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MO HINH HOA QUY PAO CUA ELECTRON TRONG TU TRUONG
CUA NGUON PLASMA LUONG CUC TREN PHAN MEM MATLAB

MODELIZATION OF ELECTRON TRAJECTORIES IN THE MAGNETIC FIELD
OF AN ELEMENTARY DIPOLAR PLASMA SOURCE BASED ON MATLAB SOFTWARE

Tran Tén Vinh
Truong Cao ding Cong nghé Thong tin, Pai hoc Pa Nang; ttvinh@cit.udn.vn

Toém tat - Ngudn plasma lwéng cuc 1a gidi phap gan day duwoc
nghién ctru thiét ké dé tao ra cac plasma ddng nhéat, mat do cao.
D& t6i wu héa ngudn plasma, can thiét phai mé hinh héa co ché
hinh thanh plasma, ma trong d6 viéc md hinh héa chuyén dong
cla cac electron nhanh déng vai trd quan trong. V& mét ly thuyét,
bai béo trinh bay mé hinh giai tich cGia chuy&n déng electron trong
t trwdng clia cac dang nam cham luwéng cwe hinh cau, hinh tru
dai vo han voi tir trwong clia chiing cé thé biéu dién dudi dang giai
tich. Tuy nhién, cac nam cham vinh ctru dwgc nghién ctru va st
dung trong céac bd ngudn plasma lwéng cwe cé dang hinh try, ma
tr trwong cla ching khong thé mé hinh héa dwéi dang giai tich.
D& giai quyét van dé nay, bai bao trinh bay mé hinh tinh toan sé
dé& xac dinh quy dao cla cac electron nhanh trong tiy trvéng clia
cac nam cham ludng cwc, dwa trén phan mém Matlab voi tir
trwéng clia cac nam cham dwoc tinh toan tir phdn mém FEMM.

T khéa - md hinh héa; ngudn plasma ludng cuc; quj dao cua
electron; chuyén déng cla electron; nam cham lwéng cuc; tlr trwdng.

1. Pit van dé

Nham tao ra plasma ap suat thip dong nhat va c6 mat
d6 cao, plasma da ludng cuc hién dang dugc nghién ctru va
su dung. Plasma ndy dugc tao ra tir nhirng ngudn plasma
ludng cuc ghép noi thanh mot mang v6i cau trac khac
nhau. Trén Hinh 1 trinh bay cAu tao co ban clia mdt nguon
plasma ludng cuc va hinh anh cia plasma do n6 tao ra.
Ngudn plasma gdm hai bd phan chinh 1a mot nam cham
vinh ctru hinh try SmyC017 va bd phan cip ngudn vi song.
O tan s6 vi song f=2,45 GHz, hién tuong cong huong ECR
s& xdy ra & vling c6 cam tng tir B = 875 Gauss. O ving
cong huong ECR, cac electron s& duogc gia tbe, ting thém
nang lugng va dugc goi la cac electron nhanh. Trén dudng
di, cac electron nhanh s& va cham dan hdi véi céac phan tr
khi, plasma duoc hinh thanh va sau d6 s& khuéch tan ra xa
vlng nam cham [1, 2].

Dé t6i wu hoa ngudn plasma, doi hoi phai nghién ciru
co ché hinh thanh plasma, ma truéc hét can phai nghién
ctru mo hinh héa quy dao cua cac electron nhiét trong tur
truong ciia nam cham ding trong ngudn plasma ludng cuc.
Véan d& dat ra 1a, nam cham duoc nghién ctru st dung la
nam cham vinh ctru cé dang hinh try véi kich thudce khac
nhau, ma tr truong cua ching khé xac dinh theo mo hinh
giai tich. Vi vdy, can phai nghién ctru mo6 hinh tinh toén
chuyén dong cua céc electron trong tir trudng ciia cic nam
cham nay, ma tir truong cta ching duoc tinh ton bing cac
phin mém co sin. Bén canh d6, mé hinh giai tich ciing can
dugc nghién ctru dé phan tich cac dic trung cua chuyén
dong va kiém chimg két qua ciia mé hinh xay dung trong
trurdng hgp nam cham lwong cuc ¢ dang hinh cdu hay hinh
tru dai vo6 han.

Abstract - The elementary dipolar plasma source is a recent
solution devised to create plasma density and honogenity. To
optimize the plasma source, it is necessary to modelize the plasma
production mechanism wherein the modelization of rapid electrons
plays an important role. Theoretically, this paper presents an
analytical model of electron motion in the magnetic filed of a
spheric dipolar magnet and an infinitely long cylindrical magnet
whose magnetic field can be analytically expressed. However, the
permanent magnets used in dipolar plasma sources has cylindrical
configuration with differents sizes, and it is impossible for their
magnetic fields to be analytically modelized. To solve this problem,
this paper presents a numerical model used to caculate the motion
and the trajectories of rapid electrons in the magnetic fields of
dipolar magnets based on the Matlab software with the magnetic
fields of the magnets being calculated via the FEMM software.
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Hinh 1. a) Cau tao nguon plasma luong cyee; b) Plasma khi
Argon, dp sudt 1,5 mTorr va céng sudt nguon vi séng la 100 W

2. M6 hinh giii tich quy dao cia electron trong tir
truwong cia ludng cue tir

Chuyén dong cua mot dién tich q trong tur truong B
dugc mo ta bang phuong trinh Lorentz:

m%:q(E+va) Q)

Trong d6 mvav lan luot 1a khdi luong va vecto van tde
cta dién tich; E la vecto cuong do dién truong va B la vecto
cam ung tur.

Trong trudng hop E = 0, nghia 1a chi xét tu truong thi
phuong trinh Lorentz cua electron c6 dang:
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dv
m- =e(vxB) ®)

voi m =9,1x10% kg; e = —1,602x107"° coulomb.

Sau day s€ nghién ctru chuyén dong cua electron trong
tur truong khong déu tao ra boi nam cham dang hinh cau
(ludng cyc tir) va nam cham hinh try dai vo6 han:

2.1. Nam chéam hinh céiu

Hinh 2. Cdc thanh phan ciia tir cam B ciia nam chdm hinh cau,
ban kinh R, dé tir hoa M
Xét mot nam cham hinh cau, ban kinh R, c6 vecto tir
hda M theo chiéu nhu Hinh 2. Trong hé toa do cuc vec to
tur theé A c6 dang:
MR?sin @ sin0
A= € =J e 3
3r2 ¢ r2 ¢ ( )
3

trong d6 J = v6i M 1a do tir hoa (Tesla) va R 14

ban kinh nam cham (m).

Céc thanh ph?m cua vecto B trong hé toa dd cuc:
3 3

B: = 2B, R—zcose; By =Bo R—Ssin 0;B,=0 4
r r

V6i Bola tir cam tai cac diém trén bé mat nam chdm ndm
trén mat phang qua tim O va vudng goc vai truc Oz.

Busng B =const | ;
~Zy

Hinh 3. Tir truong ciia nam cham hinh cdu

Do 16n cua vec to cam ung tur:

3
B =B, R—gw/(300526+1) (5)
r

Phuong trinh cac duong strc tur:
r=Csin’@ (6)

v6i C la cac hang so.

Trén Hinh 3 trinh bay dang cac duong stic, cac duong
dang thé va duong dong mirc B = const ctia tir trrong.
2.2. Phwong trinh chuyén djng ciia electron

Chuyén dong cua cac electron c6 thé mé ta bing
phuong trinh Lorentz. Tuy nhién, d€ thuén tién trong viéc
phén tich, c6 thé mo ta chuyén dong cua electron bang co
hoc Hamilton - dugc phat trién tir co hoc ¢6 dién [2]. Trong

hé toa do suy rong, Hamiltonian la téngﬂd{)ng ning va thé
nang cua electron dugc xac dinh theo bicu thue:
H(pr, po, Py, 1, 0,0, 1) =

1 2, 1 5 1 Ps , 2128iN°6 @)
r— +2eJ—+e° ) ——
2me [(p r? Po r?sin 26p¢ j r? r

Hé phuong trinh Hamilton mé ti chuyén dong cua
electron trong tir trudng ctia nam cham hinh cau:

_dr _ b
d m.
4o _ po
dt  mer?
.o d 1 eJo
oo 2( N
t mer\sine r (8)
2
. 6H psr’3+ _pfb I’73+
Pr= aom sin’ 0
® | +3edp,r ™ +2e°J%sin* Or°
2
Po = — oH __cosb e2J%sinor* — _pi r2
69 me sin° 0

Trong d6 py la dong luong cua electron theo hudng o,
dugc xac dinh theo biéu thirc:

el
ps =Sin eg(m ro¢o+ ; j 9)
0
2 {mm) —
a)
4
BN )
EAN sum)
" B [(‘;’Im)
b)

=20
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Hinh 4. Quj dao ciia electron trong tir truong cua nam cham
hinh cau: a) mdt cat theo truc r va b) trong khong gian 3 chiéu

Tich phan s6 hé phuong trinh trén bang phwong phép
Runge-Kutta bac 4 [5], két qua cho quy dao cia elctron
trong tir trudng ciia nam cham hinh cau nhu Hinh 4. C6 thé
phan tich va nhan thay chuyén dong cia electron trong tir
treong ctia nam cham hinh cau c6 mot s6 dic diém sau:

- Chuyén dong gdm c6 ba thanh phén chuyén dong
hinh xo4n dc quanh cac duong sirc tir; chuyén dong chu ky
doc theo dudng sire tir, dao chiéu tai nhing diém guong
(mirror points) va chuyén déng dich chuyén theo huéng
ngang quanh nam cham (Hinh 4b).
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- Cac dai luong bt bién cﬁa‘chuyén dong:

Hamiltonian H c¢6 gia tri bang dong nang, khong phu
thudc vao thoi gian va 1a dai hirong bat bién chinh xac thir nhat.

Pong lugng cua electron trong hé toa do suy rong

. : el N . Lg A4 , ,
P, =Sin® 6, (m eleGo +— | ladai lwong bt bién chinh xdc

lo

thir hai.
2.3. Quy dao ciia electron trong tir truwong ciia nam chim
hinh tru dai vé han

Bang phuong phap tuong tu nhu dbi véi nam cham
ludng cuc hinh cau, cé thé tinh toan chuyén dong cua
electron trong tir truong ciia mot nam cham hinh try ban
kinh R, dai v6 han, c6 d6 tir hdéa M.

Céc thanh phan cua vecto cam tng tir B trong hé toa
d6 cuc (x,¢,2) cb dang:

2
B,:MR

H 2

w va B, = MR Cojd)
r 2 r

Tir hé phuong trinh Hamilton, c6 thé tinh dugc quy

dao cua electron trong tir trrdng ctia nam cham. Trén Hinh

5 md ta quy dao cua electron trong mit phing (Ox,02z)

vuong goc vai truc Oz cia nam cham.
30

10 20 30 11.0 50 60
x (mm)
Hinh 5. Quj dao ciia electron trong tir truong ciia nam cham
hinh try dai v6 hgn: Hinh a - trong mdt phang (x.y) va
Hinh b - trong mat phang toa dé (x,z)

3. Mé hinh s6 quy dao ciia electron trong tir trwong ciia
ludng cuc tir

Dbi v6i cac nam cham hinh cau hogc hinh tru dai vo
han cé tir truong duoc mod ta dudi dang giai tich nhu da
trinh bay & muc 2 thi viéc tinh quy dao bang cach tich phan
hé phuong trinh Halmilton s& twong d6i don gian.

Tuy nhién, trong thuc té cac ngudn plasma ludng cyc
st dung cac nam cham cé cAu tao va kich thude khac nhau,
thuong c6 dang hinh tru va béng vat liéu SmyCo17. Tu
truong cic nam cham nay khong thé biéu dién dudi dang
giai tich, vi vay dé mo phong chuyén dong cua electron

trong tlr trudng ciia cac nam cham nay, khong thé dung md
hinh giai tich nhu trén, ma can phai xay dung mé hinh so.
3.1. Tir trwong cua cdc lwéng cwc ti

Tir truong cua cic nam cham véi cdu hinh khac nhau
¢6 thé xac dinh bang cac phin mém hién c6 nhu RADIA,
FEMLAB, FEMM... Sau day trinh bay két qua tinh tir
truong ctia mot $6 nam cham dua vao phén mém FEMM
(Finite Element Method Magnetics) [6].

3.1.1. Nam cham hinh cau

Hinh 6 14 tir truong ctia nam cham ludng cuc hinh cau.
So sanh véi mé hinh giai tich, két qua cia FEMM hoan
toan phu hop. Vi vay, c6 thé sir dung dé tinh toan tir truong
clia cac nam cham sir dung trong ngudn plasma ludng cuec.

04 “‘

—— M

‘4— modele:

005 N

85—y

0 510 15 20 25 30 35 40 45 50 55
d(mm)

Hinh 6. Tir trueong ciia nam cham hinh cau
3.1.2. Nam cham hinh tru dai hitu han

Hinh 7a m6 ta duong suc tir ciia nam cham hinh try
duong kinh 20 mm va cao 10 mm lam bang vat liéu
Sm,Co17; con Hinh 7b 1a tir trudng ciia nam cham hinh try
duong kinh 20 mm, cao 14 mm ¢6 2 16p, gdm mét 16p
10mm bang thép mém va mot 16p 4 mm bang Sm,Cos7.

IiL;

Hinh 7. Tir truong ciia nam cham Sm2Cox7 hinh try ban kinh
10mm: Hinh a) chieu cao 10mm va Hinh b) chiéu cao 14mm
(trong do 10mm bang thép mem va 4mm bang Sm2Co017)
3.2. Thudt todn tinh quy dao ciia electron trong tir truong

ciia nguon plasma luong cuc

Hinh 8 trinh bay thuat toan tinh quy dao cua electron
trong tir truong ciia cac nam cham ludng cuc, vai cac ndi
dung chinh nhu sau:

S6 lidu dau vao:

Tir trudng cia nam cham: tinh toan bang phin mém
FEMM nhu trinh bay & muc 3.2 s€ cho két qua tir thé A.
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Sb lwong elctron can mod phong N; sb budc tinh toan
Ncal v&i mdi budc tinh todn 1a At va pham vi tinh todn dugc
gi6i han boi ban kinh rmax;

Chon buéc thoi gian tinh toan At = 1012- 10! (s)

Chon kich thudc cac 0 ludi @8 tinh toan: Ar = 0,1 mm
et Az = 0,1 mm, théa man diéu kién Ap/ Ar > 2 va Ap/ Az
> 2, trong d6 Ap la chiéu dai Debye ctia electron [2].

Sd liéu dau vao: A (FEMM), Te, sb electron N

Pham vi va 50 burdc tinh: Fnax, Nit

'

Chon bwée théi gian At, kich thwére 6 lwdi Ar, Az

!

Tinh toén céc thanh phén cla tir cam B tai
cdcnat o lwgi

Electron i=1

!
Vi tri, vén téc, thoi diém ban dau:
To, Vo, fo

|

Buéctinh j=1
(=t +]AL)

—

Noi suy B tai vi fri electron & cudi buére (-1);

Gidi hé phwong trinh Lorent béng phwong

phdp Leap-Frog: v, rj I

v

Luwu vi fri va van téc
cia electron & cudi bwdcj

Lwu cacthong sé quy

dao va chuyén déng
¥ ciia cécelectron
i=j+1

=1+ A

Piéu kién d4u cda bwdctinh thivj
Vo=V M=

Dién tich tiép theo
i=i+1

Hinh 8. Thudt todn tinh quy dao electron
trong tir truong cua nam cham luéng cuc

Tinh cac thanh phin ciia vecto tir cim B tai c4c nit
6 luéi: Tir két qua tir thé A tinh tir chuong trinh FEMM,
tinh todn cac gia tri thanh phan cua B tai cac nut 6 lu6i véi
kich thudc cac 6 1a (Ar x Az); luu vao file dir liéu tir cam B
dudi dang file Matlab.

Noi suy B tai vi tri ciia electron: D¢ giai phuong trinh
chuyén dong cua electron ¢ budc tinh j can phai xac dinh
duogc B tai vi tri ctia electron & cudi budc tinh (j-1). Viéc
tinh B tai mot diém M bat ky trong 6 ludi dugc thyc hién
bang phwong phap noi suy tir gié tri B tai cac diém nit ciia
6 luGi bang ham interp2 trong Matlab, dua trén biéu thirc
sau (Hinh 9):

B(r! Z) = (1_ pf)(l_ pZ)Bhflkal + (1_ pf)pZBm‘k

+Pr (1= P2)Bh k-1 +PrP2Bn (10)
. r—rha . Z—Zk1

vol pr = vap; = 11

P Ar P Az (11)

Trong hé toa d§ Decartes cac thanh phﬁn cua tir cam B
duoc xac dinh theo cac biéu thirc sau:

B« =B:cos¢; By =B, sin¢; B, =B,

Bh; k

6 luéi (h)

Bh. k-1

Hinh 9. Ngi suy tir cam B tai mét diém trong 6 ludi
Dbi voi mo hinh giai tich nhu trinh bay ¢ muc 3.1, sur
dung hé phuong trinh Hamilton d¢ giai nham thuan tién
phan tich cac dai lugng bat bien. Ngugc lai, trong truong
hop tir truong tinh tir phan mém FEMM (nhu cac nam
cham hinh try dung trong nguén plasma) c6 thé tinh toan
quy dao cua cac electron dya vao phuong trinh Lorentz:
% dr
__ & (vxB); oy
dt M. dt
Giai hé phuong trinh nay bang phwong phap sé dua vao
thuét toan “budc nhay éch” (Leap — Frog) nhu mé ta trén
Hinh 10 va trinh ty giai nhu sau [5]:
r, o i
Vin i Vin i

(12)

v

—

sn

-
=

L]
1
1
1
1
1
1
1
1
[}
1

1y Ly 7] tys 1

o
s

Hinh 10. So' dé thudt todn Leap-Frog

Phuong trinh vi phan Lorentz (12) dugc thay thé bang
cac phuong trinh sai phan nhu sau:

_eI:V(ml)/z ;V(n—l)/z B

m. V(n+1)/2A—tV(n-1)/2 _ n}
Pap (13)
At

Trong d6, rn, Vi, Bn 1an Tuot 13 vi tri, van tdc, va tir trudng

tai thoi diém (n At); Vin1y2 VA Va2 13 vén toc & thoi diém ((n-

1)/2) Atva ((n+1)/2) At, voi At 1a bude thoi gian tinh toén. B,

tai vi tri rnh dugc tinh bang phuong phap ndi suy. Vi tri cia

electron tai thoi diém (n+1) At duoc xac dinh theo biéu thurc:
Xns1 = Xn + V(nsgy2 X At

= V()2

Trong d6, Vn+1/2 duge xéac dinh dya vao vén toc vn.1o da
biét theo cach tinh nhu sau:

Vi = V-
A , —
Vo = V1 + Vi X Qe ?t (trong d6 Q.. = eB)
At
Vospre =Vit——————F Vi X Qe
14 (chAtj
2

Két qua md hinh héa:
Tur thudt toan, tac gia da xay dung chuong trinh Matlab
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dé ¢6 thé mo hinh hoa quy dao cia cac electron nhiét trong
tir truong clia cac nam cham vinh ctru ¢6 hinh dang bat ky.
Két qua tinh v6i truong hop nam cham hinh cau di cho
thdy hoan toan pht hop v6i mé hinh 1y thuyét.

a)

¥ @ )

< axiz

[
2 mm)

Hinh 11. Quy dao cua electron trong tir trieong ciia nam cham
Sm2Coz17 hinh tru, q‘wo‘ng kinh 20 mm, cao 30 mm
a) Khong gian 3 chiéu; b) Trong mat phang (Oz, Or)

Hinh 11 trinh bay két qua quy dao cua electron trong tir
truong cia mot nam cham hinh tru b?mg vat liéu Sm,Co17
c¢6 dudng kinh 20 mm, cao 30 mm. Piéu kién ban dau cua
electron: nang lugng Te= 40 eV; vi tri ban dau x =25 mm,
y =z =0, gbc van tdc ban diu 60°% sb budc tinh toan
N¢ = 150.000 va At =5.10%2 s,

Nhan thiy quy dao cac elctron trong tir trudng cia cac

nam cham hinh tru ciing gom 3 thanh phan nhu ludng cuc
hinh cau, va electron dugc giam biy trong pham vi giita hai
duong bao ndm gin bé mat nam cham. Ngoai ra, két qua
tinh toan ciing cho thdy mé hinh chuyén dong cua electron
thoa man cac diéu kién bat bién cua cac dai luwong Halmiton
va dong lugng nhu mo hinh 1y thuyét.

4. Két luan

Bai bdo da phan tich vé mit Iy thuyét va md hinh tinh
toan s6 chuyén dong cua cac electron nhanh trong tir truong
cua cac dang nam cham ludng cuc, dua trén co s& hé
phuong trinh vi phan Halmiton hay Lorentz mé ta chuyén
dong. Tir thuat toan dé xuét, tic gia da xdy dung chuong
trinh Matlab dé c6 thé mo hinh hoa quy dao chuyén dong
cua cac electron nhanh trong tir trudng cua cac dang nam
chdm hinh try sir dung trong ngudn plasma ludng cyc, vo6i
tir truong cua ching co thé tinh toan bang phan mém
FEMM. Déi chiéu két qua da cho thdy sy phu hop giita md
hinh s6 v6i mé hinh giai tich. Két qua mé hinh hoéa quy dao
cac electron nhanh dugc str dung trong nghién ctru lwa chon
c4u hinh cua cdc nam cham dé t6i wu hoa cac ngudn plasma
vi song ludng cuc.
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