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Summary

SQUID can measure extremely small magnetic field based on

superconducting loop containing Josephson junction. Since the invention
of SQUID at 1964, it was applied in various areas. SQUID can be
divided into DC SQUID and rf SQUID, and they can be used in
measurement of neutral activity inside brains, MRI (Magnetic Resonance
Imaging), mineral exploration, earthquake prediction and detection of
gravitational wave. Recently much attention has paid on the cryogenic
detector because of its ultra high energy resolution, where the energy
resolution of the cryogenic detector is 5 ~ 10 times higher than that of
the conventional detector. The cryogenic detector can be wused in
material analysis in semiconductor industry, the protein analysis, and
the nuclear material analysis in actinide. SQUID is used to process the
signal from microcalorimeter, and SQUID for multi channel
microcalorimeter has been developed. This report contains the
introduction of SQUID (Superconducting Quantum Interface Device) for
signal processing of cryogenic detector and the development of ultra

high-resolution cryogenic detector.
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SQUID:= 744 M& A% gA7Z @A) 01§ Folh oF BB, AAFY,
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2. The Resistively-Shunted Junction

2AE AFe e A P9 g5 SYR T AY A=A FHHAL
Ao} TR AL Fokel B3 5 U, A8 Fol (phase) TS FA

x4} 2 S S 2l
stth 289 AR/ I AF{-(phase) TA o wet F /Mo ZAEA Y A Atold
A}

I= I;sind (2.1)
Ad 2317/ JFS AL F e e 94 AReld AR/7E 0% H Srksd
A2 Ads A 0w Ask= glok sHAT 10 thsi Adve Herd
6= Aok A weE ARk 7hAH skt

5 = 2eV/h =27 V/®, (2.2)
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19 1. (a) The resistively-shunted Josephson junction; (b) and (c) show the
tilted washboard model for I<Iy and I>I.
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Hire SQUIDSS’Jr AN ARAES £2NOS M3 Uk Fae) e

CV+ Lsind+ V/R= I+ I,(t) (2.3)

s e FS 8o]2 FAEI V=h§/2eE A A 2243 LdEd, (25)

e . _ 20U
—5—!— ﬁ(; I— Lsind = - (2.4)
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Be= (@rhR/®)) RC= w,RC < 1 (2.6)

o]/2nv= A I0RZ # A ZAE FI4o]t}h. Langevin equations 7] 213l
21(24)9 A noise termE THA] AZEFoZH Fgo] EHE =Yt sk

h
§5+ﬁ5+losm5—[+ [7\/() (27)

S,(f) = 4k, T/R (2.8)
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19 2. Schematic representation for the noise terms in Eq.(2.10). The Nyquist
noise generated in the resistor at frequency f. contributes directly at f.; that

generated at fjtf,, is mixed down to fn.
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3. The dc SQUID

3. 1. A FIRST LOOK
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19 3. (a) The dc SQUID; (b) I-V characteristics; (c) V vs. ®/dy at constant

bias current 1.
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19 4. Simplistic view of the dc SQUID: (a) a magnetic flux ® generates a
circulating current ] that is periodic in ® as shown in (b); as a result (c), the

maximum supercurrent I, is also periodic in ®.

old Ao R JAMFE oFFEN AFdrh GEEd RIS VAL AL
atd, F o 229 WEAZA R/290H, AP 0FEH 0y/27HAE AV=(D
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So(f)=Sv(£)/ V7o (3.1)
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1% 5. Model of de SQUID showing noise sources associated with the shunt

resistors.

3.2 THERMAL NOISE IN THE SQUID : THEORY

Dy . 2P
SpE (51 b2 ) (3.4)
hC : h . 7 .
9% —6,+ 2% R(S 5 —— J—Isind, + Iy, (3.5)
o
E% ZhR(S [+J Iisindy + Iy, (3.6)

2 (33) 4 W3t Faed Age] BAH ] Atk 4 BAHE FZoM AF(
gk &, & I )¢} #FHA Utk A (35)9} BoE J= B8 #AZo =
Langevin W7 4jo] St o]5 WAL FoJE AYHL B=2LL/ 0o} 3 2H| 2]
Al et E Be]l Fe SerE Y] gh(M=2nksT/Io0o)e] AITHE Heol thaf
FHAHACR HAT F Atk 'He = HAIA AF A SQUIDsE AsIMET
=0.05°]t}. b AIZE-F e AV vs 0], THEZ Hlolojx HAF &
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Vo= R/L (3.7)

S, (f) = 16k TR (3.8)

e(f)= 9kzTL/R (3.9)
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3.3 PRACTICAL DC SQUIDS
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CuAu Shunts

19 6. (a) Configuration of planar dc SQUID with overlaid spiral input coil;

(b) expanded view of junctions and shunts.

L= L (loop) + L; (3.11)
Li=n*(L— L;)+ L, (3.12)
M= n(L— L;) (3.13)
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3.4 FLUX-LOCKED LOOP

HZ ARE oYy gRE AAZ FHEse AL AAAZ2] null detector 2]
e 32 SQUIDE AH&3tal Uth 10094 500kHz®] ®.5 9 F34 fm¥}
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golr, N& #3379 gn &S Yehd Aolx, Q= tankd 29 q factors Z3
. N 52 QY #& preamplifier®] T+ 255 FHZAslst7] A& AdstAck;
T YAl amplifier2 55 9] 52 42Kl A SQUIDAIA Eto} 5ol &
A7 doh 24deolHE SQUIDAA ®lZste A&Hs A&t FF F,
SQUIDZ R E] Al

i
AN
o

of T
ol
N

Y B2 A FATEA] A R oA Y WstE
st= A& o] &2 1/f9] FF3 nutolojx HAFo =
AAS Y. |Est= 35 500kHz, SQUID®} preamplifier 18] 3L F 9] A&
7] Atole] F uje] W3V E ALE3}e] Wellstood et al & 6kHz7}A| 9] A& F
o] g £2x10'HZ/%2] B4 W9} 0%F 70kHz(+3dB)o] F3+¢&, 1
secte] AU slew rate7}A] @A A

>

m 2
N
olr
off
o
£
rE
N o

o] =¥ ZE, preamplifiers

AC)
Kl
(€3]
X
—_
=
o

3
A& e 2HEY 49 s 24 Ao A, B
FagrE A= FzoA "olx Wie HUZAAY Fias WA, 53
JESEo], L = 200pHS R = 8QZ 7IAx =H3I A%H FSS S1/20
=(1.9£0.1)x10-600Hz-1/2, 2 3.7)% (3.8)9] AZF<S 7IXxn =8 UA LA
AR E AEFS YA 4x10-32Hz1~400h. B IFEL FS dUAES
s TYELE =

HastAY L 52 Co @2 ghs 7FAAL o] At SQUIDS 2E9FE
Abal7] 9138 Wellstood et al 1K ©]3t9] & & 7kl 3|4 @yAFarol A Jz}s}
3, oF 150mK ¢} 2 F WA dc SQUIDE AME3tA =], L ofdil= &

A7F Ae At HA ol E3= 150mK o]t WS wed A4
EZM &5 7tgoE FHHAY. olH ErlgS ZAZE hot-electrond 72
Foh: WG o A WES dAe FAE dUAE AEd 5 A3, AHE 7]
of dUAE HIsl=de vlgolth E29 22w d#HY W7z # CuAu
Z74S AASIEZAN YolX T hot electrone T2 ZAEZ w274 oy XA
Adsle] fine 2 Akstth wbEHE AA S7teH, Fagste Aot 3
Ao e 1 SrtetH AA vtae Y a3 WzhE) ol wWAo

oz
2 SQUIDZ} 20mK¢9] bath 2= o]H go| Al FRist= Ha7t <F 5h7kAd o, &

ot e

2
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HAQ AALE=E ¢F 50mKE Fo]Etk. 11 $9, Ketchen et al2 L=100pH,
C=0.14pFE 7}% SQUIDI A 2] 0.3 Ko™, ¢F 3he] &g duxE 248 5 3l
=3

3.6 1/f NOISE IN DC SQUIDS

dc SQUIDsol A wiA} zhg-o Z o]sf Rt &FA|wt & E°] neuromagnetism
A¥ SQUIDse &L F37F 0.1HzoFN AY wwk 28] 1/fe] @A &L
“ficker"Ql  Fgoll AoA F Aol TLA HAU
dc SQUID®IA 1/f ¢ FHa Hasrh oA dAls 24 A
PAAFOAA 1/f Hol]2REH EAsta, 1 7
g olsfi7t "ok AES 3

o,
N

;
Ay
(i
o,
)
i)
o
=2
>
2
D)

ool A Y(local)
AARAFT D=7} Aot L 23, single X8
= = F R gk Akeledl ¢kF {lo]

EtAleAl ®atr] sl Aol AT oS Aol whep 2 Abolof] Ht
o

S 3.15
() o 1+ (27Tf7')2 ( )
7= 1yexp (E/kpT) (3.16)
we FagolA wajelealy, 1/ o4l FasolA 1/nE Boldrt Be
Bl 28 HAFL doll e EAsHI, & Bl R FAEHEH, e A
+olw, B 49 FolE Ean
drtH oz A SGAIQ wE AL Ao JPelAs oAy EFo] USA
EEY &FEY HEE 7] 8l BAZHCE S-S 259 dis dAlste] =
gngse wrd + g

TOGXP<E/kBT>
S(f) o /dED(E)[ 1+ (QWfTO)QeXP(QE/kBT)

(3.17)

DE)E 43 oy £ 7171 E=ksTIn(1/2nf10)<]
Aol = Jorth 2B 2 Foixl 2=
E€] kBT ol o of &9 ¥<le] k. wheF D(E)7}

kBT9} #edsto] Fo] ylod oF AHE DEE v F Ui

s}
Lo
o
L g ® L
23
N
r
X,
e}
oA
= rrodr
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S(f,T) o —TD@) (3.18)

g et AAPFAA

1/f 59 A71= (A1+A2)/e W|RFY] HAgolA FAAF o SB}EEA
A& qualityel]l AetA Y&k, A13 A2 F /i 2HEAY AYAAS
ity FHolA e x5 HAAes FAARFY 1/f9 FS & o wEU= F
A A WM FHE JhsA & Aotk ZYEE FolR TEoA, W
MER FAAFE 7HF AL 92 1/f 752 712 Aotk HEL AP 9
A E2HJAIL, 1.5uVe APZH o= nlojojd FH<to] Atk FFH7F+= SQUID
g 7HA 3 SAS AT 42KA Fe2 gy es 2RI, Fes e
AUl 29AARS 28 YWY A2 2z BAFa Qo FAHE 2
T B& AEAZT O oE3T) Savo 1EL 1= 10=10s¢} E=1.8meVZ 7}37
21(3.16)0] AT TAPRT. ATrt 1= AFFHOE EEEHIJSH 4.2Kol A
107mse] HI S 7HAga oS3t SQUIDOIA 1/f 29 F WAl Axe

se FHozRY WART o WAUZS 1 A

V=0 o o373 Yepdrh
1/f A% Jeo g vpate] wlo]lag Fxo @ ZstA &
dth a2 5o 1Hzol A¥Ho g 10" HZ'Y 1/f A% &2 @
= 558 AEY 2 29HE Nb FIZE 7HA A HET
£ AFstAct vhdd, ZgsA 2L 729 Pb FEZE 7Fd SQUID
FHolERE WAsHE 1HzolA oF 2x1070%HZz 9] 1/f F< #@¥S vehdh
Tesche L& oF 3x100%Hz"'¢] Nb 7]18Fe] SQUIDI A 1/f & #Hwolgt B
1Y} AT, Foglietti 182 2x1070%Hz 9 #AE YAANF 1/f 2S¢
29k Nb 7]¥ke] Zxjojt}, 2822 Nb dtehe] quality:s 1/f A% 759 ¥

oA 433 T3 988 dru A2 AL F Utk AAE WIUSS o
St/ el 2RHelm AAHe BAS welsho ATk /i 4L T A &
s Apole] Za% AAH Aok ek YARR GLe AEE Wx 27
g3 =d & oy, HiHe 2% FE5e & & o dAAF 1/f e =
o]7] $13F WYL olafdty] $18) SQUIDE A= 1/f AY #oo ~dey W
© 4% AR vhelolat 4 (319) B 204 & 9w AAz Bk

svin) = 3 [V/on)+ 22 V2] Sh() (3.19)
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A (319014, 449 e 2FEY I S()E 7ML AT F&9 2
< YEs /g JAASH 3o A WA= “in-phase mode"Ad|, 7} F
Mo AR 22 A WEe wEofdth BEAA A& WE schemed] <
& oldHez AAH o A2 1/f F5 FarEg A w2 Mx FyFS
rEoldTh 2 (3.19)9 LEZE F WA &2 "out-of phase'REZ F 7|9 WHF
< WHSA, e 29 Folng sQUID F S 24%7} 7= 237t
d

=

o 2B R o] &ole FlojAE V=05 A% AE FSo=ZH YEA|RE
HE9 A& WX schemed] 93] & 74]_‘-:_, A HA e ol
2t T WA £olo 293 schemes =% F A
ZkotE npoloj A schemeE E3Hsh=d| BTiol o8] ZHH dc SQUID Al 2~H)
o]g3t= Zo] Hlzdtth. tAE scheme, & WA 1x3 7HA|(SHAD)=
Foglietti 18] 93] A TEITh. Koch 18¢ A3e aokste] ek
SQUID+ peak-to-peak %<1 Odm=00/22]100kHz AZu}le] = ]% 7h Wz
" A&oldn. SQUIDE 53 sAdez WHxEE 7H Holojs dFe e A
FH O F FI fr=3.125 kHzolA o] Ht}

A& BHIAE transformerES AWle FEHFE ASSI= 3125 kHzZ 4
"ot FA A @/2 Jo g H npolojiE SQUIDY Z-§HT SQUID"HH
preamplifier’} FAZ A transformer= Q7F ¢F 3& 711

L -9 234 229 100kHz AlS oA <= gy o= /\]'O]-ﬂr
tF. SQUID<= lock-in detector A& ®k5-5= ZAHE SQUIDZFA| 2

i

mlo
<

kHz Al&Z& vAHg x4lsz fAEY o fr d4 U]‘?l-"/] —erﬂr—}l\‘oﬂﬂ
wkrdms 2|5 A& §@+= SQUIDe| & 83ttha 714 sHAL V-3 48 ol FHSI
i1, 100 kHz A& ®2E 49 ublojojzd tigh IRIE 13 2, 59 Hio]o]2o
ﬂ]a 37} 4 Alolo] SQUID=Z H &3t} o] A3 7} reference A Vrt 49

< o, lock-in detector Vi 28 &9 & nlojojx~ {9 & o SA4 il &
© 2 7he peakd] HER FAH AL Aot o] Yo H- SQUIDS
&8 AEHES HASH7] S8 AFEE 600l HlEsie 29 AsE wEodth 1
HER Qo= npo]ojiel A& o]Fe UomWA SQUIDE HGE o Wale A&
of 8% A SQUIDIA ®k-3-3Hc},

PADFA g 1/f FF2 &35 stk el whef fr wvke] Fuha
o4 out-of-phase YAHF ®ES 73 HEol ofsf T E A&HS uho]

ol MF7F doz B uf 57}t Wiy
ARF HE Wl lock-ine] EHoA 9 AGS u]-O]
o b2y Az dig Al Weta, 1/fr Bk EX ¢ 7 :rLﬂ*o“ ‘1’301’\4 ’\J
o] AIZFE T 00]th. IHEZ in-phase 9} out-of-phase YAXNF WE &

1/f 52 scheme®] 93l AA" Folth. High-Tc SQUIDse A A/

do ol o
flo

2
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oA 1/f /o2 AHsla, A FI4 H&ol gt -3 I3 4 scheme AHE-
371 918l BFHolg, A FxzFxo], vlolojX HEH scheme
o

7o) 1/f F&

A

3.7. ALTERNATIVE READ-OUT SCHEMES

A& W HPAo] H|E £ wWe ] ZFoF AHAFF
alternate  schemes=  7|& & Ut}

neuromagnetismo| Al AR&E ThAiE A Al ths
st7] sl a7l sl F717F HU

o} FEFATAELS SQUIDE HAEAH R WIZtsim opdE 1 435 oA SQUID
ANA AElock FE7MA] SHOZHEE ZHo| 3k schemezZ o H T
SQUIDZE #& & 7HAx 259 $H Al="S HAHe7] 98 24L& dAd
I ZE ALRF A= X}-—’.——locked 2= cryostatFE A3 o] &stAtt. 3t
A gt Drung® FFATAES 50 pH SQUIDONA o 10°0HZ"/?2] #445 3=
7R dAle F o Wgeith ol AT AE Foglietti 159 W A8
AE HAS AFESE Al2"HOAM 1/f oS 3 29 F AT HE IE
Z 9 Mg 87t ANYH cryogenic UAE F=w AFLe o8 FHS
FeTh - FASHHA] oA Ao dig txEs 285 wEolya, FY
Zt&:-locked S AlFstal, SQUIDS &3 Fo7H I/ 7HA v &

= St #H g2 HITolA, Mick ¥ Heiden relaxation oscillatoro A 3] 2~
2 AgS 7FA I de SQUIDES F#3A T} oscillation F3+E SQUID A
Zo &A=, ndoll A HAE, (nt+1/2)00 A Hjol ZF gtk 10MHz 9
ZFukgroll A A A Fulg HEE 100kHzol . ©] 7]&- SQUIDE A4y
= 2 Age vEAYEY A& %ﬂléi%ﬂw AHAE BHA] k= UESL
= 297 3/ "9 42 dAaEzY s dedta HEEa oF 80pHol A
AE YEAE 7423 42KE ¢F 10-500Hz- 1/20M g =7F Aot

R AR SO

)

2o Drunge F7F2Q1 o] 3 =¥(ARF) /ids =4l o] 7<=
A, SQUIDAIA] A7 A o2 At Add JIYEXE 7EA 3 H -] 2 Aol
EEZE AT SQUIDe| H&¥ A&o] WM o, SQUIDSE WE #=2 Alojol] AR/
A Fuizb Ja, JAYhEE F7EAQD A& A SQUIDZHAl 2%, o] I
e FolARA] FolFA Voo 45 oESt FEFH SQUIDE Av+= St
| 2 preamplifierel] 3 A2 FF FJH FUHAHQL @A Fof,
NS HE H2oA & g8 43 Z oA SQUIDE SQUID< flux-lock
the SQUIDZ ®h-g-o] YElSTh; HE§-9 phasew F7F2A <l SHo] ol HF3}
3 AelFEth ARF= preamplifier 52 %4 SQUID %}% v Thy x| Bl wl s}
O e IJNEZA S AY I oY AVIE &4 Aol Yl Vo St

Lo



o °] 7€ SQUIDS} preamplifier Alolol]l Attt WEAZE AT &7
£ flei=d, 94 @9 Ay FAstE $H IJEE FAUAG A4Hd3] ® gE
MEE HZoA Seppat preamplifier 35 E°l7] 8] A=A T Ha
S A9, AT gAgle] e preamplifiero] 3 SQUIDE Y$A}s)s)
of shifel] FE=5F ST ©] & EEdX sQUID= A Hiejolx Hla, 1
Ae Ay 448 AGHeA FAE HAT T EE preamplifiere] M A=
< A9HAM AF FE, SQUIDAA A< o] 9le] "t )= 9] phase

SQUIDE Ay T E AYFELS preamplifier A F5S FHALodHh
4. The rf SQUID

4.1 PRINCIPLES OF OPERATION

rf SQUIDE 2 AFo] thEH ol g4 Wl ALAA G AgHAo, B
o 8l ok AY o] o] FoAA ggkrh AW HZol xf SQUIDSIA F
§ #4do]l Y, highTe ZAEAS ez Q8] $EHoz $7)7 FUok
FeAes 92 ga gokan o ol olhe] PRAA Ha ke Al

if SQUIDE UAIXF L9t Hl(non) 3]=H A2 A[F-AY 54
EAE Aol o8 Balizk A JIHEE Lo 2HEA FIE AT 1
A HoEt A& FAse F

o Hegs AWrke A(phase) =
A} &-2quasistatic 95 A& 05 o 7A gk

§+ 2w® /Py = 27 4.1)
]S: —[()Sin(QW@T/@U) (4:.2)
Grp= & — Lsin(2nd,/®,) (4.3)

&2 = 22 7 99e 2¥A
T} "FeF 0FH o7bA M8 Frbevkal JHAskAk AAAE o Boh @ w2

= 7}sk= $ o} wfjo] 7] wjFoltk Is7t Lol 717t
9, AEH AE oot AAAE Ore, FHS Z7E 00] obd HSHIEHIE HEs)
1 SQUIDE k=0FH k=1 <A Fei7tA H=Zgoh wkeF oc o] #FH o0&
Ao 2 ZRAtd, ERIE Is7t dAAFE 2H38taL SQUID7E k=0 ZHZE =
o}7b SQUIDE 9=0p-Oc7hA] k=114 FE=th 22 W2olA, -dc w|Thof] W

N
-~
ol
28
Ir
jn)
B
<
off
L
)
l
ft
_>|~l_,
dr
-
=t
i
S
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Nl

oA Z7hEW T WAl SAEHAL £xE FAT Aot o] FxEAA
E ATE Li>0y/2re HABTL FEop Sk tjRE AAFQ SQUIDsE
o] Hgolx BAHT Ll ~ 0ol A, AFA AEE tigke] shite] 3 2g 2 A2
237} Lo o3 e L A45S wgke o gulE

I, sin wﬂt—b—w

Ipsinwpt

19 7. The rf SQUID inductively coupled to a resonant tank circuit.

AAe gre Fag TS aHsier gtk SQUIDE FE QIYH
M=K(LLy)"*S %3 quality factor Q=Rr/oxl+E 714 LC 33X 3= A=
e ZYolth 7|A Ly, Cr, I Ree JAYEZ, AL, B3 329

(effective) B E A&, 283l oy/2ne FF FI40]31, 20 32 30 MHzo| T
AE = [, &, (4.4)
Vi) = w,; Lp® M (4.5)
B3l = AYH AF IZE =QL5 TASHH AF Lwsinogtol] &3+ F
A FH5E2 q7ldg as|2E Ays JAY Vie =2 d8 dIURE 1A
= preamplifierg 71X FZEth A WA, 0=0% B5E L7 stA; 05FH Inf

7F bt FEoA AEH I of A& MIr=QMly, 133 Ve x5 7HA]
AgHor Z713t) Y3 AEL [1=0dc/M 3-8 [=0c/MQY ] dc7} 2
Jo. BA32E 7tEAY J&%??} o= rf S A58, n=05 7H A
—roﬂ superscript (n)< O=n®cE YEHAT o|H A SQUID= k=+1 FE|=A
T2 k=14l EA Ho](transition) €}, 3] 2~H 2| A~ FZE 72 H 2] SQUIDY
A AU R AEE BAIZZRE EolWlth. &4 o]folA, s w7 gt
I3 AL dcHT; mwko]al, transition HAE Y. BAIEZ= FEI Y
X]—-E— iﬁlo}ﬂ Asl B2 F718 7HFHeEA 2 o]49] transitiono] k=+1°]&
=1 AdAT rE7)d ofr|Htt wheF AF I} =784, transitione 119}
= 71%% oA o7l E=d, dhvketd JdyA= F ° 3‘5—8— rate®] FHE 7]

01

Oﬁlil
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iola, AFE oduA= 7z oyx &4 AE Fo & o wWEA %o,
transitionst & U A5 A gHoh

9B AL 0=00/28 HLATH, S2HYA L FIE @20 98 o] FF T
I8 EZ transitionS A (Oc-Op/2) A rfF7]19] & 23 E TAYSta, wHA
of 87 A&-(Octdy/2)9 5 HA7F DT 1 Ay 0FE ke F7tst
i, 2 (4-6)2 1% 84 DY A WA AHAS FEITH

VRt = L (@e— By /2)/ M (4.6)

DFH F7HA L7F 5718t (Oc-Do/2)e] k=0°1A] k=+19] transition®} UX|3s}=
shbe] S| AH YA AF = SQUIDE 7R AR koA & O S7FH8te] riser
FGS} GOl Al transition I3 1f AF&5-(Oc+Do/2)oN A Al ZFgT), o] Wh2alo A, A
%29l stepEd O=Dp/20] W3t riserS TSI, ©=00] WA wEAUCG 0
8 o7k S7Fetd 3 HA 2Rl A o] Hjto] dp/2014 HA (D)E Eold A
o|al, ¢=Qpoll A HUZk (A)eZ F7istth. Veoll Al vt A2 05-E Oy/27HA
o7} S7FehH, 4 A5)HH A@.6)S wEZ A dolye AL 0l Tdy/2Mo] T}
aHER AEHAM FA2 HMISE f8) 7he 0=0/401BE AT Y@=

& T AT

VT%

lriser~

i=Bo/MQ

B
-

Irf

$./MQ

19 8. Vi vs. I in the absence of thermal noise for ®=n®,, (n+1/2)d,.
Vo= w,; Ly/M (4.7)

A A Aa7)NN Vo KE SR8 2d02R AAH0R s 4
g et dAw gueA KE ofF A4 w5 F §1719) SQUIDE
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As|2o] od JYF= WA A et

o} SQUIDE 5#3l7] HAsiA 0o 2E el dis) 3 WA

Dfts AE ok ghol] £ ° 2l

3, DF7} DEE Z#3ohd whE3kt) SQUIDA A AP &24LS DAA = 00],

Foll & AE(wn/2m) =loow:/218 S FEFOZH D s

2 (IréE)-Irf(D))v <“”/2/2 IoDowre/2m0] TF. (rmsZH BT 238 142t Vi I =o]t))
A7t LPLP=0p/2MQ 122 A 2 4 UTh LI0=dE 7FH3ta 2)(4.5)%

gk LY > LV 22104 H@8)dl FEHE 2d £ e AL B £ 9

.

Nﬂto

law|
mlm
B
>
ot
¥
fass
v
u
i)
(o

K’Q=mn/4 (4.8)
K~Q"*2 =Hgow 4 47)e 249z SQUID% s2tst7] fld, s =
At SQUIDE 1% 17614 HE Az} o] 3 wis] 2 upolojxg )
2 2E ogtdl tel @rck ATk PAIRE Ahe of 1%% SHE AL, Dol A
Fr1Hor A5 BEY] Y8 BxHG /29 HA IEFFH 100KHz A W
Z3HE A4 DC SQUIDOAM o] 7--9F o] 3k Z‘l%%ﬁk
Az oaf AFTH S lock-inoll A H o] FFEH AL-lock SQUIDS| W
ZIYE AREH SHE

Vo= w,; (QLy /L) (4.9)
4.2 THEORY OF NOISE IN THE RF SQUID

AAFE o] &L rf SQUIDY o]z thal A=At de SQUIDS 7-$-9}F H]
wehH Bas|zEet zegze Ry ol= IH] E3 FQastth SQUIDAA X
A xo|2E =Fo2ZMN AF3t) o] sectiono A O=0col A FEA EAY S
K=078] K=1ej7tA Wst&o] tha] F=53th ALY @ b 2p&e v
oA gEHoz WAy il transitions  ©F7]gt}d. Kurkijarvil -E—
transitiono] AT ZolA 09 BEFS AL A¥ATdE 19 F57
A X3t} SQUIDZ} rf AF5S 7R3l $-Zojd Holrl wAsl=d #4452 k)
A Hole T 7HA ABE /M- AA, kol2E S A AL o=
2HEGo] FojFogA JI AYVE EHsAH =4, kolze Zo= <l
af 2®le] <ol Hed, ¢=0%1 AFE =std gA E & Ao K=07H
K=1 e} 742 o] & &4ito] glow 0+, HA 2p&He] Folx ghol A LAY

oo B¢

st B4 FEL AT on @ FrlolN BAEE Holo FEL Arh wl
o), B Heolt if A&el 27 Gt g0l WAst B FENN B @



(4.10)

st71 98l of A& FJAgH Lot ARE B7HA S7FEe o
3t} Jackel#} Buhrmane 13 18914 AHJH 7187 &ty
H ng =43AL A@11)e] BA 8] sV #hE S RejFa gl

= S w, /n®} (4.11)

neE U¥E 3ZA golol sl o] BAE AFFo=Z ZHATL Adr ZFI
HAQ of FTEZ7)9 xolz &% Tat 9 A2 22X &3 ZFZ 79
olz exrRT AFHog =3, AH ‘He = oA 523 rf SQUIDsd| <] 3l

> O
2 o N

R

otdth Atk ZaldzZsz Basse] e ML dhdd JdrRe
o Ao AIPAIE 29 amplifiers B A I 29| FNHAH Z
, 83329 AHAE YR E bath €% oliolty 1 A=
71 #138l preamplifierE AW o]|=2E F7134
o : | o Zlod® o]z UAE 2mnksT™/ 0nZ
T Ak o] Jlde WA =ol2E FA=H stue A( 412004 Fe

i ”r

rfo

i
I
9 mln

£ e

SoRojo e oox Hu oo
Wy i

2 52
N 1 nmw @0 eff
€ = o\ 2L + 2mnkp T, 4.12)

@12)= 1 ox2HM e 2ADS Y=, stAY Tavw ors 7HAL S7ts)
7AgFe] Aok frdafor st Aol :LEWM Estal Aus] gokstd A

HEO9 20 32 30MHzETH A Be Ful4o) A SQUIDE o
A 2AHE AL 93] B 5 Aok

fooff fr 1>
=
r
flo

4.3 Parctical rf SQUID

S =2 dc squidEth & WIHSHE of squide AWtd o= F3e
Helo] HgErh 197090 % o= BTi(O]XM] SHE)%-E #A3%
S 3 18 19+ BTi rfY vb7t Zekd 188 BYFEd NbE
1 =5d e 745 7Y o] 718teS olaetr] A shbel w4y
AFH ofi7tAl S T HAst= Mol tiE] 360°E Fal

At
o}

E
754]

=
Al
o

o

i V)

]
77
o] A

o

oozQ b
b oo o
(o3

fo 4z o

Lo
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SQUIDE FAaE AL el sl of A Al o8] FAoA
AZE =HFEY FH3 XS wEY weF o] F% Xo] TYY IYSE T
Od ZdoH e AFE A&ES vt=td SQUIDAAM was] Ads A 19
19914 AdAow F e §FF o] Yok Baw-dx-Ed 3Yd o
2 48 Zde] @A Ut olg £ F ZY Afold EHE AASH. F
o YA Fe 23K HEES Bal S ok HES Nb wetew
FH wEozit o] AX = F 7] o Holo| st A7] o], Ab
g37]9 delala A= Aow BPHAT 53 Nb dLE e s
A-GAAA g2 JY32E 4T & JA ok AP HQ AX= 0.1HzoNA
olrlx 107 HZ'S] 1/f *ol= ol A9} &7 5x10%7JHz"'e] WA o]z o]

E HUA E& FugdA f SQUIDE 530 gZH o]

E 7Rt A (4.12)
=
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Aol o)ste] dF bathe] ®BA 3|29 %9 Tag Eth 2ol Micket 19
TEATAE L of SQUIDS Aol 433 el tisf ol e = o &
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@ ldel HEAE AP FAE BFDU AAE AAE AL wHA @
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0 Fol A oi7)e] vehd Ansel s o

AL Bo & FE8HAH woF 27 AEQ §0(p)E pick-up FZ7t
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Sg(,p)/2Lp = 4de(f)/a? (5.5)
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5.3 VOLTMETERS

olrl= SQUIDS A WAl AAAQ 82 mAsta A4 FAE ALe =3
371 YalMolth AEAAE Ted] Addn o F 5o, IRE FIe ©e
A3 & SQUIDY fE Zdx 7ETE F de AFS /I AFoA A F
Atk Ad-locked FEZERE e Ao 09 #¥ e S=HE 47 98
TEE £ Jde AFS AYrt 423 AFEE Ao 10°Q I <F
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At EAYHEEH wolz 2% 4 g2 2AEA NN ZHE Ad-Fug B
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5.4 THE DC SQUID AS A RADIOFREQUENCY AMPLIFIER

F o DC SQUIDE 100MHz &2 71 o]/te] Futgd] gt @ rojz F3X
N 7R WREAT SE719 Aol digk o]2S o]dlsty] 93l SQUID FZo
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2o s dAe HAdgn deted, dfustd AR mol=27b A& kol2E
AEE7] el A E Vo=02 AFd JAS Ave AA A o)z ¥
gt wkeF SQUIDC| ZYeo] ZAggitha BH¥ 3YL2 SQUID FZ= 2 (5.9)
o FHE 2d F ded IdIdx ZzE B £ JS Aotk F3F 24 AgH
2 LY 53 84 A3 RS @] Ly Ry #AAH 3o ofyal s4A|¥k nlo]
o2 AR A&5S 7HAH vt ; & 59 1/L2 09 of" ghell sl 0]
}.
S,(f) = 11kpT/R (5.7)
Sy, f) = 12kyT (5-8)
11 1
A AN: (5.9)
ZAFE FEVE BHE F Ao dE =9 SQUIDAA Y=EIE A4 o
WMoz 3z ARe BE SQUID Fetv|E e} kolz AHEY Wxo] 77
E F£A3o A7t SQUIDE JEIZ el dddx o’ m?/Z5 g3 3§t
ARt EESHAE ®FeF AAAST oo] TE3] Aol FH FSste] At SQUID
of JEIRY Ao FFs FAL & Atk S(h), S(f), Swh)ek LiY Foizl Fkol
AT B3 o]z 259 HASE st Ciet RiY fhs Zopdth oFgh 4
A Aol A kolz AF In(he ¥8 ZEWel AE-Mines oF7letal 1HE=E
AF-MiJn/Zi ©]th.
Z, =~ R+ jwL,+ 1/jwC, (5.10)

(51004 zie 48 2 Li, CGe A Jdgazs) AAAdze] 94
Zolth. A= dY FReM o]z HF= SQUID Fxo A&
SQUIDE AU A MAnVe/Zi ©lth.

Va(t) = Vilt) = M2 JyVy/ Z, (5.11)
a¥eg 98 2o AAor SQUIDE Aue ko= AL 4(5.11)2d,
Vn(t)= bare SQUIDS| o]z H}o]al o*—0DLS At A 47 s Zof <3
v A Feta 7Hgskal WY 2FEY 9re (5122 g4 Fed ¥

T AT A7) <Vi>E 7HA ARIFAY JEAE Fug o/2nE FHE3oa v}
A3aAt SQUIDY] &golM H AF AEe 4 5.13)o] A5 of FSHe
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oqZ BollA 24 (5.14)°]th.

, MVES 20M Vy(wL,—1/wC;)S
S = Sulp+ = AP BoM Vel [Z_P/w DL (51

<V>=4lGT\RBE 71 S/N=1& ARt ZF7)ol i wolz 25 T &

ojEol= Aol Az st
(Vi) = M3 vy (v I(Z)] (5.13)
S/IN= {VI)/Sy(f)B (5.14)
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T = (58 S (517)

2l (5.15)9 (5.16) 1 il (5.17)= ZFobdth A (G16)EFH HF ko= k<
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5.5 MAGNETIC RESONANCE
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= QtElY 2EL 1079 <@Vl AwEE 2EHA FEE ML 1S ne]
dolola, §l& A& wjxleltt. wl-¢- A H=d I E BEtar vl
d xolzo] o3 AgtE=d A Ao AP A oWMEE A7) 3
SEII st a8E oWEE =8 gk F2 JfAHe A 5717}
gt vl vy SRS WAETE #E S EE vke] AR ¥RIE FA
o8 @A AgE Rolx < 3x1079 & MK A WA ZHAA B
A AL WAEARN vhbar)e YAATE 2ATAZ JdiEHsd Husid
842 Hz®] 357} oF 40nK®| ho./ksS] =9 IX gt} AN vie] 2% T
o g4 9 ¢EuY] §8 xoj2 252 Ty & UHE & Ae Aoz 7y
HAoh Y Fxef o] .o FHA FH s = QEUE TR AS
Zh-g-8h=H decay time Q/w.S 7HAA YA F&E =o0]= 2L+ bar 259 U

°

22 Ql Rkl o8 FolAL B ol decay timeol s WHTH T =
Ts0,T/Q I8 BZ FESIA barl &% Q factor’} S71E¢ 24 bard] &%

o 24 mte g §8 kolz 2LE e F Ut YA AdS s3] 9
A, bar AHAR] hoae keTer BT T ol 2% T o]&FQl Qh/ksts?l TF B
H =t quality factorql Q#t2 5x106°] Wisl] ¢F 40mKE 7FA2L 1msec®] X
dojt. 5 7Hth & dilution W&ol B E JHAAL o] 2&oA ¢HHu= W
74 g Ak old ZEo: =7t FAVF AFE Elvgel F22 AASH
gl BA7F AFE WA Wesy, &F 2A0E 2A o= de SQUIDs
o] BN F8 F5HS 7Hn. SAIRE oA H= npel o] v oA
EA8k= de SQUIDs= &AF Algke] & A8 el vk 4 @ Wl <A A
gholl ¢ 2% FElUE 28 F e Aol EE olfddAM Be AHel

.

i

5.7 GEOPHYSICAL APPLICATIONS

Low-Tc SQUIDs= magnetotellurics, controlled source electromagnetic
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sounding, %% gradiometers, rock magnetism and paleomagnetism,
tectomagnetism and internal ocean waves 5°] X3HE Tt WY AF E
g8t #= AHlo] AREHETh Qokete] F o & V&S UEAEH ol&3t
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T A=Z AREE F A o FH AFe ARG #A I HE ALS=
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Ex(w) = Zxx(w)Hx(w)+Zxy(w)Hy(w) (5.24)
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Ey(0) = Zyx(w)Hx(w)+Zyy(0)Hy (o) (5:25)
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SHAIRE & YRA o E RE 47FA 84+ 0°] ofYth 183l quantity |Zxx

tensor®] ZF Q.49
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Zyys FAI8H7] fsfiA otk Adt=
H) g3 HAZGo =z YERATE py(e) =
02|ny( )1PT S pyx(@) = 0.2]Zyx(w) |*TAH], pySpps QmollA Zxy st Zyxe
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A= HEeld A tensord] L4490 WIEl E 4 Utk d =S 59
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O I H 2 tensorol] e Ase mo]=o] oaf uiolojx A s Azt &
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g A 2o

7130 oS o
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6. High-Tc SQUID
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A Ao FAZ edges A HdHHOoZ A AHT seed 52 edgeE AYrte=
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52 §9¢ SQUIDE Zskerk? 25974 Hi e SQUIDE 2£F edge
grain boundary 2-2 bicrystal grain boundary HFOZHEH Tttt ol
TFEE IPA R 77KelA oF 200uV7ER 9] R AlFo]l 7h AF-Aet 54 2
< RIS YEHIT. A2 1Q7E 10-20Q7HA] o2 7HAolv, ¥l =428
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e o] de] low-Te SQUID ZAEAL < ¢2/kyTe FE3A 2d A 23
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- Fesgn 2 F Atk 92 o, L=100pH, (L/Ly)/’=0.56°|t}. 1=
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Y 48 xolz &5 7 e mEdZel 95357 4 (412)E bath

B fo o of

THEY g4 =t SQUIDZE 77Kell A 52 2 Wl 77779 F7tel thgh of® o]
T $3 A2HE o]z o UAE 42K SQUIDoﬂ gt AS 7FA A vlaser &
Aotk 282 & 42K dc SQUIDA A HIE °F 20MHzol A F# 3= rf SQUID
2o geeA 453k, 77K ZAoll tl3]A margin®] F& FHoZ 7idH
o 1/f Zolz9t BN UAMT WEH} A& wolz & o FAL ZE 71
st AT o5 dAe =79 ojw e priori S5S A w=w AT

= 1S Aol

6.3 DC SQUID

HZ g oA bicrystal®] A2 s H7Ee] gt aoks Fold Aotk &
A2gAE HSS ZAXE wE Zolth 10<10mm’ bicrystal?l 24°¢] grain
boundaryE 7}Z SrTiOs (STO) 7]# ol AAH #Ho]A 248nme} WHE-E 5Hz
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Zolq HEe Feh
6.6 FRACTIONAL TURN SQUID

SAldlA YBCO-STO-YBCO w35 s|EsAth. Z; pickup FZ= 45 YBCO
drabe A ZA HEHeZ HQA cross-shaded FGolA we viEks JpA|3
contactS 3t WHZ F 719 bicrystal 32 FFe} ¥ YBCO uFeHe-<d
AstAart. old HV\]Oﬂ/ﬂ IS EHHO] Q3L grain boundaryE A Wrh= F
Ml Aghe F4ske A Eo oW F2 2lE gt 8 AYHELe d92
2 (643 A (6.5l <3l %‘—01 .
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< ol wxatz A4 Zo] AREET pickup FEe 9F
80mm’e] W3 Ap7} Fol% Imm E& 7F& Ato]= 9o 10mmelth. 948 =Y
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EEH. o] wtd= AAAY] S4S AT side AVIHerE WsE WelA
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magnetometerE 7}t 1kHzol| 14fTHz 1231 1Hzol| 26fTHZz/*Z o] F o]
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thermistorE AF&3AT. 100 mK A=A F#s= W=
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2.1 Superconducting Tunnel Junction Array

A A STI= 1989 Krausoll &ste] AU o] HE=7I= FA49
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A dAXA A=A Osaka Electro-Communication  Universityoll A+ 5 x
5 mm’ Z7]E 7FAE Algpolo] Z1HS o] & A AAES ALty
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o o2 3150 TES o o2 HF $polojds A3t sh= SQUIDS th 3
B .

Time Domain Method)2 3slute] FFo Azt
=tk F WA W2 (Frequency Domina Method)2 AZ7] 413 E Amplitude
Modulation 2o o]t FEof &3t walojt). SQUID Multiplexerol] tsk <A
T sub-mm, 7HAIRA, UV, X-A, #Avbd 54 5 0Fg EoklM d7HL
Att.

TDM ®W42 NIST A7l st Hzx=2 AF=HAeH, FDM W42
Berkeley, ISAS, LLNL, SRON/VTT & t¥st Ao 9ste] A=Ak
TDM3} FDM< total signal bandwidth® 71&¥" 4 Ut} o 7]A] total signal
bandwidth# multiplexed A& 719 2k st HE7]9 bandwidthd] ¥ & U
Elditt. @A TDM W23 FDM %419 total signal bandwidth+= ~ 10 kHz %
=2 A4 vt
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closed-loop bandwidtholl ¢}3sto] #|gHS W=t} Controller® Gain-bandwidth7}
dAstttar 78 vl Feedback gain®] Closed-loop bandwidthell A|g+s 7}slA)
"t} Gain-bandwidthe FE3F SQUIDZHEH o o2& A3 Ao Zolo A
SHS FAIE=Y o] Aol dA 02 - 04 m ©|th. Cold feedback total
bandwidthE ZAIsH, 4154 doj Al UMt

Closed-loop bandwidth7} 443ttt & w Total bandwidthel] A|sHS 713t
820 A F/HAE & F Ak TESY 7|4 A5 P As FHsr] 98t
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TESS] W AlZhe A7F At 3 718 =0 J&& =t TES bandwidth}
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agd A o SQUIDS HIAF A NE3He] cross-talk wWZoll @3t
= FlEEZS JsF HAE Folof drh

TDM AlZ=¥lo| X = clock rateo] H|#HSl= open-loop bandwidth7} 83 9%
= 3o 714 cock rate® stuho] HE7 A tg HEVIE Holrle MEE
< 23tk obg 2 REEAIZEE A" Mg Axbo] SQUIDS HolE A g 9
A g 8ot

FDMo| A= LC ¥¥ bandwidth’} closed-loop SQUID 4l& J#o)| AsS &
th ko]=+ LC bandwidthe} HE7] Fol 7337 W&l SQUID &2l o
3t olz2& ZHE7] bandwidthol] AHS Fx] etk Yo HE7]Y

bandwidth®] A|3Fe ZF 2135 bandwidth®} 3tue] SQUIDZ &3 4 A= 7
=719 HASE Fo| 93ste] A skETT
TDMo A 7AZ7]9 bandwidthe SAAE <HH AT SQUID ko]l &AM HE7]

_51_



wZolz7k AAshe HIFol AA e xd ot 2 =
bandwidth7} F71e+5 A PSS FASH7] flsted AE719 244
= Al (inductance)= FojEojoF ot o83 = A+ SQUIDS H=
719 couplingS 0|1, SQUID xo]=9] 7|9 & ZAA

FDM# TDMOA ©5 &4l Q1A (Multiplex Factor S
T Atk wef FDM¥ TDM®] ZF 84-50] shbe] 7l sl v Ho 3Ha
SHA SfolofH S =Y + AUk

3
Lo

ol
ol
2
fo
©
2
ol

[o

N m.m
L e

th dAle] 7l A= 1000 7R AdelA 130 nWe] Fo] @it o]zsh &

WA e giREe] 8 RopdlAe & BAZF HA FAN A oy Fx

g 7HAE +F AFdAe T8 8210 Hrh oy A IS Fo)7]
v

4K 2% A FDM3} TDM A| 28l Wy2zhel] Q3 Mg vlsle] w9 242 ¢
o] & Akt 1000 79 oj# o)A FDM Al 2HL 10 pWe] |d& dhakst
T

a3k} o] 3 gurake A
g2 1000 7He] of#e] Al

F 274 o el Agsin
FDM3t TDM Al2de gad AE7123ee ko= %32 =7 93l

A" = L/R EHE AEsh=t, o213 8= oy Ao st 4
U= AHe 7HAL Ao
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A 559 (2006) 790).
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g A F&stE ohAld SQUIDE 7HEstd=dl, ©] SQUID= TES, Magnetic
calorimeter, Superconductor-insulator-superconductor junction A&7 ol 22
4 At B3 (KD. Irwin et al, Nucl. Instr. Meth A 559 (2006) 802).
%2 University of Oxfordol Al & dark matter =785 93 CRESST 43S 9
st 12 Ad magnetometry FAE 3k SQUID 7W'&& S35t (S. Henry
et al., Nucl. Instr. Meth A 559 (2006) 805).

_52_



(et

e



London, F. (1950) Superfluids, Wiley, New York .

Josephson, B. D. (I962) Possible new effects in superconductive tunneling,
Phys. Lett. I, 251-253; Supercurrents through barriers, (1965) Adv. Phys. 14,
419-451.

Jaklevic, R. C., Lambe, 1., Siker, A. H., and Mercereau, ]J. E. (1964) Quantum
interference effects in Josephson tunneling, Phys. Rev Lett. 12, 159-160.

Zimmerman, I. E.,, Thiene, P.,, and Harding. J. T. (1970) Design and operation
of stable d-biased superconducting point-contact quantum devices, and a note
on the properties of perfectly clean metal contacts, ]J. Appl- Phys. 41,
1572-1580.

Mel-celeau, J. E. (1970) Superconducting magnetometers, Rev. Phys. Appl. 5.
13-20; Nisenoff. M. (1970) Superconducting magnetometers with sensitivities
approaching 10-10 gauss, Rev. Phys. Appl 5, 21-24.

Clarke, J. (1993) SQUIDs: theory and practice, in H. Weinstock and R. W.
Ralston (eds.), The New Super-conducting Electronics, Kluwer Academic

Pubushes, Dordrecht, pp. 123-180.

Stewan, W. C. (1968) Current-voltage charactedstics of Iosephson junctions,
Appl. Phys. Lett. 12, 277-280.

McCumber, D. E. (1968) Effect of ac impedance on dc voltage-current
characteristics of Josephson junctions, J. Appl. Phys. 39, 3113-3118.

Ambegaokar, V. and Halperin, B. 1. (1969) Voltage due to thermal noise in
me dc Josephson effect, Phys. Rev. Lett. 22, 1364-1366.

Clarke, J. and Koch, R. H. (1988) The impact of high-temperature
superconductivity on SQUIDs, Science 242, 217-223.

Likharev, K. K. and Semenov, V. K. (1972) Fluctuation spectrum in

_54_



superconducting point junctions, Pis‘'ma Zh. Eksp. Teor. Fiz- 15, 625-629.
[(1972) JETP Lett. 15, 442-445].

Vystavkin, A. N., Gubankov, V. N., Kuzmin, L. S., Likharev, K. K., Miglum,
V. V., and Semenov, V. K. (1974) S-c-s junctions as nonlinear elements of

microwave receiving devices, Phys. Rev. Appl. 9, 79-109.

Koch, R. H., Van Harlingen, D. J., and Clarke, J. (1980) Quantum noise theory
for me resistively shunted Josephson junction, Phys. Rev Lett. 45, 2132-2135.

Tesche, C. D. and Clark. J. (1977) dc SQUID: noise and optimization ]J. Low.
Temp. Phys. 27, 301-331.

Bruines, I. LP., de Waal, V. ], and Mooij, J. E. (1982) Comment on DC
SQUID noise and optimization, by Tesche and Clarke J. Low- Temp. Phys.
46, 383-386.

De Waal, V. J.,, Schrijnel-, P., and linda, R. (1984) Simulation and optimization
of a dc SQUID with finite capacitance, J. Low. Temp. Phys. 54, 215-232.

Ketchen, M. B., and Jaycox, J. M. (1982) Ultra-low noise tunnel junction dc
SQUID with a tightly coupled planar input coil, Appl. Phys. Lett. 40, 736-738.

Jaycox, I. M. and Ketchen, M. B. (1981) Planar coupling scheme for ultra Iow
noise dc SQUIDs, IEEE Tram. Magn., MAG-17, 400403.

Barfklecht, A. Coldough, M. S, and de 1la Cruz, A. Conductus, Inc,
Sunnyvale, Califolllia (unpublished).

Gurvitch, M., Washington, M. A, and Huggins, H. A. (1983) High quanty
refactory Josephson tunnel junction utilizing thin aluminum layers, Appl Phys.
Lett. 42, 472-474

De Waal, V; J.,, Klapwijk, T. M., and Van den Hamer, P. (1983) High pe‘d

Omance dc SQUIDs with submicrometer niobium JosephSOIl junctions, L Low.
Temp. Phys. 53, 287-312 .

_55_



Tesche, C. D., Brown, K. H, Canegad, A. Ci, Chen, M. M., Greiner, J. H,,
Iones, H. C., Ketchen, M. B., Kim, K. K., Kleinsassel-, A. W., Notw}ys, H. A,
PInto, G, W‘S}lg, R. H., and Yogi, T. (1985) Practical dc SQUIDs with
extremely Iow Uf noise, IEEE Tram. Magn. MAG-21, 1032-1035.

Pegrum, C. M., Hugon, D-i Donaldson, G. B.,, and Tugwell, A. (1985) DC
SQUIDs with planar input coils, ibid, 1036-10309.

Noguchi, T., Ohkawa, N., and Hamanaka, K. (1985) Tunnel junction dc
SQUID with a planar input coil, in H. D. Hahlbohm. and H. Lubbig (eds.),
SQUID 85 Superconducting Quantum Interference Devices and their
Applications, Walter de Gruyter, Berlin, pp. 761-766.

Foglietti, V., Gallagher" W. J., Ketchen, M. B., Kleinsasser, A. W., Koch, R. H,,
and Sandstrom, R. L., (1989) Performance of dc SQUIDs with resistively
shunted inductance, Appl. Phys. LeJt.55, 1451-1453.

Mubhlfelder. B., Beall. 1. A, "Cromar, M. W,, and Ono, R. H. (1986) Very low
noise tightly coupled dc SQUID amplifiers, Appl. Phys. Lett. 49, 1118-.1120.

Knuutila, J.,, Kajola, N., Seppa, H.,. Mutikainen, R, and Salmi.. J. (1988)
Design, optimization and construction of a dc SQUID with complete flux

transformer circuits, J. Low. Temp. Phys. 71, ,369-392.

Wellstood, F. C.,, Heiden. C., and Clarke. J. (1984) Integrated dc SQUID
magnetometer with high slew rate, Rev. Sci. Inst. 55, 952-957.

Carelli, P. and Foglietti, V. (1982) Behavior of a multiloop dc superconducting
quantum interference device, J. Appl. Phys. 53, 7592-7598

Ketchen, M. B., Stawiasz, K. G., 'Pearson; D. ]J., Brunner, T. A. Hu, C-K, Jaso,
M. A., Manny, M. P, Parsons, A. A, arid ’Stein, K. J. (1992) Submicron
linewidth input coils for low T c integrated thin-film dc superconducting

quantum interference devices, Appl, Phys, Lett. 61, 336-338.
Clarke. J.,, Goubau, W. M., and Ketchen. M. B. (1976) Tunnel junction dc

SQUID:
fabrication, operation; and performance, J. Low. Temp. Phys. 25, 99-144.

_56_



Ketchen, M. B., Goubau, W. M., Clarke, J.,, and, Donaldson, G.B. (1978)
Superconducting thiri.1fllm: gradiometer, J. Appl. Phys. 44, 4111-4116.

Wellstood, F.C., and Clarke, J. unpublished.

Wellstood, F. C., Urbina, C., and Clarke, J. (1987) Low-frequency noise in ;dc
superconducting quantum interference devices below 1K, Appl. Phys. Lett. 50,
772-774.

Roukes, M. L., Freeman, M. R, Germain, R S., Richardson, R C., and Ketchen,
M. B.

(1985) Hot electrons and energy transport in metals at millikelvin
temperatures, Phys. Rev. Lett. 55, 422-425.

Wellstood, F. C., Urbina, C., and Clarke, ]. (1989) Hot-electron limitation to
the sensitivity of the de superconducting quantum interference device, Appl.
Phys. Lett.

54, 2599-2601.

Ketchen, M. B., Awschalom, D. D. Gallagher, W. ], Kleinsasser, A. W,
Sandstrom, R L., Rozen, ]J. R, and Bumble, B. (1989) Design, fabrication and
performance of integrated miniature SQUID susceptometers, IEEE Trans.
Magn. MAG-25, 1212-1215.

Koch, R H., Clarke, J., Goubau, W. .M., Martinis, J. M., Pegrum, C. M. and
Van Harlingen, D. J. (1983) Flicker (Vi) noise in tunnel junction dc SQUIDs, J.

Low. Temp. Phys. 51, 207-224.

Rogers, C.T. and Buhrman, RA. (1984) Composition of Vf noise iQ
metal-insulatormetal tunnel junctions, Phys. Rev. Lett. 53, 1272-1275.

Dutta, P. and Horn, P.M. (1981) Low-frequency fluctuations in solids: 1/f
noise, Rev. Mod. Phys. 53, 497-516.

Savo, B., Wellstood, F. C. and Clarke. ]J. (1987) Low-frequency excess noise in
Nb-AI203-Nb Josephson tunnel junction, Appl. Phys. Lett. 50, 1757-1759.

_57_



Tesche, C. D., Brown, R. H., Callegari, A c., Chen, M. M., Greiner, J. H,,
Jones, H. C., Ketchen, M. B., Kim, K. K., Kleinsasser, A. W., Notarys, H. A,
Proto, G, Wang, R H. and Yogi. T. (1984) Well-coupled dc SQUID with
extremely low 1/f noise, in U. Eckern, A. Schmid, W. Weber, H. Wuhl (eds.),
Proc. 17th International Conference on low temperature physics LT-17, North
Holland, Amsterdam, pp. 263-264.

Foglietti, V, Gallagher, W. 1., Ketchen, M. B., Kleinsasser, A W., Koch, R H,,
Raider, S. I. and Sandstrom, R L. (1986) Low-frequency noise in low Vf noise
dc SQUIDs, Appl. Phys. Lett. 49, 1393-1395.

Biomagnetic Technologies, Inc. 9727 Pacific Heights Blvd., San Diego, CA
92121-3719.

Fujimaki, N., Tamura, H., Imamura, T. and Hasuo, S. A single-chip SQUID
magnetometer, Digest of Tech. papers of 1988 International Solid-State
conference, (ISSCC), San Francisco, pp. 40-41.

Drung, D. (1986) Digital feedback loops for dc SQUIDs, Cryogenics 26,
623-627;

Drung, D., Crocoll, E.,, Herwig, R., Neuhaus, M. and Jutzi, W. (1989)
Measured performance parameters of gradiometers ’'with digital output, IEEE
Trans. Magn.

MAG-25, 1034-1037

Muck, M. and Heiden, C. (1989) Simple dc SQUID system based on a
frequency modulated relaxation oscillator, IEEE Trans. Magn. MAG-25,
1151-1153.

Drung, D., (1991) Investigation of a double-loop dc SQUID magnetometer with
additional positive feedback, in H. Koch and H. Uibbig (eds.),
Superconducting Devices and their Applications, Springer-Verlag, Berlin, pp.
351-356.

Seppa, H. (1991) DC SQUID electronics based on adaptive noise cancellation

and a high open-loop gain controller, in H. Koch and H. Lubbig (eds.)
"Superconducting Devices and their "Applications, Springer-Verlag, Berlin, pp.

_58_



346-350.

Clarke, J. (1977) Superconducting QUantum Interference Devices for low
frequency measurements’” in B. B. Schwartz; and S. Foner. (eds.),
Superconductor Applications:

SQUIDs and Machines, Plenum, New York, pp 67-124.

_59_



FRNFRIAANHS | VAR IAS EFHIANE INIS ZA| 2=

KAERI/AR-828/2009

A& | FA Cryogenic A1AE 93 SQUID A& A g
AFAAA F B | uAg, AxFHFr) e
A F AL R | gy AxE G ENER
= 4 A = | HYTIH FodAg AT e | 20097
# o] A 60 p. = % AL 0), () a 7 30 Cm.
AL
AT | FACO), A 0) RINER NeAGE LB TA
v o] thelnl (), __ wHIdE
AT B At W3

22 (152021 9))

SQUID+= Josephson junctions 338l superconducting loopE ©]-83te] wl$ 2 73S SAY F
Ae FAZA 1964 F EHE o] T g ool HEHI vk I oF SQUIDE DC SQUID$ RF
SQUIDE v & Sled, g #wAS A7Fs ST e SQUIDY 5422 <13t sQUIDE ¥ 9
27 8% =7, MRI (Magnetic Resonance Imaging), £ ¥oly F&E FAL, A2 &x], TH9 &4 S &4
Hoh FAL HZE7IE 7129 A&7 vt v Edsel 5 ~ 10 ¥ A= F4E F dvde FHo=E
Q1ste] HT B BAHS dogm Ju HEolth o3 AEVE WA 2
ol AE A T 2okl #AY F4 Vies A FHAE F UAE %
SQUIDE °]# 3t ZA& HAZE7] ¥ microcalorimeter A&7]¢] A &S5 28| & =
Ad X 972E microcalorimeter N TlEY AEXeE 93 SQUID /o] APH Uk £ B
+ Cryogenic(FA<) AlA A% A& $$SQUID (Superconducting Quantum Interface Device)el]l tgt 2t
gt AU B ol E o]&S FAHL HEV] A7 sty gEh

“1)‘ oxr

FAENA=

(10t u 9]y

SQUID, Josephson Junction, = #]-2 7% 7], Microcalorimeter




BIBLIOGRAPHIC

INFORMATION SHEET

Performing Org.
Report No.

Sponsoring Org.
Report No.

Stamdard Report No.

INIS Subject Code

KAERI/AR-828/2009

Title / Subtitle

Progress Report on SQUID for Cryogenic Detector

Project Manager
and Department

Park Se-Hwan,

Atomic Energy Fusion Technology Division

Researcher and

Park, Hyung SiK, Atomic Energy Fusion Technology Division

Department
Publication . Publication
Korea Publisher KAERI 2009
Place Date
Page 60 p. Ill. & Tab. Yes(o), No ( ) Size 30 Cm.
Note
Open Open( o0 ), Closed( )
Report Type State of art report
Classified Restricted( ), ___Class Document

Sponsoring Org. Contract No.

Abstract (15-20 Lines)

SQUID can measure extremely small magnetic field based on superconducting loop containing

Josephson junction. Since the invention of SQUID at 1964, it was applied in various areas. SQUID can be
divided into DC SQUID

brains, MRI (Magnetic Resonance Imaging), mineral exploration, earthquake prediction and detection of

and rf SQUID, and they can be used in measurement of neutral activity inside

gravitational wave. Recently much attention has paid on the cryogenic detector because of its ultra high
energy resolution, where the energy resolution of the cryogenic detector is 5 ~ 10 times higher than that of
the conventional detector. The cryogenic detector can be used in material analysis in semiconductor
industry, the protein analysis, and the nuclear material analysis in actinide. SQUID is used to process the
signal from microcalorimeter, and SQUID for multi channel microcalorimeter has been developed. This
the introduction of SQUID

processing of cryogenic detector and the development of ultra high-resolution cryogenic detector.

report contains (Superconducting Quantum Interface Device) for signal

Subject Keywords
(About 10 words)

SQUID, Josepson Junction, Cryogenic detector, Microcalorimeter




	표제지

	제출문

	요약문

	목   차

	그림목차

	I. SQUID 소개
	1. SQUID 일반 개념
	2. The Resistively-Shunted Junction
	3. The dc SQUID
	4. The rf SQUID
	5. SQUID 이용 장치
	6. 고온 SQUID
	7. 정리

	II. SQUID의 극저온 검출기 적용
	1. 극저온 검출기 개발
	2. 위치민감형 극저온 검출기 개발
	3. 다채널 TES를 위한 SQUID 개발

	참고문헌
	서지정보양식




