac tia dién. Nhimg dudng
strc tir duoc tao ra tir tia dién két hop véi nhiing
duong stre tir déu thang song song von co ctia hé
s& thay d6i hoan toan ciu tric ciia duong sirc tir
ctia hé. Hinh 2 md ta tir trudng ciia hé khi bon tia

qué thu duoc tai thoi diém can bang nay. Céac hat
trung hoa va tap chat duoc tao ra trong qua trinh
dién ra phan @ng nhiét hach khong bao gém
trong tinh todn nay
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Hinh 2. Véc to tir trudng cua hé md phong sau khi bon
tia mang dién véi cuong do 1kA dugc thém vao. Vi tri
mdi tia dién duoc ky hiéu bai chim den trén hinh c6
chiéu tir trong ra ngoai.

dién dugc thém vao hé ban dau. Cuong do dong
dién ciia cac tia ndy bang nhau; giup ting kha
nang thyc thi cua phuong phap néu ap dung vao
thuc nghiém vé sau. Trong nghién ctru ndy, gia
tri cuong do dong dién dugce sur dung 1a 1kA. Do
16n cta tir truong tao ra tur tia dién dugc tinh dua
trén dinh luat Biot-Savat. Két qua cho ta thdy véc
to tir truong cua hé thay ddi, hay duong stc tir
da thay doi. Boi vi electron va ion chuyén dong
theo quy dao xoay quanh cac duong stc tur, khi
nhitng dudng stc nay thay d6i phwong va hudng
khong con 1a nhitng duong thing thi phuong va
chiéu ctia dong hat electron va ion di chuyén bén
trong hé ciing thay doi theo. Anh huong cua tir
truong dugc tao ra boi tia dién toi su chuyén
dong cua hat electron va ion, nhiét nang ctia nd
dugc dé cap trong phan téi.

3. Két qua va thao luan

Hinh 3 mo ta mat d§ cua electron va ion tai
thoi diém can bang trong hai truong hop khong
st dung va c6 st dung thém céc tia dién. Trong
truong hop khong st dung thém cac tia dién, nhu
¢ Hinh 1 da chi rd, cac duong stic tur 1a nhiing
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duong thang song song. Electron va ion s& di
chuyén quay quanh cac duong stc tir. Su va
cham gitra cadc hat mang di¢n v6i nhau khong
duoc xem xét trong bai toan ndy do d6 dong hat
ctia ca ion va electron gan nhu 1a dudng thang tir
ngudn t6i tAn cong tryc tiép vao diém cudi (kim
loai). Tai vi tri nguén hat, mat d6 electron va ion
luén ludn cao hon so véi vi tri trude bé mat kim
loai. Nguyén nhan cia hi¢n tugng nay la do su
hinh thanh cua 16p vo boc dién thé ngay trudc bé
mat kim loai. Lop vé boc nay dugc hinh thanh
khi ¢ cac hat electron va ion tién téi bé mat vat
liéu nham béao vé sy that thoat cua toan bd céc
hat khi tién téi khu vuc nay. Trong truong hop
con lai, cac tia dién dugc thém vao hé moé phong.
Boi vi dudng stic tir ciia hé da thay doi dan theo
su thay d6i quy dao chuyén dong cua cac hat
plasma. Hinh 3 chi ra rang, electron va ion pha
v& quy dao thang nhu truong hop ban dau va co
xu huéng dich chuyén xudng phia dudi quanh
céc tia dién dé tién t6i bé mat kim loai. S6 lwong
16m electron va ion bi gitr lai trong h¢ quanh cac
khu vue ¢o sy bién thién tur truong 16n. Do do,
s6 luong electron va ion tién t&i vé mat kim loai
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Hinh 3. Mat d6 cua electron trong truong hop khéng (Hinh
a) va co thém cac tia dién (Hinh b) vao hé. Hinh ¢ va d theo
thir ty md ta mat do cua ion trong truong hop khdng va cd
thém céc tia dién vao hé

Mot dai lugng dugc chu y khi xét vé anh

hudng cua dong hat 1a nhiét thong. Nhi¢t thong
cua hat phu thudc vao khdi lugng cua hat va binh
phuong van tdc caa né. Nhiét thong cia cac hat

giam dang ké so véi truong hop dudng stc tir 1
duong thang.

Dé hiéu k§ hon vé anh hudng cua cac tia dién,
thong luong va nhiét théng cua dong hat duoc
dem ra so sanh. Cac gia tri thong luong I' va
nhiét thdng Q cua hat trong bao cao nay da duoc
dem di chuan héa: T « F/F ,Q « /Qeo Hinh
4 so sanh thong luong electron va ion trong hai
truong hop khong st dung va c6 st dung thém
cac tia dién. Thong lugng theo mot phuong cua
hat phu thudc vao vi tri va van téc cia hat d6
theo phuong d6. Xét thong lugng theo phuong x
cua hat, phuong ma vat li¢u ddi dién truc tiép voi
dong nhiét cao. Thong luong cua electron va ion
déu c6 xu hudng twong ty nhu hudng ctia mat do
ctia n6. Khi dong hat bi d6i hudng, thanh phan
van toc theo phuong x ban dau cua hat duoc
phan tan sang cac hudng khac nhau. Van tdc ctia
hat theo phurong x Iic niy s& nho hon nhiéu so
v6i trudng hop duong stre tir 1a dudng thang. Do
d6, thong luong cia hat giam trude khi tién t6i
bé mat kim loai.
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Hinh 4. Thong lugng theo phuong x cua electron (a,
b) va ion (c, d) lan luot trong trwong hop khdng va c6
thém céac tia dién vao hé

electron va ion tai thoi diém can béng duoc hién
thi & Hinh 5. O déy, két qua cua hai trudng hop
c6 va khong co6 tia di¢n cling dugc dem ra so
sanh. Két qua mé phong cho thay, trong truong
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hop khong st dung tia di¢n, mot lugng 16n nhiét
thong tap trung trudc bé mit kim loai (mau do
noi d6 thi). Khdi lwong cia ion 16n gip ngan lan
so voi khdi lugng cua electron, nén khi c6 su
bién d6i nho & vén toc cua hat, su bién dong cua
dong nhi¢t thong ion thu dugc 1o rét hon so voi
dai lugng cia electron. Dong nhiét thong tGi bé
mit kim loai ciing d6i chiéu theo chiéu ciia dong
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Hinh 5. Cac gia tri cua nhiét thong cua electron (a, b) va
ion (c, d) theo phuong x lan lugt trong hai truong hop
khong st dung va st dung tia dién.

Mot trong nhiing 1y do khéc cho su giam thiéu
cua thong luong va nhiét thong toi vé mat vat
li¢u ngoai viéc ) lugng 16n cua céac hat bi giam
gilt trong guong tur truong 1a sy phan tan dong
nhi¢t theo cadc phuong khac nhau, dac biét la
phuong y, phuong vudng goc voi chidu chay cia
dong hat trong trudng hop ban dau. Hinh 6 mb
ta anh hudng cua tia dién lén nhiét thong cua
electron va ion theo phuong y. Bé qua chiéu cia
nhiét théng (mau xanh cho nguoc chiéu duong,
mau d6 cho cung chidu véi chiéu dang xét), nhiét
thong cua hat theo phuong y tang 1én 16 rang khi
sir dung céc tia dién. Trong truong hop duong
strc tir 1a nhitng duong thang song song (khong
su dung tia di€n), hdu nhu khong c6 su bién
dong, trao ddi chiéu cta nhiét thong cua hat theo
phuong y. C6 hai ludng chuyén dong song song
trai chiéu ctia dong hat rd rang c6 trong hé. Diéu
nay dugc ly gidi do cac hat quay quanh céc

chay cua hat khi thém vao céc tia dién. Do su
bién thién rong cua tir trudng gan cac tia dién, tir
truong c6 do 1on hon nhiéu so vé&i cac khu vue
khéc. Cac guong tir truong duogc hinh thanh. Céc
hat electron va ion bi gitr lai & khu vuc bén trong
hé hon 12 tién t6i xa hon gan khu vuc kim loai.
Do d6 luong 16n thong lugng va nhiét thong
duoc giam khi dong hat tién dan vé kim loai.
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001279
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Hinh 6. Cac gia tri cua nhiét thong cua electron (a, b) va
ion (c, d) theo phuong y tuan ty trong hai truong hop
khong st dung va str dung tia dién.

duong stc tir thang theo phurong x tién toi diém
cudi (chiéu duong), va mot s6 hat khi bi phan xa,
dbi chiéu va chuyén dong thang vé khu vuc
ngudn do 16p vo boc dién thé tai bé mit kim loai.
Trong khi d6, ddi véi trudng hop sir dung céc tia
dién, su thay d6i ctia nhiét thong & phuong y thu
dugc rd rang. Didu nay chimg t6 rang, cc hat c6
sy dich chuyén 16n theo phuong y. Do cic
truong hop va cham gitra cac hat mang dién tich
khong duoc xét trong bai toan nay, tong ning
luong cta hat duoc bao toan. Nhu vy, mot phan
dong nhiét cua hat theo phuong x ban dau co thé
dd duogc truyén sang phuong y. Tir d6, luong
nhiét theo phuong x tién toi bé mat vat liu gidm
va dugc mo rong phan tan doc theo chiéu dai cua
kim loai thay vi hdi tu tai mot vi tri nhu lac ban
dau. Nghién ctru nay 13 co sé ciing nhu tién dé
cho viéc phat trién, mé rong nghién ciu anh
hudng cta cac tia dién nguoc chiéu, hay sir dung
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cuong do dong dién khac nhau téi dong hat
plasma c6 toi bé mit kim loai d3 duoc ding trén
mot tap chi khac ciia nhom [27].

4. Két luan

Ung dung cta st dung tia dién trong viéc diéu
khién dong hat plasma ciing nhu giam thong
lugng, nhiét thong cuia nd duogc dé cap trong bai
bao nay. M6 hinh mé phong PIC duoc str dung,
tinh todn cho nghién ctru nay. M6 hinh PIC
mang lai loi thé 16n khi tinh toan, ap dung cho
hé ¢6 su bién dong 16n vé tir truong so voi cac
mo hinh mé phong khac khi moé hinh nay c6 thé
giai quyét tot cac bai toan lién quan téi sy dich
chuyén dién truong hodc tir trudng cua hat. Khi
bbn tia dién co cing chiéu, cung d6 16n duoc
thém vao hé thong, tir trudng tao ra tir nhitng tia
dién nay lam do6i chiéu cua dong hat, giam giir
mot phan cac hat plasma ¢ khu vuc guong tir
truong va giai phong mot phan ning luong sang
phuong khac. Do d6, phuong phap nay cé thé
giam thiéu su xam lugc truc tiép cua dong nhi¢t
cao t6i bé mat vat lidu & khu vuc divertor. Day
c6 thé 1a mot phuong phap dang duoc can nhic
khi xem xét anh hudng sy tin cong cua dong
nhiét cao xam hai tGi bé mat kim loai. Hién tai,
phuong phap nay mai duge xem xét, mo phong
& mo hinh hai chiéu. C6 nhiéu khia canh khac
can khai pha nhu dong chay cta hat theo phuong
z s& bi anh huong nhu thé nao khi tia dién dugc
sir dung. Nhiing cai tién ciing nhu mé rong mo
hinh nay sang khong gian ba chiéu s& dugc
nghién ctru va cong b trong nhitng du 4n sip
toi.

Loi cdm on

Nghién clru nay dugc thuc hién trong thoi
gian theo hoc nghién ctru sinh cua to6i tai Pai hoc
SOKENDALI, Nhét Ban. Téi xin duoc gtri 101 biét
on sdu sic toi GS. Yasuhiro Suzuki (Pai hoc
Hiroshima, Nhat Ban), TS. Hiroaki Ohtani
(NIFS, Nhat Ban), TS. Hiroki Hasegawa (NIFS),

TS. Toseo Moritaka (NIFS) — nhitng nguoi da hd
tro va hudng dan t6i hoan thanh nghién cru nay.

Tai liéu tham khao

[1] Janeschitz, G., et al. (1995). "The ITER divertor
concept." Journal of Nuclear Materials 220 : 73-88.

[2] Kbnig, R., et al. (2002). "The divertor program in
stellarators.” Plasma  physics and  controlled
fusion 44.11: 2365.

[3] Masuzaki, Suguru, et al. (2002). "The divertor
plasma characteristics in the Large Helical
Device." Nuclear fusion 42.6: 750.

[4] Schneider, R., etal. (1999). "Role of divertor geometry
on detachment in ASDEX Upgrade.” Journal of
nuclear materials 266: 175-181.

[5] Ohyabu, N., et al. (1994). "The large helical device
(LHD) helical divertor." Nuclear fusion 34.3: 387.

[6] You, J. H., et al. (2022). "Divertor of the European
DEMO: Engineering and technologies for power
exhaust.” Fusion Engineering and Design 175:
113010.

[7] Pitts, R. A, etal. (2009). "Status and physics basis of
the ITER divertor." Physica scripta 2009.T138:
014001.

[8] You, J. H., et al. (2018). "European divertor target
concepts for DEMO: Design rationales and high heat
flux  performance." Nuclear ~ Materials  and
Energy 16: 1-11.

[9] Budaev, V. P. (2016). "Results of high heat flux tests
of tungsten divertor targets under plasma heat loads
expected in ITER and tokamaks." Physics of Atomic
Nuclei 79: 1137-1162.

[10] Raffray, A. R., etal. (1999). "Critical heat flux analysis
and R&D for the design of the ITER divertor." Fusion
Engineering and Design 45.4: 377-407.

[11] Schmitz, O. et al. (2016). “Tree-dimensional
modeling of plasma edge transport and divertor fuxes
during  application of resonant  magnetic
perturbations on ITER”. Nucl. Fusion 56(6), 066008

[12] Matthews, G. F. (1995). “Plasma detachment from

divertor targets and limiters”. J. Nucl. Mater. 220,
104-116.

[13] Ryutov, D. D., and V. A. Soukhanovskii. (2015).
"The snowflake divertor." Physics of Plasmas 22.11.

[14] Ryutov, D. D., et al. (2008). "The magnetic field
structure of a snowflake divertor." Physics of
Plasmas 15.9.

[15] Kotschenreuther, Mike, et al. (2013). "Magnetic
geometry and physics of advanced divertors: The X-
divertor —and the  snowflake." Physics  of
Plasmas 20.10.



Lé Thi Quynh Trang | Tap chi Khoa hoc va Cong nghé Pai hoc Duy Tan 02(69) (2025) 74-81 81

[16] Staebler, G. M. (1995). "Divertor bias
experiments.” Journal of nuclear materials 220:
158-170.

[17] Fielding, S. J., et al. (2001). "Divertor target heat load
reduction by electrical biasing, and application to
COMPASS-D." Journal of nuclear materials 290:
859-862.

[18] Rack, M., et al. (2014). "Modelling of LHW-induced
helical current filaments on EAST: study of an
alternative method of applying RMPs." Nuclear
fusion 54.6: 064016.

[19] Vold, E. L., F. Najmabadi, and R. W. Conn. (1991).
"Fluid model equations for the tokamak plasma
edge." Physics of Fluids B: Plasma Physics 3.11:
3132-3152.

[20] Schneider, R., and A. Runov. (2007). "Challenges in
plasma edge fluid modelling." Plasma Physics and
Controlled Fusion 49.7: S87.

[21] Cohen, R. H., and X. Q. Xu. (2008). "Progress in
kinetic simulation of edge plasmas." Contributions to
Plasma Physics 48.1-3: 212-223.

[22] Takizuka, T. (2017). "Kinetic effects in edge plasma:
kinetic modeling for edge plasma and detached
divertor." Plasma  Physics and  Controlled
Fusion 59.3: 034008.

[23] Nishii, Keita, and Deborah A. Levin. (2023). "Three-
Dimensional kinetic simulation of an ion thruster
plume with carbon backsputtering in a vacuum
chamber." arXiv preprint arXiv:2303.07496.

[24] Nishii, Keita, and Deborah A. Levin. (2023).
"Kinetic simulation of ion thruster plume
neutralization in a vacuum chamber." Plasma
Sources Science and Technology 32.11: 1150009.

[25] Tskhakaya, D. et al. (2007). “The particle-in-cell
method”. Contrib. Plasma Phys. 47, 563-594.

[26] Birdsall, C. K. & Langdon, A. B. (2004). Plasma
Physics Via Computer Simulation, CRC Press,
London.

[27] Le, T., Suzuki, Y., Hasegawa, H. et al. (2023). “High
heat flux reduction to materials using current
filaments”. Sci Rep 13, 8300.



