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Abstract : Superconducting quantum interference devices (SQUID) are superconducting devices that use two properties to resolve very
weak magnetic field variations, including flux quantization and Josephson effect. They are used in a wide range of applications for
sensitive detection of magnetic signals. Therefore, to ensure the accuracy and quality of its output mapping, it is essential to calibrate
it periodically during use. In this article, the calibration system optimization of SQUID second-order magnetic gradiometer in use is
discussed. A Cartesian coordinate system is established with the center of the calibration coil as the center point, and the relative
position in the Y-axis direction is fixed. The calibration coil is moved from the Z-axis direction to find the maximum position range of
current sensitivity. Then, the position is further calibrated precisely to find the relative position in the X-axis direction that is least
sensitive to the movement in the Z-axis direction. , which provides a larger tolerance range for possible human errors in calibration.
The analytical model and the finite element simulation model are validated against each other to provide a theoretical basis and
precedence for subsequent experiments. The calibration coefficient of SQUID second-order magnetic gradiometer in use is determined
to be 1. 107 through the analytical model, the finite element model and the measured data. The uncertainty generated by the proposed
calibration method is analyzed to provide greater robustness for the calibration of the gradiometer under low-noise environment
conditions.
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Fig. 3 Diagram of the calibration experimental equipment

FREE TR X Sih 7 ) oCh il 55 o 2 P O i 22 T ) 2
PR ROR RS i v, PR BRI 2 5« ISEUHE,
[ e St AR B LR P R e B e A 2o 7
Hh R I SR B R B R A, DR AN OG T Z T
HIRES R
1.3 H3pHmiBitiEal

SR SHR o AR R, AR SO G 3 43 A B
WHEEARATR R, B BT 2R B AR B B ROE/N TR £&
Rl JIT LA TG T K ol DR AR Ry A AN 7 , 3 SCik [ 18-19 ],
AR — e T T AEW RIRAFR R T, 32 BT F B Y
TRV Z 5 ) AR SR A K

e 4 R, Bk B AT X0y Vi, B R,
BT LGN 1 B IE S X flE i - 5 e/ 0 — 4k
HL UG Id, He X AR HR N Reosh, Y lIARHR A Rsing, T H
oG Idl v KRR N .

Idl = IRAO( - isinb + jcoshH) (2)

BRI PR R — 8 P AR (v, y,2) W PSRN

K4 ZBEEADREE
Fig. 4 Diagram of the coil model

WOoTHIEES d 28
d =+ (Rcos —x)> + (Rsinf — y)* + 7 (3)
P R BNE R T K i e, A

1
e, =7(x - Rcosf,y — Rsind ,z) (4)




158 & L £ ¥ W

AR B B — g A i 1 3 PR K A s ) e — R
SR 5 B2 R/ N T L i R A

Mo (Idle; x e, p, rle; e,
Mo gl X ey Mo gle > (5)
47 d 47 d
Hrr,
i J k
e, Xe, = 7 — sinf cosf 0 (6)

x — Rcosf y — Rsinf  z
Kt i gk A RER XY Z B B — A B i

K (6) FRARIZ(5) b, T 2 it 159 2k Pl 7 5[] ) —
SURE RN RIE Z i Rk 0k

M (T IR(R - xcosf — ysin@)
B, = EJO —\ N R 3d9
(+/(Rcos® —x)” +(Rsinf —y)~ +z°)
(7)

H b AR TR TSR B R L B i, X T s
] A — 19 Z Ty o) B e i B X (7)) B, D —
EER o R R IME B, W3RN

B = szp X
Te e
ggfﬂU«R—ucma—(v@7iiiff£?’+b%melw y
4o (W(Rsinﬂ -y ) +2)’
y, dx (8)

Hor, n IR IERIE TS w, WEA BT o b 515
AR HCER B RO B XY AR %, 5y, PTG B R
ik,

AR & 2 v 7R (8 Z B BT H I GE 2 T 1), 78 20
KRR T, SQUID — B 86 3t i ¥ ik 3% B, ™ 3%
NN

B = (Brin + Brin) = (B + Byu) (9)
1.4 WRERGHERITIEE

I Elmer JFE07 BT Ko A7 BRITIZE NS Bk B2 1
PR R RO AR, B TR TR B AE B 25 ]
WHEAT , # BRI XA AR e R G, BRIA R T E 58 2%
VLFC 2 ( perfect matched layer, PML) LA, SEHLS5E 4
WEBRM . e R AH 200 /N 1 mA Y 2k P8 A ik
Bl He BRI 3 bR S S, M TR A S
HURR G G R 108 22 K 6 B0 T 2k Pl i Ak oy — 47 i
A A IE BRI LAE e YR RN 5 (a) s, IER
A 5(b) Ars .

BRNIRAT G 2 R e, l b A2 s i 15 O R S L T
FEXS A TR . AR A ] T #63 (mf ) 94 31
G AT gR 28 SR ARG T R 1Y, DR i 3 ~F
E 7 FAH O RIEFAS W2 (B =g H) . ik
ACFRS | SR AT (R0 Jy o e Ny SR B AY | - AT A DG
RSB ICE

H 44
0.5
m
0 30 mm
i 0.5 mE
N 0.5 _
i\ g B RELR P
D 0 m ba, ‘
B }
05 , o Bt
0.5 '
e 0 m - 25 mm
(a) TERE (b) IEMLHE

(a) Render map (b) Front view

K5 Elmer {fi E&5H) R ER

Fig. 5 Diagram of Elmer simulation structure

SEMSBBE G WL HEAT A% 3 70, 75 1 2B B2
THER B2 5 5 b 2 B RS 45/ 0 X BT Ak 0 A 22247
FEAL B FCART AR LA R 1 e I A ) A A 7 3
gy R AR IS S EA SR P S B L
{6, AR AR AR BEA TSR %

2 RE=EMEMRN

2.1 fRHkEER

SQUID A6 BT e KB HH 407 B 37 X v 300 199 e 12 2R
fgoe N, B G R A5 5 BT 7 B BB R, S O A2 I A%
A AL B A R 2 60 T T LA 5 R AR IR B M 7 g 52

HRIEIFRSE (B 1) SEF T S — R
MY BT ARG R ERE S 2 B AR R R
B MR w10 55T 03 — R B il 26
e KAB AT A T o) o7 ) 5 BEAEL, 25 SR &l 6 B

A& 6(b) AIAL RS i « i 0~30 mm B, B
P EAEHTE 50~ 60 mm LN, ARLAEH VN Z W BN
T BE T T v A A ) O] e R, A R L R, AR
(&1 6 H e fe A o7 B30 161, i — 2D 1 20 B A 3R 48 ) AR
Xof s [ B, R S B IR i o, 8 SQUID Fifi g £ 1Y)
A Ak 2 AR 2 A A HAT B K

15 10"
=
o
# 10 |
bl
,]2
i
# OS5T
&
+
2
£k
1
>y 20 20 60 30 100
T A z/mm

(a) A~ [Flx T f H B - 38 4k

(a) The variation of output with z for different x



F Pk 4E . SQUID M RERE EE TR 5 G i 245 A1 ARk 159

559 1]
Lot e
0.5
2l
¥ —
.lm “ { 15 mm 'X
- 0 3 \ 0 mm 4 x=15 mm
3 nm 8- x=20 mm
=40/ mm | (F=0mm 4. 30 mm
5 mm oo
10 mm - x=40 mm
L e x =50 mm
-0.5
0 20 40 60 80 100
A z/mm
(b) H—H

(b) The normalization
Ko frpTRIELT @A 2 X SQUID Rk e Hh i) 2 i
Fig. 6 Influence of height values z on the output of SQUID

second-order gradiometer under the analytic model

MRIGATIIE(8) , BB L LR P 21 [ A € (a,b)
Apa MR i o e (4R RV R i AR i S R
9 0~50 mm, 2 AN G BEAE = T B3 — ek 2 {EL B O
Mot x L HZR (15 7 () ) o

N FHRAETE— WAt « T, B = i i
Gy FE (i Hh - LR R R B/ . X TR — (A% i« T BT

%107
1.25

[ ~o- z=50 mm 33
1.20 A z=5] mm P

<o z=52 mm
1.15 ~+ z=53 mm

-2 z=54 mm
1.10 “# z-55 mm
¢ z=56 mm
1.05 == z=57 mm
< z=58 mm
1.00 7 z=59 mm

MR T R S SRR, /T

20 30 40 50
R Ex/mm
(a) AR 4y H B2 A0 B

(a) The variation of output with z for different x

%1020
141

0.8

0.6

5 2 42

0.4

02

1.0 20 3‘0 4‘0 5‘0
R Bx/mm
(OF=YE =
(b) Total variance curve
K7 sy S ASEE « X SQUID ik iH4m AU S2E)
Fig.7 Influence of offset x on the output of SQUID

second-order gradiometer under the analytic model

y 4 N PEEN N 1 Ry
I RAT ST, 5 S B, Hy— 3 By, Forlt

Mk . DAME B, SRR, A AN ) i BEAH = 9 %580 ith
2GR E I Ty 22, BB 0y 2 E A b
TR RN BRI /ML, 3% A7 B X IO 1) i % 2 B kg Jr SR Az
B, AL ST ERBRR o, Y, (B, —
B,)?, el iy 22 L 7(b) s,

I 7(b) A5, %) 50 ~ 60 mm X 8] BEAT F1 4 1),
J5 22 26 7E 20 mm Ab % A= B RFEPT, BIZEOL B R = A 2
P78 AR R S — i Aok 70 i (LS W) e /0N, X A T4
LI SR ARG JH IS Y X ) D A% R T R B AR
(Ao
2.2 BARTHEBESEREME

A4 AP A S B S G 50— b i AR
AL, BrorE A B B o S 5 A I S R AR Rl By I R,
SISt xR (AT S B 2 A, 75 3] SQUID
TBRR T B R AR X R RS 2 1 R fk il 2R
(F8(a)), HIE 8(a) AT LIFE i, b & s it « (13
K, I (E R AR S W& v i 0~20 mm [
ML JLTE A X A7 0 — e b 51, LU B0 5 B
FIH A B2 204, An1&] 8 (b) i

%1010
o 15T
~
QQ
=
B
2
#
]
P
=
=
ES
&
I
;5 L " L "
0 20 40 60 80 100
BB z/mm
(a) AN R T 4y H B2 4
(a) The variation of output with z for different x
x10720
1.0
0.8
0.6
R 04
=
1 02 7100000,
o 0 19999 | =0, 5,10, 15,20, mm_y_ y—10 mm
1.999 98 ——x=15mm
02 1.999 97 e x—20 mm
: 1.999 96/ ~+-x=30 mm
-0.4 199995 X7 ~-x=40 mm
1.999 94 —— — ——x=50 mm
06 N 35 40 45 50 55 60 65 70 s
0 20 40 60 80 100
T Al z/mm
(b) ik

(b) The normalization

K8 A FRITHIR T i B 2 X SQUID Bk B T 52 )
Fig. 8 Influence of height values z on the output of SQUID

second-order gradiometer under finite element model



160 & L £ ¥ W

a4t

P& 8(b) 4 T B WM S R RS B« T RY
I EALE A mAs it v A 0~25 mm (1 iR IE(E 1Y
TR R 2 %5 T 60 mm L E AT N, S AT
RURFH QLS SR (1] 6) AT LB TIE . 1l W] A6 it v A X I
TG A 5 ) il S SR B B R AL, W i FL WL ) R UE e
RIZ A3 B A o P s (o B A

HE— 21 o Bl 1] PO o B A = R B AR MO 19
PRaE LB, AR R A AT AR Y B e R 2
{6, FI AT BROCAR AL i # 1« FEAT 448, 75 3] SQUID
TR B T i L R AR Xl A2 1) 7 1 R 2R
(E9Ca)) .

P AP R 14 S5 B RT A%, A D A% B o AT AS [R]85
JFEAH = T 0kt AR Al . X B A T A5 g A A
R[] B A 24, 44 35 5 2 R KR, 7 L RS Al A B e 8 1o
B, T 22K EENIE 9 (b) 7R

1201
1.15
1.10
1.05
1.00

Plbbebettes 2

mﬁgﬁ@m@lﬁﬁﬁﬁuw/T

0.95
0.90
0.85F
11
0.80 y
0 10 20 30 40 50
P Bx/mm

(a) ARz T ¥ H Bl 2R 4k

(a) The variation of output with x for different z

%1020

- T &

Jr % i 22

\ J
10 20 30 40 50
R tx/mm
(b) K77 22 it 4%

(b) Total variance curve

B9 AFROCHEAY N f%f o X SQUID 5 B2 i i Hh 52 i
Fig. 9 Influence of offset x on the output of SQUID

second-order gradiometer under finite element model

DB 9 (b) AT LA M F H, fEm A « N
20 mm B, IHZR A EE & B e i, 5 AT RS AR B B0 IE, B
FEZIRFE i« T, SQUID A B 3 %) i 3 ey (LX) T
AN ) 25 BEAEL 2 22 0 A S AIC AR P | 2 A 0l 2 f fE A
FENLEFA, B E R E

2.3 FATERITEE R 45t

H AT UL, AT A 78 5 B AR AR ) B2 SR A
WM ESRUE AT A E i o S A A A
FERGMPLTHLRE ) SRt e gL et T He
W, A BRTAR AL E A AN AR S A SR E N
TR RSO 55 S o ST 56 A 3T LA PR 05, R S 5GBS AT
PEIRAL T AT SE AR

SRR — 2 B AR S B S PR A A o 398 i B
P, R 1 TR 3 R, 7R 12 Bl P B BT T — B
Ytk BEBE B 2 AR AAE, 1) A8 TR A 19 807 22 37 % N7
BEEENE, SRR EAE T iy 2’5 B 2K
10 iz, B 10(b) FiRss 332 Imfs i « 24 20 mm,
B 2 50 ~60 mm, B EE 0 G S B0 A R
FE, AR LRI K B AT

®1 FEBEEREE T HEBEXTLE

Table 1 Comparison of the output robustness of

different range gradiometers mm

Btk xR EAE 2 FoR BV 2 FoR EEH 2
0 40~50 50~60 60~70

10 (10,40~50) (10,50~60) (10,60~70)

20 (20,40~50) (20,50~60) (20,60~70)

30 (30,40~50) (30,50~60) (30,60~70)

ARSCHR H B9 AR RE 1A 2 DS AT 1A R G ASE 78 1 ol
AT S BE HEAT T AHELOAIE , 8 T SQUID — [ BE 4%
Rl b 7 B, BEe BTk T i T A TR
Tk 5 A RS 7 ot JEE ST RS i B i 340 AR X7 25
PRI SRR 22 | (SR T BT AL 2l 19 5 v el L
AERI AR, RN — 2t e e L it 17
T SR

x10 21

2.0

Wt B 7 2 4H

Wish —

(a) AN R R B B v A 38 07 22
(a) Mean squared deviation of gradiometer
output values for different ranges



FIR S SQUID —BRERS TR e 2R G810 2 Al B AL 161

559 3]
%1021
S
7 \;‘4(%50 mm
x:10 mm

6F
- 5y
m z.4(12?li(l mm

x:20 mm
“Q 4 F 2:60~70 mm
x:30 mm

’E‘:] 3 b 2:60~70 mm

B x:20 mm

2:50~60 mm
2t x:30 mm W
2:40~50 mm z5
| x:30 mm \;0{(,{’(,)“:“"‘
2:50~60 mm 2:60~70 mm
x:10 mm x:10 mm
0

1 2 3 4 5 6 7 8 9
fr B 5
(b) 7S R s BBl B JSE - Hh APk 07 22

(b) Total variance plot of gradiometer output
values for different range

P10 ANIRIVE R BE T i & R M) L
Fig. 10 Comparison of the output robustness of

different range gradiometers

3 EESEEMA SQUID SEBRIRE RS

3.1 J=ESEERW SQUID #R%E

HR A TR 388 S Atk B X 524 R I A S 56, 5K
Wike B B 11 FroR, S50 I X bR 2k it i ok 1N Sy
4 mA 1Y UL, , 4 BT LRI 5 b i 2k Bl Y A28 ] AH X2 %
4 20 mm, SEBRERAE b Hy T 0 2 A DA P 1% R RO RIS R
HEPERE S EAE 2 O 0 TRAR I &, SEgead B P RS
BhbRE LR, AR S 2, WEEE SQUID 6 B 1132 b i
B, MREE a3k 2 s

BT AR LR ey e B A

Diagram of Calibration experiment physical device

Fig. 11

*2 FIwMikgEE
Table 2 Experimental test data

= BEAE 2/ mm 25 30 35 40 45 50 55

Ky B/pT 1500 1750 2000 2100 2200 2280 2300

= BEAE 2/ mm 60 65 70 80 90 100 -

Hith & B/pT 2300 2250 2200 2050 1870 1700 -

A ST AR A B TCRE A 1 0 2R A
S REABHE 2 B SCAL B, , P BN — R 5 {5
RSO T 1 L P RS 5 B, 5 LRI B R 2
S (B, - B, 1> /N AL B, = F(B,,) BAET L
(2, 2550 12 F.,

2600

o fEPTEAL
- AL

2400¢ N A AR

2200
2000

1800

Mref BT IR SR B, /pT

1 600 b " s ) 3
20 40 60 80 100
Bl z/mm

B 12 Sess s S 0 A RAT 1L

Fig. 12 Comparison of experimental data and simulation results

SRS WL, S AR AR5 L 2 i LS AR
o, FRUCHIE 1A SO I AR E TR R B SR, T
SQUID et BE i, ARAIE X (1) FiL e w7 5 3 o A 2
THBR RS T G IE LE, PRI AT LR

V=B .A/(KTesla/m[t : Ko) (10)

T, B R, Ay B HE 2 P T B GC BE
Ky JIRBEETHIORE S — FEEEHR L, K, MR R
B, TS SCA R R by 28 B R 2 7 160 5 R 7
[ AT R L, Bt (10) AT LS

K=o =8 (11)

V. KTcxla/L’ult Bo

S5 LSRR | A N TR AR AR B 4 B A AR
FJA I SQUID BB EE TR HE R B K, ¥R 1. 107,

LT S 52 T 2R , 7 96 4 VA b 152 2 0 U A
SRR Ty B, 25 A ASORA IR H b 2 TR R
ST R K, A2 6 7] 4572 14 52 5 2 A7 T AT R
B AT
3.2 REGRORBEESH

FEARAR 352 22 11 8 JGUB J30 B b ok 5 1 R 6 52
WS (7)  MRERIRE B, HOREE 5, -

dB.\* , (0B.\* , (0B.\® ,
8y, = [|—| Ax +(—) Ay +[—] Az
4 ox dy 0z

(12)

i OB- 9B. 9B, N
Hrp R0 — —  —— RS B R
ox dy 0z

ZRUE I EAL I 225 s AL i RER oy 7 ) D E ML,



162 f# £ ¥

a4t

B
Mayz 0T 2 07 LRI A AL B (2

Hhek | 25 R 13 s,

11
6 *10
-~ x=0mm
~A- X=5mm
5 \ - x=10 mm
\ —— x=15mm
4 Y - x=20 mm
\ ~#- x=30 mm
3 0~ x=40 mm

x=50 mm

R A T/mm

2‘0 40 ] 60 8‘0 ](;0
B z/mm
[ 13 W3 — Wb B R v BEAE = AR it Zeb
Fig. 13

Slope of the second-order gradient of magnetic

field with height value z
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