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Fig. 1. Structure of the ICR isotope separation device.

2 A AT AR FE I AT

2.1 BRFRE

IR BTz s RS 7 ik 2 3 sl
— R T Iz g, RIS E ik 251 T iis 3l
AN PSR B A i e LG 3 1Y ROVE T DA et v
AT R AH AR, IR AR, B4 a1k
Hh A FEORL R R LR, Sl AR T A AR
FNZZ S 3045 07 PR 2H H AR 55 B IR 18 BPIR R,
{BTCAR AR AR R R B4R, — R AR
D5k, BV E AR S B - b SE B sS4 MU
Wi BEE R AS. ICR SRR I R ERe i 58
FEAEASLALAE 3 SR FH A AR v, BRER AR

BB N A4 A5 32 B4 B ) A
LA AT 220 R0 A R o R R A FR G AR
BT AN w37 v] 20 . i S ICR 28 ik
T D B AR FEA R B 1 53R Hr e TRl
REI S HAHYI . ICR 7 B B Bl fe v, 22
PRAUESE B -1 5 FL 4R IX S BOBE I 2 551246l
IS ) R T B AR LR DA RE IR R), DADS/ NS -]
TlfAEE X e A i AR R 2

Ti = 2 X 106M > £, (1)
N U,

[, OB TR R, B0 eV AN TITEG
n HEETIRERE, A7 cm?; LRI KA,
v, NE IR DT I3, ICR sy s b, 81
PR ERTE 10 eV A4, TG 77 M RE & 5 eV
i, PR 1—3 m, fRA (1) A n <
10'% em=3 | BEAGE TR 23 B S5 vh W T Y 55

BRI A A

5 G T AR s o R R A R T4
TN R 3 T 228 ) i R A B AR 8 B 1 max 2R 58
3 (G B AR % B A T2 (LB s A [l e
FEAAERFHE R AL BOE ) N
mic? K3V
R @
Krbm BT, c HGH, KIS Vi WE
THIZIHEE, w NI, ).

R Siren %% B 4 [F] 4 2 73 2 55 99 AH OC S 4L
(mi=1078 g, K=10""em ! w=4x10%s"1 V5
= 1.6x10° cm/s )2, AT nj oy &~ 102 cm =2, 52
WS s~ () A B R 1 28 B FR AT . P TR B Bk
FHIIIEARTE HT ICR 7 B3 B S5

. ~
Nj max ~

2.2 IBigHAR

FORL TR (B W) R AR AR Y Z 3l T )
IS B, , SRE% 3 R XY FIHAFTESE
85 B, . B T2 AT R

dv
maze(Erervaz). (3)

HAEEOL T, XOY V15272 it 37 0 IR AL

B, AR (4) PR BOE A R
E, +1iE, = Eexp [—i(w — kv,) 1], (4)

K, w NSRRGSR, k. HETHiEEE 3151
B Doppler fRFSTH, &k = 21/ g 545 L7 8K
BERS, B 1 Z 307 M R H&E ), XY
TR B, FIREBIS HO R A XY
SRR v,y = vy + 0y, (3) AT E
dszy i%v = %exp [—i(w— k)t (5)
ITRER AT

E [t , , .
Vay (t) — [eA e—l(w—kvz—wo)t dt/ +’U()CMP:| e—lwot

m

eE e—i(w—kuz—w())t -1 ) )
— [i + voe“a] g lwot
m  w—kv, —wy
(6)
A, wo =eB./m, v HEF XY J5 a4 4f
B M w— kv, —wo =00, B FRAIR, 22N
E . .
SRR, 0 () = (04 moe ) ot
[ AR FFae R M w — kv, —wo # OB, BT
FE R APEAR AL, [ AR A AR e R SRR IX R

092801-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 74, No. 9 (2025) 092801

ARG, IR T S AR 7 e A B
FEZES, MBS ]2 B0

R A B Tz sl | fEE S EUS , i B
R e SR 2 07 1 B T A3 205 5 — E W 4R
JE AT B A5 B AR AR S A Ol 5%
JERE AT ST E VA RSO i Hh L 3 S P 23 A
I, T 5T (3) FOM T Y B e A - o B 5 0 %)
Tiash Pl AT

2.3 XBESH

M (6) =X, AT RESZ M e B G FE A S 5K
A 43 R PR XA B | RN 5 | SO H 7 3
IR BCCE DI AR A X S HORN B8 ) 4
IYARTE BB THIHAS R AR BHON e ik
PRIE A ELIASE IR, e 4% SLi A RFST R4, 4R X 5
WRLEHIIRE E = 50 V/m, K\ = 0.8 m, [FH
e 3 wE Lk B RGN G B, = 0.25 T 5 AL
XK L=08 m; B FYIGHImAER T.=10eV,
B 10 BB Ty = 5 eV, A ] 3 IR A Maxwell 43
A7, S s TR (7) K22

1/2 2
B m m(V, — Vi)
1 (V) = 2(2%@) eXp[ 2kT. }
V. 2 Vs,
fz (Vz) = 07 Vtz < ‘/E)z- (7)

3 BEEMERS AT
3.1 HIRMHXSE

SIAEEIRE M AE R G B e B (BT
BT IR IX BB 2 = TR BT IA R B+ AT LAGoRS
Bl ) FUMARE n (REE S T Eoin B T1E
FEHRICH OB b b | S B0H I e
PR B Re i A M SOl s, RAZ AN R 2
FIMPARICR By, e 9/, SRAE AT B e etk
SR B ;. S ) RE R I, InFR AR B B
R T, RAE B 7 IR By R i/, AR
PEPEM SRR B .. AN [R] %) S48 1) B i S (0 22 1
FERMNPGIER, R R 2 o B e T
T[RRI 2R 25 -1k, Ak 1] 8 5 5941 TGk 1 Aff e ke
TP R A REME . TR E B EE AR T
T RERIRA, WA BB iR B 7 K I 18
] BE S PA(EIEHL. INACR M BRI P 77

GeE"A.
AN TR g N e B R M TS R ) e R
TR En A e A an il 2 e (B wo =
eB,/Me 1i). HNERIGEAEXT N AR AR B T LRI 4
ot B B Sl #E 5 LAY Doppler i i
B R ) J e R A ., — 2 Sl ) B R A AR
— oA, FECE T ARIRAURE A — | 51 ) R
AR B R YE, N5 [ Bl ] RE
/AT ET, Doppler 5 56 2IHR;
R e A LR, B FRE s AIESX R BUE, T =
2/ (w — kv, — wo) BT BT, >4 2 FFEAnFAIX
(EERANHE] ¢ = L/jv. < T/4, BTS2 2SN ng
Gl WE R, 2 AR R S 250k ) B 52 A i A
R A A AE— 2 SR 8.
90
sof
70}
60 f
50}
a0t
30t

20
10

(a) — B.=025T

Bl AE R /e V

0.6

N —B.—025T
1

I i/ T B.=040T
0.5 in weee B.=0.55 T

0.4

0.2

0.1f

T e ]

(w/wo)=1)/%

K2 RRIREIE SR LR, (a) ANFADC I 0B 8 1) E At 1Y
{EFN (b) MIAREL 1 (B > Enin) M0 2

Fig. 2. Distribution of (a) ion average transverse energy in
the exit of the heating field and (b) ion heating efficiency
1N (E > Epnin) for different magnetic induction intensity.
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Fig. 3. Distribution of (a) ion average transverse energy in the exit of the heating field and (b) ion heating efficiency n (E > Euyin)

for different electric field intensity.
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for different wave length.
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Fig. 8. Distribution of (a) ion average transverse energy in the exit of the heating area and (b) ion heating efficiency n (E > Euipn)

for different velocity distribution (the shifted velocity distribution follows Eq. (5) with the average energy 10 eV, the same as the

Maxwell distribution, and uniform distribution is with the energy between 5 eV and 15 eV).
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Abstract

The ion cyclotron resonance (ICR) isotope separation method is an advanced electromagnetic separation
method. The key process of this method is the transport of ions in an axial magnetic field. By injecting microwaves
at the target ion cyclotron frequency, only the target ions can be heated so that the energy values of target ions
can be distinguished. Due to its high separation coefficient, multiple types of isotopes that can be separated, and
high flux, some countries have already built ICR isotope separation devices and conducted various isotope
separation experiments since 1980. The main elements of an ICR separation device include three parts: a plasma
source, a selective ion heating system, and an ion collector. The electron cyclotron resonance (ECR) ion source is
the most popular plasma source, which generates the ions to be separated. The selective ion heating system is the
key part of the separation device, mainly composed of a superconducting magnetic coil and a radio frequency (RF)
antenna, which are used to provide a stable magnetic field and microwaves at a specific frequency to heat the
target isotope ions, respectively. The ion collector is used to collect the separated ions. To clarify the key process of
the ICR separation method, the transport process of ions in the electromagnetic field inside the selective ion
heating system is simulated, and the influences on the selective heating effects of core parameters, such as
parameters of initial plasma beam and electromagnetic field inside the selective ion heating system, are discussed in
detail. The numerical simulation model used in this study is the single particle model, in which the interaction
between ions and the induced electromagnetic field of the plasma beam is ignored. The simulation results show that
the intensity of the alternating electric field in the selective ion heating system, the wavelength of the RF antenna,
the size of the ion selective heating system, the initial axial energy of the plasma and its distribution all have a
significant influence on the overall heating effect of the plasma beam. The magnetic induction intensity in the ion
selective heating system, the wavelength of the RF antenna, and the initial axial energy distribution of the plasma
have a direct influence on the selectivity of the heating process. Considering the limitations of the single particle
model, a more accurate model will be used for further simulation. The design of the RF antenna and ECR ion

source will also be considered in the further research.
Keywords: ion cyclotron resonance, isotope separation, selective heating, plasma flow
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