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Fig. 2. Measurement result of experiment.
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Fig. 3. Modeling magnetic induction of array-ring permanent magnets: (a) Arrow distribution of magnetic induction intensity;

(b) streamline diagram of magnetic induction.
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2.036 x 107%. 3145 31 B 9T 5255 >, T HR TT
86 1>, MIAR AR 1589 cm?. NI TLA b Rk #1143
%, BT =R T SRR e

SRIEREMRL

FHRAEEOUCTT I, RIS O 2 A B 7
SRR IEER 2 735 B, 5 HARME Bo Z 18] 925 5 5/ Iy
b, IFUTHERR M 2 =05 2= Lo AT R, Nl
FUbR eREC B, 1% FIARTEANS T Lo 2I1—FLRY:

2

1 [f /B,
minimize : — — — 1] dLo,
dzl,“-dz(). LO 0 BO

4.1

(5)

Horb Lo BARBE A B, IGAL I Lo = 20 om
Bo o B btk 7 16 10 5 B n BRARME, Ak By =
0.024 T (240 G).

gt E, AN 5)X B R

1 (Lo/B 2
L <Bz _ 1) dLo TEUE (BN EIRRE) 948417
0Jo 0

10—40F, RBNZ BT AL Ss K. A
5 a2 R AN A RO R A (BP9 3l 439
47 1.0426, 1.1306, 1.0731, 1.3200 F1 1.2875. J5FEHY
H s S i B 2 fe 45 R4y, HAUER/N, 16
T2 AT, 1] 7 25t T rhuC Bl S Ak B R SRR e R
A3 AR L, Bk ERR DX A0 2 8 5 B A1 R 34 ) 72
FE, BFRERR/DN, BEruE e ess Rss). 4
WAE R SHLB A AR B IR B 2 240 R AR i,
ZAEMREE I 1, PS5 RIS 2 R AR B AR A Rl 84
R, HRBME LS E G, MEYER S 515,

Fig. 7. Single value optimization of central axial magnetic

induction.

RS R 1 s (MRS IE, #EFR
L8 MR, WA TS, 456 MR AR LR )
B, T AR R R X AR R A ) HE B [ B
(W2 2).

F1 WP

Table 1. Results of single-objective optimization.

dz, /mm dz,/mm dz,/mm dz,/mm dz,/mm dz;/mm

-1.80 -5.10 —4.87 —6.95 0.85 7.35
# 2 HIRREOC R HES R
Table 2. Magnetic rings gaps of single-objective optimi-
zation.
Gap, /2 Gap, Gap; Gap, Gap; Gapy
/mm /mm /mm /mm /mm /mm
8.20 16.70 20.22 17.92 27.80 26.50

VOE AR, T S PO B A RN
B 2w i EUE, BER 0.01 mm FEE— IR R L
(B, 22Tl v o i o) SRRy i B2 041 L (I 7)), B
PEEEH R A 8 s, 53 2 SEUHXTI
(1Y), BEIRZH B TR FEHEAT WLIRT 8.

B/(10% G)
9

e

=N W R O

K8 REIRALAIE

Fig. 8. Distribution of magnetic ring arrangements.
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4.2 SENABPEEEMRNL

ST A LA T R e, KB bR
GRS RAE BRI 515341, S T I/ NiX
PO SRS, SRHZAHAME, X Hbrti7 X 35k
srBeflifl, B Z B B E L T . FE 2 B
K IAE AR A, XSTREA O 5 A Y
5 A AT AR 2y, b 2 20 R
z=0, 5, 10, 15, 20 cm. B[R F £ Bt ol sa pAR (4
Tk ) i 5 25 FARE 2 1] 1Y 22 S5 e/ Mk, R
B, WA 2 = (n — 1) x LBz =n x Lj(n =
1,2, 3, 4) #4780, TR B H PR{EWEL, R
FHXT T Lo S H—fk Ay, Hs e

’ 2
1 nxL'g BZ
minimize  : — < - 1) dLj,
dZU"'dZ@- Lo (n—1)xL’g Bn_O
n=1,2, 34

(6)

HH L) =50mm, B, o = 0.024 T. A]3& 45445 B, o
TE n WA [REL A A B X B b b X 3k i 0—
50 mm, 50—100 mm, 100—150 mm, 150—200 mm
S LA Br (6) =X

gt fE, KN (6)xX B b &K %

nx L 2
Ll/() @ - 1) aL B (D AR() 55
S A 49136 x 1077, 3.5521 x 107*, 2.0623 x 10~*
H13.3421 x 10741, S5 1% 05 & F Witk 4%
AR 5 A E A H T R EUE (RPZY
W) 43 9 A 1.0344, 1.1216, 1.0811, 1.3054 Al
1.3050. LA R IR 3 (M RN IE, BEFF I
B fits i NI, WEFR T H8), 45 B RGBT 4R ]
FE, AT AR SR P RE AR A BE 2, 25 R LK 4.

%3 LB ML

Table 3.  Results of multi-part single objective op-

timization.

dz, /mm dz,/mm dz,/mm dz, /mm dz,/mm dz,/mm

1.55 5.17 5.31 7.07 0.15 7.35

# 4 ZBEUR AR E IR EHES [ R
Table 4.
objective optimization.

Magnetic rings gaps of multi-part single

Gap;/2/m Gap,/m Gaps/m Gap,/m Gaps/m Gapg/m
m m m m m m

8.45 16.38 19.86 18.24 27.22 27.20

BRI REE, T PR ORI 5
JE 2 o R RRUE, S RIEA A BARE L AL A5 R ARG

JERAIA], AKSRAERR 0.01 mm BEEC—IRIEEHEUE, 2
AR 9 B ) POl ) o S 56 B A 1.

300

200
100
@) 0r
~

Q
—100

—200 -

—300

—400 —200 0 200 400

z/mm

K9 2 B BARAE O Al o il ) 1% 20, 38 B2 40 A
Fig. 9. Multi-part single objective optimization of central

axial magnetic induction.

J BRI EAC T %6, F 200 mm H bR
TRV 5 B 1) 2 M i RE AR SRR B, BRI 3AS)
FESHC, BEMEIFE 0.01 mm HBURE RN 38 B g, 4t
B 20000 SR EHEAE RGNV SR EE 2 7 E(E B. 1,
PRI S B HFRkA0h

20000

C: Z (Bz_n ;Bave) ) (7)

n=1
K1, Bave H 20000 A-HC 2w R0 5 B T
R AYSE M. X T AR A AL, RE IS
¢ =23.2359; Z B ¢ =12.7926. Jt[:éé?;@ﬁ%lﬁ, FH
HF AR E LR S, ZBRE T
44.9%, i £ Bt QB AR (E G A AL SR AR L T
PAPRAR A LA RCR AT, (FUR R 51 FEATAS 2 DA
T B SR ) EER

4.3 HREMSRKL

BERRT R B E LA . 22 B A E 1k
Py AR S 32 ) BE A BRI IRV AL, 2445 22 BEa X HiAR
TEPLAE I PE A TT SR8 W35 B THIE 3735 21 BE B A
AT IEREAT T it — 2 isedt, 21 T
Jiik, RIFETRME3 b DR T 1 f8 R L ik B A6
BEREAT “ R BUME AR B AR, JF#EAT I3 — 1k Ak
L BFFEHEIZAR O T B SRl i IS,

1 (Lo /9B’
: TOBO/O (az) Lo,  (8)
FC Lo = 20 em , Bo Sk 2 W R 4 i 2
AEE, tAb E X By =0.024 T, B, kil m] #4319

minimize
Adz, - Adzg
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2. 2 R/ IMETE AL K RE S B, 7R
BRI B AT IR RS B D S X AT AR T
T Ao B 1 SRR S8R E 1) 2 e, TR 2 )
BERE I8, Z IR E i k2O il K B A T
Uy, I Lo Bo Xt ai =il T IH—fbiz 5, X —id 72
afFIRH (8) . ; )

5 A (9) 2 [ (?) dLo i
BUE (R HARE) M 2.6148 x 1048}, iKEiZ
TR SR MR 5 2R ANy )y
FE A (BP 29 51 {E) 43 9l i 1.0689, 1.0990,
1.1548, 1.2645 F1 1.4214. BRI ALSE SR WL 5% 5,
SR A REVN L AT LRIBIRE , AT A8 AR AR PR RG] 1Y)
FHEES, 4503 6.

%5 BRREMRALY

Table 5.  Results of gradient optimization.

dz,/mm dgz,/mm dz,/mm dz, /mm dz,/mm dz,/mm

-1.31 -3.55 -4.59 -3.40 2.18 14.04

® 6 BREEIUILREFR RS AR

Table 6. Magnetic rings gaps of gradient optimization.

Gap,/2/ Gap,/ Gapy/ Gapy/ Gaps/ Gapg/

/mm mm mm mm mm mm

8.45 17.76 18.96 21.19 25.58 31.86

VSRS AREL T R A Al 2 R SRR 5
JE 253 B RYEUE, RRE 0.01 mm BEH— IR ERETH 4L
{6, 2SN TET 10 J7 7 B Fh il i 1 S0 56 42 73
il

300
200
100
O 0
~
m +
—100 [~
—200 |
—300
1 " 1 " 1 " 1 " 1
—400 —200 0 200 400
z/mm

P10 B L fh r O il o 18 2 R 3 A
Fig. 10. Gradient optimization center axial magnetic flux
density distribution.

SRR LA =R BB 2 R AT H R,
PR A (7) A =R R ARG S B
LLERILER T

F T ERMEATT RS S B R
Table 7.  Comparison of magnetic field uniformity

of three optimization method.
VREVIES HHAESRL ZHMERE BRI
¢ (B3 2)E) 23.236 12.793 0.027

T Y S QSR I IREAE = A X w3, AR
FK AR REINT™ A2 158057, TS RS HEA T
A EE A HES . XA RHES 5 2R RGP A B Y
23 I RESA 3 AT R IR DR E Y. B REER L Ak Y
W A I FARAR AL ARIR), B TFAS RIS RO 1 1%
B, JCHEREPR AT B AL, 2l b
ARG I — e R AN S SR AR
PRIBRE AN SV RO

S5 E] RS B WA PR O B R B 37 00 A R
(WL 2), 2B 51 A r s DX B 1 DA s 0.
PRSI 1) 2 [ 1 37 A 1 5 T A 5 RN AR AR
SRR PR ARG, HARREZ T ) 5 Mg
WYT7 AR R KA B SR AR 0K ARG 15 4%
S B wE A R A5 g R, AR i 2 B —
A DR RC R AR 1 2 ) i 3 A I8 R AR i 2L
(R PSR A A . SR WG 5R EE Hy 5 RER R LA
TE R0 1 W 1) 560 B MR G, HL W 2 R AR Hy =
—aM , Hoh ok NB#E AT, USRI ARA
5K, HAREATT 1) B3 B U BE . A T il
D7 I REAL A RE S, o T 0, (HZ X
RLEIEE AR, ol LARK. (D BULAE AR BURE dh E
TEIREEIN T, CAERIS, BRIK, 40 BIAEARSE.
Xb T ER AR YR IR B PR o T vk v RCE T
G, WEPRAYSE PR AS (B 9 0 A R 2 5 B
o SRR R IE. 1B SCEAES HEH T REIMIL L
A — AR DR T 58, AE0S T AN TR K REAA R AL B
LR BEI, B TR S PRI BUHEA T I T 52 132k
RS A P15

5 &

HaE T IE A READLK B AT 2 2 [ 32 73 A B4
Py BRSSO R Rl T SR 5 A
TG B il Pl 2 ) RIS 5 B 8 A, RS
5 AL BRI R PR BEAT O A, SR S 0
BERAA LR, UEW] T JE A A7) BRASE RY f) A4 i 1
;LT A1 PRI AU AT BROT RIS 791 00 05 58, SR =
FORAL T SA A T = 2L ARy BB AL Ak TT
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S me/ IV R SR f e AR A 8 2 PR A 724
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h Z B BB EI T 5, RN 2B, 7o
% e B bR B AN ) X Sl b kAT BAR (B AR AL,
PR AAL T R A HAME DL T BEAE T 58, Rl
T E AL RO T B ARE LRSS R, T UL L
IITIETE, REUL AL X IOICER 40 73, RSO eAt B
PR, SR IR REAAL DT 56 T R AE R 1L
FAPIRR T G4 3 Bk 2%, UL RO mE 735 2]
PEWT R 8 T 53 SR BRI T %8 . ARGE AT SR 15 By
M, e BRAE B2 1o JBE AN A2 22 AR 55 AN AR O 17 2
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Abstract

Faraday rotation spectroscopy (FRS) is generally used to detect the concentrations of various paramagnetic
trace gases because of its high detection sensitivity, zero background noise and the ability to get rid of the
interference of diamagnetic materials effectively. In most of FRS technologies, the used electromagnetic fields
are produced by coils, thereby triggering off some problems such as high energy consumption and excessive heat
generation. Thus the modeling and the simulation study of spatial magnetic field distribution based on the
combined ring permanent magnets are carried out to establish an axially distributed homogeneous magnetic
field and provide a permanent magnet-based homogeneous magnetic field along the optical axis for FRS
measurement. In this simulation, the method of finite element mesh division is adopted based on basic
electromagnetic relationship in Maxwell equations. By the simulation study of the magnetic field distribution of
the actual Nd-Fe-B permanent magnet magnetic ring array, the physical model proves to be reliable. Basically,
three methods of optimizing the permanent magnetic ring arrays. i.e. single ideal value optimization method,
the multi-part single objective optimization method, and the gradient optimization method, are proposed. The
single ideal value optimization method and the multiple ideal value optimization method are used to realize the
optimization of magnets. However, by analyzing the two methods, it is clear that compared with the single ideal
value optimization method, the multiple ideal value optimization method in which the whole region is divided
into several small parts can achieve good uniformity of permanent magnet array. In this way, the third method,
i.e. the gradient optimization method is used to realize the construction of a homogeneous magnetic field with a
uniform central axis magnetic flux density distribution used for FRS. Finally, the standard magnetic field
uniformity for measuring the quality of magnet field is suggested, and through the calculation and evaluation of
the magnetic field uniformity, the optimization effects of different optimization methods are analyzed and
compared with each other. And the final results about realizing a homogeneous magnetic field provide a

reference for developing the FRS equipment based on permanent magnets.

Keywords: permanent magnetic rings, distribution of magnet, simulation and optimization, Faraday rotation

spectroscopy
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