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Low Noise Current Amplifier using Superconducting Quantum Interference Device
Array
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Toshimitsu MOROOKA¥*, Hiroaki MYOREN** and Susumu TAKADA **

Arrays of dc-superconducting quantum interference devices (dc-SQUIDs) consisting of at least 100

repeated dc-SQUID elements connected in series were investigated experimentally and analytically to obtain a

low noise current amplifier. The dependences of flux noise on the number of the elements and the number of

turns of the input coil were examined. It was found that the flux noise is significantly influenced by the

dynamic resistance of the array when the number of the elements exceeds 100, although the influence by the

dynamic resistance for a single dc-SQUID is negligibly small. It was also found that the flux noise does not

depend on the turn number of the input coil. These results agreed well with the measured flux noise for SQUID

arrays constructed using a Nb/AlO,/Nb fabrication process. An ultra low current noise of 1 pA/y Hz was

achieved using a SQUID array amplifier consisting of 128 dc-SQUID elements, each of which had a 7-turn

input coil and a mutual inductance of 460 pH. On the basis of an equation for the flux noise, device parameters

were optimized systematically. The optimized SQUID amplifier achieved a dynamic range of 87 dB for input

signals of 50 kHz bandwidth, which is sufficiently wide for X-ray detection applications.

Keywords: SQUID Array Amplifier, Current Noise, Flux noise, Dynamic Resistance, Dynamic Range,

Multiturn Input Coil.

1. i

AR, WEs 72 EBARUE 5 & MR R T 5 7
DI R &7 T FE 7 (Superconducting Quantum
Interference Device: SQUID) % [EFH%#: L THERL 415
SQUID 7T LA IZBE L TE Db D TH %,

*EPERTFRTFEE BLEER AR
Graduate School of Science and Engineering, Saitama
University, 255 Shimo-Okubo, Sakura-ku,
Saitama 338-8570, Japan

ST THEE EAE

Saitama,

VAT KT R
Department of Electrical and Electronics Systems,
Faculty of Engineering, Saitama University, 255
Shimo-Okubo, Sakura-ku,
338-8570, Japan

Saitama, Saitama

SQUIDITEmEHR A FM Ll ERixit ¥ ¢
B Y AERGHARCMERIE, RGN, Hik kR
A, BIRGRAE22 EOWEEHINCBER A ShTn sy,
(ZAEREHANG T, MR O 10 (853 D 1 DRSSy
fFHE 10 fT(1 fT=10"T) % b 2R de-SQUIDRE A
DSBS S CE 72, SQUIDDH LWGH & LT, SQUID
ey DARMES MR, KA L B — X o 2 SIS ANE AT
LIRS B 5, & F S ERMKEE Y0
T ON TVWAIRIE=L 7 =7 X458 TiL, &
YRS DU N R B B AARE T TR E REERE
T D RS IR N IR < RO BTV S
BRI Tl MEsRES 2 5HT 2 720 DR
M L RERGBEEIISETEDRERT AT Iy
IV EBRDLIENREE S TND, Ll £



B ERFE T8 %5385 2005

(RIS S RERE AR L, B ST 1Ek D SQUID
WEAGE & 2 O £ £ B TR
AW TIX, RS L, ¥4Iy 7 LU VOR
[ZH %72 SQUID 7 LA ZVEH L, 1R FHC EE R4
FEEZBI BT 5, SIS, EFEOMNTIERZ b
LT 1 pA/V Hz DIRHEE 263 2 SQUID 7 L 1 HilE#:
e, MERL, RMEEEREESRE EHT L LD
(2, FEBRIC X0 TR RO A M BREET 5. A
i%. OSQUID 7 L HiiEss O & AF | @~ F
S = N1aA VEET HI8HE SQUID 7 LA HEiE
8. @SQUID 7 LA IZ81F D A1 aA VAHERHEN S
R S D,

2. SQUID T L A HIEERDR%E & 1R

2.1SQUID 7 LA DRER ) A X

SQUIDEFitERT 2 DY a v 7 Y VS &t
SQUID/L— 7L & #DSQUID/V—FITAHAA v X 7 Z
Y AM,;, CHEARE S SN2 AT 2 A VL0 bRERL S
%, SQUIDE I IRas DEL / A AL, R/ A X
O, M, ZHWTL=0,/M, TEEND, /=, AT
3 v 27 LY UDRIIDR= I (max)/(2.36 f5) THE X5,
Ii(max) 1% SQUIDMEHEZR Dt K AN BH TH Y |
Flux-Locked Loop (FLL)[HI D KIFIZRLH O (max) &
BT 0 B 73 J W B i f & > T L(max)= @
(max)/M;, CEZH#Z b D, LITP,0RD. £ L TM,
DEKIZE > T B3 %, —J7. DRIE M, 08 & &
BT D, o> T BAFRRER /) A RFFHEIEIM,, D
HIg A FIBRIC T D720, Bl A RILEIR /A XD
M EHIZ, FAFTIv I L VOBRIZHEE R
FA—ZTHD,

SQUID 7 L A 3K & 72 el - [ E A HALR LV, (=dV/d
Q)& FFoiz, RS ERIEIESRICAD TH LY, L
DL, ZOBEHR ) A RFFHEOFEBITHRE ST,
AR#ETIX, SQUIDT LA DGR / A Rk & 328k L iR
HromimmnHF~7, FHZ, BR A XDde-SQUID%EL
KA BT Lz,

2.2 SQUID 7 L A D%t & ER

CHERTAZ LITEE LW,

SQUID” LA DEEF L% 1 1277, SQUID
T LAE, FUHET/3T A —H %R ONfE DOde-SQUID
HESEGETHZEICED, 1 RONALT AT AT
2T Dde-SQUIDZ BN 415, #%de-SQUIDIZIX, 17
AT ANT 2 A VL, & FLLIEIE O IR ER 2 AT
BIbDOEY 2 b—y g raf VL v&iT b, Fh
FHNFEA B2 7 H 2 AM,, &M, TSQUID/L— 7 121
KA I D,

W 7 A X D de-SQUIDE AL A7 2 T~ 2 7= 6 |
de-SQUID¥ D 72 5 4 FEFHDOSQUIDT L A (80-SSA.
160-SSA, 240-SSA, 560-SSA)%&#Xat L1z, #F 3T A
— X [34-de-SQUIDD[E A / A ASyN w725 Xk 9
WG SN, =T 4 T RT A—H [ (R2LL/ D)

B sl BEITNAED, 2T LIV ak T Yo
BNOERAEREERT, £/, B AT U RANRT R
— 4 B (22 IR}C/D)ITIE, B~0.5 & IENT-, =2
T, RiZT v v MEPIOfE, Clxva k7 Y VAR E
EBFET, EARNRSQUIDT LA OFEEFIRD 79
ANafvEEyal—varaf it blicl ¥—
vaAf b Lz,

SQUIDT LA |2 & - T, %dc-SQUIDDFHEF-/3F A —
AWK —ThHHZENEFICEETHD, £ZT, &
FEME, FRBIMEICEALZND/AIOYND o RIS T 0t
2% AVTSQUIDY LA ZAFR L7z, REHLV—idy

iT dc-SQUID element

o 4%_
1 R%_ jR

IREENEE

RIS

Fig. 1 Model of long SQUID array. JJ denotes the

Josephson junction, R the shunt resistor, L the
SQUID loop inductor, and R4 the damping resistor.
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Table 1 Device parameters of SQUID arrays.

Parameter 80-SSA 160-SSA 240-SSA 560-SSA
SQUID array
Number of SQUID 80 160 240 560
AV (mV) 2.5 5 7.5 17
Vp(array) (mV/ @) 16 29 34 61
Rgyn(array) (Q) 600 1000 1100 2000
L, (pH) 78 71 67 68

O, (u Dy Hz) 0.34 0.24 0.18 0.15
dc-SQUID element

L (pH) 87" 87" 87" 87"

I.(uA) 15 15 15 15

R (Q) 2.6 2.8 2.8 2.7

R4 (Q) 2.6 2.8 2.8 2.7

Ryyn (Q) 7.5 6.3 4.6 3.6
Input coil

Turn number n;, 1 1 1 1

M;, (pH) 61 61 61 61
Modulation coil

Turn number n,, 1 1 1 1

M,, (pH) 61 61 61 61

* denotes the designed value.
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Fig. 2 Effect of the number of dc-SQUID elements on the
flux noise in SQUID array. Open circle shows the
experimental result. The solid line and the dotted
line show the calculated flux noises obtained by
substituting designed parameters for eq.(3) and
eq.(1), respectively.
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Fig. 3 Current noise I, vs mutual inductance My, between
input coil and SQUID loop. Solid line indicates the
calculated I,,. Open circles indicate the experimental
L.
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Fig. 4 Photographs of (a) dc-SQUID element with a 1-turn
input coil, (b) a 4-turn input coil, and (c) a 7-turn
input coil, and (d) the whole circuit of the
128-SA(M7) amplifier which consists of 128
dc-SQUID elements with a 7-turn input coil.

Fig. 5 ®@® -V characteristics of (a)l128-SA(S),
(b)128-SA(M4), and (c)128-SA(M7) amplifiers at
various bias currents. The horizontal axis is the
magnetic flux in 0.56 @ ¢/div and the vertical axis is
the voltage in ImV/div.
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Table 2 Device parameters of 128-SQUID array amplifiers.

Parameter SA(S) SA(M4) SAMT7)
SQUID array
Number of SQUID N 128 128 128
AV (mV) 3.8 3.9 4.5
Ve(array) (mV/®g) 23 19 29
O, (u Py Hz) 0.24 0.22 0.23
L, (pA/Y Hz) 8.4 1.4 1.0
dc-SQUID element
L (pH) 63" 63" 63"
I (1 A) 15 14 15
R (Q) 2.6 2.7 2.8
Vo (1 V/®y) 180 150 230
Turn number n;, 1 4 7
of input coil
Lin (pH) 130" 1300 3500 "
Strip line inductance 67 : 250" 410°
Lsuip (PH)
M, (pH) 59 260 460
Cstray (fF) 86" 320" 560"
Rq(in) (Q) 52 54 5.6
Resonance properties
/(2 7) (GHz) 69 11 5.6
Vi (1 V) 140 24 12
NV (mV) 18 3.0 1.5

* denotes the designed value.
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Fig. 6 Equivalent circuit of a SQUID array that includes a
shunting circuit. JJ denotes the Josephson junction,
L the SQUID loop inductor, Lj, the input coil, Cgray
the stray capacitor between the SQUID loop and
the input coil, My, the mutual inductance between
the SQUID loop and the input coil.
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7)=69 GHzTH YV, ZDOEEEIIVi= 0 /2 7)D =140
u VOIEEETIZH Y95, de-SQUID 1 {EH7-9 D H
HBEIFFKIBOuVTH Y, 140 o VORLE THIENAE T
D2 LIEARFRETH D, - T, 128-SA(S)D O -VFRHE
X, R EE R E o T, — T, TH—V DA
J)AA v b o128-SAMT)HEE# Tl LIRS 21
AR 0 /(2 7)=5.6 GHzTH V. Z OERE I
Vim0 /Qr)P¢=12 p VOFEJEEICHYE T 5,
128-SAM7)HE & %5 2 1 i 9~ 5 de-SQUID H V< AV %
Wl Z&nb, ZOEEMTHIET S Z LITWRET
HDH, o T, 128-SAMTD O -VHEHIZHIRIC & %I
SRS BT,

FRMTARE FAIR E P IER B Cypay EAHAA X T B
AMpl FHEIRFEICRE S BT H 2 L 2R LT, £,
FOHARFEIIA T A NNDE R I 2 DHRED
HZEEWBMNI LI, RERFERZELHAA X
JHEARFIINTFE = A aANVOEAIZEY 52
LENBID, v VFH— AHaALEH-HOSQUIDT
LA BEIEZR D O -VEEIC KR E R ENBND Z LR S
iz,

5. fEw

AMFZETIERHES 2479 % SQUID EifiHg g5 0D 5=
Bl % 728, de-SQUID % [EFI42#E L THER S % SQUID
T UAHEIERCER L, ZOEHEEZ B DT LTz,
ZORERLE LT, LT ORI AT,
OSQUIDT VA DREH 7 A4 XEMHT L., Hii-l
de-SQUID D ENEHT 2 B JE L 7=k / A A OB im %
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L7z,

@dc-SQUIDH M Fi 72 % SQUID T LA A AERL L, sk /
A RziHli Uiz, TORER, TNETERSN TS
de-SQUID D EHEHTIZ K % % 5-H3de-SQUIDEL D il &
EBIZKREL 2D, de-SQUIDHL AN 100fEH LA T/ A X
DD LipnZ &AL L, £, Fiatic X
DRMERM R & ERAER LT R <8 L, AR TEL
L7 BERR N DA 2 E 2 s L 72,
Q@OANNIZANDE = BDRI D~ NVTFH— N2
A% HOSQUIDT LA HRgR A /ERL L7z, BER /A
ZADOEERARAEHWTAT A NDH — 8% i kT
HTEIZEY RWFETOHIEME TH H1 pA/Y HzOE
Wi/ A AL ABOXAF I v L PaHT HIRM
ESQUIDT L A Higi#s 2 F2EBL L 7=,

@SQUIDY LA FAT DIER TR P -VEFEDFEAEA Ty =X
L EfRNT Uiz, & OFER, SQUIDT L A 121X, de-SQUID
S SN T E AT A VIR LT R B Lt
RE—RPFETHZ LA LMNI LI, £72, 20D
AT ZABND, OIS 7 A RFFPEIC R
LW &L NI LT,

P

AWFEZ BT DD B THRE L AR T
PEZHY £ LIEERTFLFMEBRES VAT LT
R E - EER, R XD EEHT
ZLET,
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