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TUNNEL JUNCTION DC SQUID:
FABRI CATION, OPERATION, AND PERFORMANCE

- John Clarke, Wolfgang M. Goubau, and Mark B. Ketchen
Department of Physics, University of California, and

Materials and Molecular Research Division, _
Lawrence Berkeley Laboratory, Berkeley, Calfornia 94720

ABSTRACT

We describe the theory, fabrication, operation,and performance of a cy—‘
lindrical de¢ SQUID made with shunted NB—NbOXFPb Josephson tunnei jﬁnctions.'
The SQUID is current-biased at a non-zero voltage, and modulated
with a 100kHz flux. The 100kHz voltégé devélopéd across the -

SQUID is amplified by a cooléd, resonant LC circuit that optimally

couples the SQUID impedance to the input-of a room température

FET preémplifier. The SQUID is operated in a flux-locked loop

with a dynamicvrange in a 1 Hz bandwidth of i3x106. The 3dB
roli—of£ frequency for thevloop response is typicall& 2kHz, and the

.élewing rate is geﬁerally 2x104¢osi1. A typical flux noise power

spectrum for'a SQUID at 4.X in a suberéonduétiﬁg shield is pre—..

sented. Above 2x10_2Hz'tbe spectrum iévwhite and has an rms value

of 3.Sx10—5¢on—%. The white noisg is intrinsic to the sensor

and is close to the theoretical limit set by Johnson noise in the

shunts. At lower frequencies, the power spectrum is approximately
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10_10(1ﬁz/f)¢§Hz-l,' whére f isvtﬁé'frequency. This>valﬁe is
approximately two orders of magnitude greater than the.cal—
éulated 1/f noise in the tunnel junctions. The factors contri-
buting to the long term drift of the SQUID are discussed. By |
regulating the temperature qf the helium bath we have achieved
-a drift rate of 2x10-s¢oh—i1 over a 20h period. A detailed des-
scription is given of the coupling»efficiency of various input
coils wound on the SQUID. The effects of coupling between the
input coil, the RNUID, and the feedback (modulation) coil are
described, ahd measurements of the coupling parameters re-

ported. -The energy resolution of the SQUID with respect to a
30

current in a 24-turn input coil ié 7x10° JHz"1 for fre-

quencies at which the flux noise has a white bowef épectrum._ In
terms of energy resolution, the SQUID has a better performance

in the 1/f noise region than that of any SQULD previously reported

in the literature. The long term drift over an extended period

also represents the lowest value yet reported.
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1. INTRODUCTION

Quantum interference effects in a supefconducting ring containing
two Josephson‘junctions1 were first observed in 1964 by Jakievic Eﬁuél-
using tunnel junctions. These workers showed that the critical current
of the double junction was an oscillatory function of the mégnefic»flux
threadiqg the ring, the period being the flug quantum; ¢o" The im-
plications of this work in the measurement of magnetic fields and voltages
were quickly réalizeq-and a.number of dc SQUIDs (Superconducting QUantﬁm
Interference Devices) were soon developed énd exploited. Tbese deviceé
included seyeral'designs involving point éontaqt:juﬁctions3_$, and thev
,SLUG6(Superconducting Low-induétance Undulatbry Galvanometer). Of these
devices, ;he dc SQUID of Forgacs and.Warnick5 had the_most highly
vdeveloped:readout electronics. Subsequently, the rf SQUID was'developed?“9
This device incorporates a single jUnétibn‘in a superconducting ring, and
presumably beqause only a single junction is required, has become much
more widely used than the dc SQUID. Several cdmmercial versions of the
rf éQUID are available, aﬂd sophisticated readout electronics have beenil
.developed. The inherent noise in the rf SQUID has been étudied,invgreaf
detaillp,:and close attention has been paid to fhe éptimuﬁ coupling of
thé‘SQUID-to the room temperature electrénics. A§ a fesult of these de-
velopménts, the present rf SQUIDs, pumped Qt typlcally 30 MHzZ, are ﬁore
sensitive than the first generation of.dc SQUIDs. However, there is no -
intrinsic reason.why a 30 Mz rf SQUID should be mere senéitive than a dc

SQUID. 1In fact, as we shall see, the dc SQUID can have a better per-

" formance than an rf SQUID



-4 '  LBL-4552
of comparable self-inductance pumped at 30MHz. The resolufion of the
early dc SQUIDs appears to have been limited by the qnsatisfacfory matching
of the low impedancé (~1 to 102) junctions at liquid helium' temperatures
to the room temperature'eiectronics. Even when‘é room.temperature
matchihg transformer waé used, the oyerall noise,température of the preamplifier
was freﬁuéntiy well above room temperature, wheréas the optimized noise
temperature‘is’about lell | |
In this paper we deécribe the theory,fabrication,operation, and performance of_:

12 Nb-NbOx—PB tunnel junctions.13

T a dctSQUID that makes use of two shunted
These junctions have predictable characteristics, cén Be stored for long
periods at room temperature, and cycled between room and liquid helium
temperatures.repeatedly. The 1érge area #nd capacitancé of the jhnctions
ﬁakés them‘very resistant to destruction by accidental eléctrical dis—v
charges. The.devices can be operated at any temperature below about

6K because the temperature dependence of the critical current is re-

latively weak. The SQUIDs have a cylindr;gél:geometry with an area of

about 7mm2 and an inductance of about lO-QH. 'We show a noilse power
spectrumvfor a typical SQUID. At frequencies above 2x10-2Hz the noise
is white with an rms flux noise of about 3.5x10_5¢0Hz—%, corresponding
to a magnetic field noiée of lO-IOG(HZJ%.At lower frequencies the flux.
noise powet spectrum is approximately lO—lo(le/f)¢§Hzfl. However, as
will be emphasized in the paper, the concept"of'fiux noise is not very
useful for comparing SQUIDs. A muéh more meaningéul parametef is the
energy per unit bandwidth associated with the minimum current change per

14
YHz that can be detected in a coil coupled to the SQUID. 4
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" For the SQUID described here, this paraméter has a value of 7#10-30JH2—1.
The average long term drift is 2X10-5¢oh—1' The energy resolution is

significantly bet;ef_thaqﬂhaS.p;gyiously;been_repqg;ed for dc SQUIDg)
and is also better than that of most rf SQUIDS. The 1/f

:noise and long;term drift are lower than any values previously reported.
The improvement in sénsifivity over earlier dé SQUIDS'results from the
use of the éuperconducting resonant circuit to_couple the SQUID to .the
preamplifier. Our electronics has a dynamic range iﬁ a le‘bandwidth of
approximately'i3;106. A slewing rate of 2x104¢6s-1'and a frequency
response of several kHz are typical.

In Section Z‘Qe describe the theory*'of Qperation of the dc SQUID.
We have adopted a.simple.model that yields resuitS’in'agreement.with'our
measured paramefers to within a factor bf 2. (A detailed discussion of dc
SQUID behavior, including the effectsAof noise, will be published sub-
éeﬁuently.) We also describe the interaction of the SQUID with thé tank
circuit. Section 3 contains the details of the'SQUIfoabfication and
mounting, and of the cryostat. In Séctién 4-we_describe.the essential
features of the electronics associated with the SQUID, and the way in
which the system is oﬁerated. _The slewing rate, fréquency response, and
dynamic range are discussed. Section Slis condérned with noise and drift.
We discuss the noise contributions of the SQUID itself (Johnson noise and
1/f noise),:and éf the'preamplifier,.and compare these estimates with

measured noise power spectra. The factors involved in obtaining good

*  Good sémi—quantitative descriptions of the dc SQUID have been given

by De Waele and Ouboter15 and Tinkham 16.
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long term drift characteristics are discussed at léngth. In Section 6
&e describe the propefvnoisé characterization of the SQUID and the
éoupling of.coils to thé SQUID. Becausé these two topics aferintimately
connected, it'is appropriéte to.discuss them togethef; vAfter a discussion
»of the noise characterization, we Eriefly review the model circuit due
to Webb, Giffard, and Wheatley17 that demonstrates fhe importance of the
_intercoupling of the SQUID, the input coil, and the feedbéck coil. Ve
. then present meésurements of all of the relevant SQﬁID and coil inductances
and mutual inductances. From the noise and inductance measurementé we
calculate ga figure of merit for the SQUID. Section 7 contains a
. summary and suggestions for possible‘improvements;

Preliminary brief reports of this work have éppeared e]_.sewhere.18

2. THEORY OF OPERATION
2.1 The Basic SQUiD
The dc SQUID consists of two Josephson junctions on a éuperconducting
ring of inductance L (Fig; 1). When the magnetic flux @ threading the
ring is steadily changed, the total.critical cdrrent,IC,of the two juncfions
oscillates with a period of one flux quantum, ¢O.
In principle, any kind of Josephson junction may be used in a SQUID.
In our SQUIDs we use resistively shunted thin-film tunnel junctions. It
is essential that the current-voltage (I-V) charécteristig of fhe SQUID
be non-hysteretic, and a brief summary of hysteresis in tunnel junctions is

in order. The theory of resistively shunted tunnel junctions was given
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by Stewartlg_and McCumberzo, and has been‘experimentally'verified by
Hansma gg_gl,lz"We_assume that the cﬁrrent flows uniformly fhrough the
junction which is shunted by a capacitance C and a resistance f, as in-
diéatéd in Fig. 1. (Note: Throughout the papef we use the following con-
vention: .The parameters 1, ié’ vy, and r réffeéent the cufrent, critical
current, voltage, and resistance of a single junction,.while.thé paré—
meters I, Ic, v, an& R represent thé same quantities for a double junction.
Thus Ic = Zic, R=1r/2, etc.) The i-v characteristic exhibits hysteresis
when the hysteresis parameter Bc = 2ﬁr21c0/¢0 > 1, and no hystereéis

12,19,20.

when Bc < 1. For cur junctions, i -~ 2UA and C . 200pF. To

eliminate hysteresis, we resistively shunt each junction so that

r < 10. fAithough thevi—v characterisitc has been éalcuiatedlg’zo for the
general case G0, for our purpose it is suffibient to use the reSUlf for
C =0. In this limit, the time-averaged voltage iﬂ the absence of noise

is given'bylg’zo

v =ri? - 1c2)'%5,_ 8, =0 ' | R (2.;_‘)

where i >'ic is the bias current supplied to the junction. jIheddfnamic

resistance of the i-v characteristic is -

= (Bv/'ai)i ="r/[_1 - (ic/ijz]l/z‘ (2.2)
Cc . ’
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The magnitude of the signal_from the SQﬁID is a functicn of the
modulation amplitude, AIc = Ic[n¢°] - ic[(n + %)¢°]; which, for two identi-
cal junctions,. is determined solely By the parameter B = LIC/¢O. As
Ic is increased from O to o, AI increaSes-emoothly from 0 to an
3,6,15, 21

asymtotic value of ¢ /L . In practice, we choose B ~ 1 (see

below), in which case it can be shown that

~o /2. B~1 . (23

Fot L = 10_9H, AIC = 1uA.

When the critical current is reduced'below its maximum value by the
magnetic flux,rthe I-V characteristic is no longer given by Eq. (2.1).
It is modified for low values of voltage, as sketched in Fig. 2. The
modification of the I-V characteristic is prcduced by supercufrents
flowing around the SQUID at the Josephsonvfreqnency {and higher
harmonigsls) associated with the dc bias voltage across the SQUID. As
the voltage bias is increased from zero, the frequency of the ac
currents increasea. Once thie frequency exceeds 2RD/wL the amplitude
of the circulating current is8 attenuated by the increasing ring impedance
.[c (16RD + W L )%] and its effect on the I-V characteristic diminishes.
Thus we expect the I-V characteristic to be strongly dependent on AIC for
V < 2¢ORD/WL and relatively independent ofAIcfor V> 2¢ORD/WL as in-
dicated in Fig. 2. |

To observe the oscillations ir critical current, the SQUID is biased
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with a current I° so that 0 < V < 2¢°RD/wL for all values of net flux
¢. The volfage across the SQUID ié then also an oscillatory func-
tion of ¢, with a-modulation amplitudg Av ~»RDAIc ~ RD¢O/2L. ‘For-
Ry ~ 10 and L~ 10_9H,.AVF~ 1uv.
The reason for choosing B~ 1 is now apparent. For a given value
of L, as Ic is increased AIC increases relatively slowly to. its maximum

value of ¢0/L, while R must be decreased to keep Bc'g 1. Thus as IC is

increased, the 3@311 iqc;easg in AIc is more than offset by the larger
decrease in R, so that AV and the available signal power tend to decrease.
On the other hand, if I, is reduced much below ¢0/L ~ 2pA, the value of AIC.
.decreases somewhét, but more importantly, the noise rounding?z_zsof the I-V

characteristic becomes substantial, and the signal is reduced. A reason-

able compromise between these two extremes occurs with 8 ~ 1.

2.2 SQUID Readout

To read out the critical current of the SQUID an ac sinusoidal flux of frequency
v§= 100kHz and amplitude ¢ =~ ¢_/4 ig.applied to the SQUID. As illustrated
in Fig; 3(a5, the.ac voltage écross the SQUID has a large éompohent.at_
ZvOand no componeﬁt'at'vowhén’the quasistatic flux ¢q in Fhe SQﬁiD‘is
(n + %)¢§7 As ?q is increased, . the amplitude Vb of the éczsignai across
the SQUID.at frequency v, increases (initially 1inearlj) . whilétthe éom—
poneﬁt at ZvOdeEreaseé.' When ¢q = (n + 3/4)¢6 thé.component at VO will
have its maximum amplitude AV/2 [Fig. 3(b)]. As ¢q is further increased
V,, decreases and becomes mero again at (n + 1)@0. The component at vy
reverses phase at ¢q = n¢oand (n + %)¢0. Figure 3(c) shows the variation

of V with
o
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¢q in the vicinity of ¢ = (n + %)¢ . Although the exact value of
@V /3¢ )I near (n + % )¢ will depend in detail én the ‘shape of the
V vs. ¢q curve, a reasonable estimate would be ~2AV/¢>

The ac signal developed across the SQUID is amplified and lock;
in detected at frequency 2; "One of the major difficulties in the past
has apparently been the satisfactory matching éf the dc SQUID to the room
temperature electronics.11 The FET preamplifier used in our electronics
has an optimum noise temperature at 100kHz of about 1K at a source impedance of
-65kQ.  We have achieved satisfactory impedance matching'by means ofla
éoolgd LC circuit resonant at frequency v(§Fig. 4). The supercondﬁcting
coil hﬁs an inductance LT ~ 200uH. 1In addition to providing an optimﬁm
source impedance for the preamplifier the tank circuitvfilters out most.
of the 2% component of the_SQﬁID signal.

The reference signal for the lock-in is derived from fhg same os-
cillator that supplieé the modulation flux. 1In the usual flux-locked
loop inbwhich the SQUID is operated, the output of the 1ock—in is fed
back as a flux that opposes the applied flux. The feedback maintains the
total quasistg;ic flux in the SQUID close to either (n + %)¢° or n¢é,
depeﬁding on the phase of the lock-in reference signal, provided that
the dynamic range and maximum slewing rate are no£ exceeded. The ac
voltage acroés the SQUID at frequency v(}s thus a;eo maintained close to

zZero.
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The aé modulation technique together With_the negative feedback
- minimizes certain.sburces of drift and 1/f noise: For example;'changes
"in the critical current caused by changes in the bath témperatﬁre; drifts
in the bias current; drifts in the_thermal emf's in the cryostat leads;
and 1/f noise in the preamplifier.

The tank circuit on resonance presents (ideally).zéro impedance to
vthe SQUID. Any ac signal across the SQUID at frequency vo that would have
an amplitude V in the absence of the tank circuit generétes an ac voltage
v, = QV.across the tank circuit, where Q = woLi/RD, provided that Ry is the

- dominant resistance in the.tank circuit. Thus when ¢q = (n % k)¢o, we

; (max) : ~ ; o .
expect Vc ~ QRD¢0/4L woLT¢o/4L.» A detailed model calculation of
Vémax)’is carried through in Appendix A. In the model it is assumed that

the I-V characteristic is given by Eq. (2.1), and that the Icvs. ¢ curve

is a triangle pattern. For this model we show that when AIc ='¢0/2L,

v(max)=w—-———°LT¢° -t ), (2.4)
c sL\T wr ) :

where I 1is the maximum value of I . For L_ = 200uH, L = InH, I /I = 1.3,
m v c T o nm

(max)

and I_ = 4UA, we caléulaté‘Vé ~ 40uv.

In the flux—locked mode, the sensitivity of the SQUID is determined.

by the parameter (BVC/8¢q)I . For the model in Appendix A, we show that
o

this quantity is related to v(max)

[o

(max) =~ | ' '
. 3Vc : ._lﬁ.v_c. . (2.5)
3¢ 1 T ¢ e

by the equation
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If Vémax)= 40uv, (BVC/Bd,)q)I ~ 200ﬂV¢0_1. In view of the non-ideal
o 4

22-25 and

behévior of the I-V characteristic resulting from noise rounding
self-induced steps,26 and because of the deviatién 6f the Icvs. ¢ curve
from the assumed triangular pattern, Eq. (2.4) mayAbe in error by as
much‘as a factor of 2. However, we expect Eq. (2.5) to be reasonably
accurate under all conditionms. |

. The optimum bias Voltage for the SQUID in this cifcuit cou1d>in
princible be calculated, but in practice is alﬁays found émpirically by
adjusting Id to obtain the maximum signal from'thevtank ciréuit.
Usually the optimum bias is Io/Im ~ 1.3. This value will be used in
vatious estimates of SQUID parameters. The dynamic resistance
[Eq. (2.3)] of the SQUID at this bias is about 1R, so that Q‘z 125. The im-

‘pedance of the resonant circuit presented to the FET amplifier, QZRD, is

about 15k, The reason for this choice of impedance will emerge in Section 4.

;3. SQUID FABRICATION AND EXPERIMENTAL DETAILS
v3.1 SQUID Fabrication
The design of our SQUID is shown in Fig. 5. The substrate for the
metal films is a fused quartz*tube 20mm long with én.o;d. and i.d. of 3mm
and 2mm respectively. The tube is cleaned with Lébtone cleaner, rinsed
with distilled water, and finally heated with a tqrch to burn off residual

surface contamination.

* '
Manufactured by U. S. Fused Quartz Inc. The paramagnetic susceptibility

9

at 4.2K is less than 5x10 ° esu cm-3. We "are indebted to Dr. D. E. Prober

and Mr. A. D. Smith for making .this measurement.
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A band of Pb/In (In'contént 5 to 10% by weight )10.7mm wide and 3000A
thick is evaporated around the circumfefenée of the tubé. A Pb/In alloy
rather than pure lead is used because it is more resistant to corrosion
and appears -to have less tendency to grow ﬁhiskefs that may~short the
‘tunnel junctions. _The deposition of the Pb/Inband is followed by the
eyaporationtlf a 250pm wide 7504 thick gold film that serves as the shunt
for the two juﬁctions.‘ The gold has an underlay (~50A thick) of chromium
to improve its adherence to the quartz. Next, fﬁov150um wide 3000A
thick niobium films, separated by 1.2mm are dc'sputteréd at a rate of
’ abbﬁt lOdOA/mih-with,a Sloan Model $-300 Sputtergun.: Each niobium film
.makgs’a low resistance contéct.with the gold film and a superconducting
" contact with the Pb/Inband. The niobium is thefmally oxidized for 12
ﬁinutes_in air at 130°C in a closed oven. Aﬁout 80% of the SQUIDs made
with this oxidation proéédure have critical Cufrénts in the acceptable
rénge of.i té 5uA.

" Immediately after oxidation; .a. 3000A thick Pb/In"T" is deposited. The
crossbar of the T overlaps both the niobium stfips toform two tunnel
junctisns. The crossbar is 75um ﬁide, giVing_each”juﬁCtion;an area of
abéuf 1.1x10-2mm2; The stem of thé T is 250um wide; and Bisébts the gold
strip between thé'niobium films to form a shunt for each junctioﬁ. Next,
the 10.7mmgwide'Ph/Inband is scribed with a ?azor-blade midway bét&een
the niobium filmé, as shan. One electrode for the SQUID is ma&e by
~ pressing a small plece of indium onto the.base of the Pb/In T, while

the second electrode is similarly attached to the base of the Pb/In band
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on the reverse side of the cylinder.

The entire sensof is then coated with a thin insuléting layer of
Duco cement,_applied by submerging the sensor twicé‘in a solutioﬂ con-
taining SFparts (by.volume) acet&ne to 1 part Duco cement. We have
found this inSUiator to be‘extremely reliable, and to recycle well be-
tween room and helium temperatures. Finally-av3000A thick Pb/In ground
plane(not shown In Fig. 5) is evaporated over the front surface of the
SQUID. The ground plane reduces flux leakage phrough the slit‘in the
Pb/In band and minimizes the inductance of the various metal strips lead-
- ing to the junctions. A 5007 overlay of siiver is depqsitgd on top of
the ground plane to protect the Pb/In from oxidafion; Occgsionallylthe ground
planes are electrically shorted to the underlying.filmé; We have'found
that shorted ground planes can readily se removed without damaging the
tunnel junctions by immersing the sensor iﬁ acetone. The sensor is then
recoated with cement and a new ground plane is deposited;_ The SQUID is
completed by pressing leads of #40 copper wire té the electrodes with
additional pellets of iﬁdium.

Typical_parameters for the sensor are as follows: Capacitance per
junction 20pr; critical current per junction 0.5uA to 2.5pA; and re-
sistange per shunt 1. We estimate the free sténding_inductance of the
cylindrical part of the SQUID to be 0.75nH. The additional'(ParasitiC)
inductance contributed by the niobium and Pb/In strips is difficult to
estimate accurately because of the uncertainties in the thickness of the

insulating layer between the strips and the superconducting ground plane.
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With an assumed insulator thickness of ~10um, we estimate the parasitic
inducfance'to be aboﬁt 0.5nH.

These SQUIDs have proved extremely 1ong—li§éd, with'réspeét to both
’SfOrage at room temperature and to thermal cycling. However, they need
‘tb be handled with reasonéble>cére. When they ére removed from the
iiquid'heiiuﬁwe have found it advisable to enclose the end of the‘crbetat
in a plastic bag filled with helium gas td'évoid thevéondensation of ex- :
éeséive-water vapor tﬁat may damagé the ground pléne. The SQUID must be N
free of condensed water before it is recooled because thermal contraction of
the ice méy result in cracking of the Duco ‘cement insulator. We have also,
on:occésion, in#dvertently destroyed'SQUIDs by écétching the films wheﬁ
putting on or taking off input coils. The‘SQUIDs are‘very robust elect-
rically. Current or voltage transients have never noticeably damaged the
junctions although they~haVeaindacéd‘mnappedmflumiLn th@,junctiong making
a'feadjustmeht of”Io‘hecessgry.

3.2 'SQUID Mounting and’Shieldihg

To measure the intrinsic noise of the SQUiD it is eéééntial to screen
it adequately froﬁvenvironmental magnetic fieids. We haﬁe achieved.ek—
cellent shieldiné by mounting the SQﬁID insideba long cyliﬁdricgl tube
machined from a rod of lead, 50/50 tin-lead solder, or niobiﬁm, as shown
in Fig. 6. The lead #nd solder rods were made by casting commercial grade
material in a mold. The niobium Vas.99.85%'puré; :The.lehgfh of the>tu5e
is About 76mm, the inner diaﬁeter is 6.4mm, and the wall thickness ié
about lmm. The middle region of the tube i; ﬁgpped as‘éhown. Two

support screws of either fiberglass or a superconductor
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are used to hold the SQUID in place. A short leﬁgth of delrin rod is
mounted in each screw with a nylon insert. The ac'modulatiqn and feed-
" back coil, typically 2 turns of 50um diameter insulated ﬁiobium wire,‘of
inductance 10nH, is wound on one of these rods.

Input coils (not shown in Fig. 6) are wound on the outside of the
SQUID in the following way. The coil is wound from 75um diameter insulated
niobium wire on a teflon rod whose‘diameter is about 50um greater than the
o.d. of the SQUID. The coil is then coated with Duco cement. When the
cement is dry, the excess is removed with a razor blade, and the coil is
_carefhlly removed from the teflon rod.and mounted on the SQUID. Thié.pro—
~ cedure pr&duces a coil that is tightly coupled to the SQUID. ' Each pair of"
wires from the SQUID, modulation and feedback coil, and input coll is
twisted'together and passed through a small hole in one.of the screws.
The screws are then gently tightened to hold the SQUID $igidly in place}
This assembly has proved to have negligible'hicrophonic noise when the

The expected attenuation of an external magnetic field by our
cylindrical shield is calculated in Appendix B. ,E#perimentally we find

that this attehuation is >1011

for all directions of applied field when
the shield is initially cooled in an axial field of ~10mG. The per-
formance wiﬁh Superconducting'support screws is ndt significantly better
than with fiberglaés screws. With a 2.8G axial field applied during

cooldown the attenuation is only ~1010. Ideally, the attenuation of ex-

ternally applied fields should in no way depend on the amount of trapped



00450440 /63 2

-17- LBL-4552

flﬁx threading the cylindef. In practice;iwg‘SuspéCt that flux lines
pinned in the shield or the SQUID move 1n.a.reVersiblé'féshion when an
external field is applied, thus varying the flux ih the'SQUID. ( A similar
mec#anism,may bé.involved with temperature depéndgnt effects to be dis-
cussed in Section 5.4).

The superconducting shield in which theISQUID is mounted acts as a
ground plane to reduce the inductance of the SQUID cylinder. Iﬁ has a
 negligib1e'effect oﬁ the parasitic inductance, because of the preseﬁce
of the éupercbndﬁcting film overlaying the niobiﬁﬁ and Pb/Instrips. The
.cylinaer induétahce is reduced by a factor* of about (1-6); where § is‘
" the rétib‘of the cross sectional area of thé SQUID to that of the super-

‘conducting shield. In our case, § = 0.25, so that the effective cylinder

Consider a long solenoid of cross sectional area A mounted coaxially
inside an infinitely long superconducting cylinder of cross sectional

.area A'. The inductance of the solenoid will'berL = NBlA/Ic where Bl is

the field inside the solenoid, I is the curreﬁt through the solenoid, and

2
the shield and the soleﬁoid. From Amp2re's law B

N is the number of windings. Let B, be the field in the region between

1 + BZ = 4TNI/%c, where
2 is the length‘bfjthe solenoid. Since the total flux through the shield

is constant, BA = (A' - A)B,. Thus B, = [1 - (A/A")]47NI/Lc,and

1 _
L(§ = (1 QGI)L(O), where & = A/A', and L(0) = AﬂNzA/ézl. This ground
planing effect of the shield will reduce the inductance of the SQUID

cylinder (which can be thought of as a single turn solenoid) as well as

the inductance of any input coils wound around the sensor.
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inductance is approximately O.SSan Unfor;unately, it is not poésible.
to measure the ;otal SQUID inductance L directly. Throughoﬁt the paper,
we shall take a value of{L = 1nﬁ aé a reasonable'estimatelaf the.sum of
the cylinder and‘parasitic 1nductances. This estimate is consistenf‘with
the fact that fhe critical current.modulation depth, AIc,ié fypically

1uA.

3.3 Cryostat

The SQUID shield and the tank circuit are rigidly mounted on a
copper plate suspended by stainless steel tubes inside a vacuum can.

The temperature of the SQUID can be elevated above the bath temperature
by means of a non-inductively wound heater. The temperature is monitored
- with aﬁ Allen-Bradley carbon thermometer also mounted on the copper plate.
With exchange gas in the can the time constant is about 1s. A solenoid.
wound on the outside of the vacuum can can be used to apply a magnetic
field parallel to the axis of the shield. - The vacuum can is cooled in a
ﬁiberglass Heé dewar that requires no liquid nitrogen. Two concentric
u—metai shields around the cryostat are sometimes use& to reduce the
ambient field to less than 10mG.

For some measurements, the temperature of the SQUID is regulated at
4.2K, Regulation is achieved by controlling the pressure of the He4
vapor in the dewar. The temperature of the SQUID is measured by the carbon
thermometer in an ac bridge. The output of the bridge is used to regulate

a valve through which the helium gas from the cryostat is vented. This
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technique compensates for changes in temperature resulting both.from
atmospheric pressure fluctuations and from the decrease'in hydrostatic
pressure of the helium bath as tne liquid evaporates. The regulator
maintains a constant temperature to within iSOUK'for the tuo—dap hold

‘time of the dewar.

SQUID AND ELECTRONICS OPERATION AND PERFORMANCE
4.1 SQUID Operation
- The SQUID is brought into operation by making various adjustments to
the SQUID electronics (Fig. 7) with the feedback loop open. First, the
bias current, Io’ and the ac modulation levelvare varied until a 100kHz
signal appears at the output of the tuned amplifier. Next, the tank
circuit*trimmer'capacitor is adjusted to maximize this signal. = (The
tank circuit resonant frequency is independent of the'SQUID parameters,
~and the adjustment ‘needs to be made only once for a given tank circuit.)
As the amplitude of the ac modulation flux, ¢ s is increased from zero,
.the amplitude of the signal varies roughly_as»J1(2ﬂ¢m/¢o), where J, 1is the:first
order Bessel function. Thevmodulation leveldis set so that the output is near tne
. first maximum,icorresponding to ¢ ¢ /4. 1t is not necessary to re-
adjust the ac modulation level while using a given‘modulation coil. Finally,
Io is adjusted. For the ideal junction described in section 2, as I0
is increased from zero the output ac signal should be zero until

IO> Im - AIC. The signal should then increase steadily, reach a maximum,
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and decay monotonically back to zero. In practice, as I 'is increased
past the first maximum, a series of maxima and minima iSv observed\ These
oscillations are probably the result of self- induced stepszgn the I- V
characteristic. Their presence does not seem to degrade the SQUID per-
formance. The first maximum is always the largest and the SQUID is
operated at that point. When I < 5uA, the 1argest signal usually occurs
when I zll.dIm. The maximum is quite broad and no degradation in SQUID
performance occurs if I is as much as +10/ away from its optimum value.
The maximum amplitude of the lOOkHz signal available from the tank circuit

(max) B 30uV about 75% of the value predicted by Eq. (2.4).

is typically V
In view of the uncertainties in the values of the various parameters and
the approximations involved in the calculation we consider the agreement

(max) to be satisfactory

between predicted and measured values of V
| When the various adjustments have been made,the feedback switch is
closed to put the SQUID into a flux—locked 1oop. The SQUID is locked to

either a maximum or a minimum of the I vs. ¢ curve, depending on the
polarity of_I . The flux resolutlon of the SQUID is- independent of the

choice cf polarity.

4.2 Electronics Design and'Performance
. The SQUlD electronics is" shown in Fig.7 . The 100kHz output of
the tank circuit is amplified in three stages. The first stage is a low
noise FET preamplifier with a broadband gain of 102, and a‘voltage noise at 100kHz

of typically 1.4nVHz_%- The second stage is a tuned amplifier with a
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Q-3 and a gain of 102 at 100kHz. The ac signal from the SQUID is
monitored at the output of this amplifier. The final ac amplification is

provided by a broadband amplifier Qith a gain that is adjustable between

0 and 300 - The output of this. stage is fed into a multiplier with a sine

wave reference to demodulate the 100kHz component of the signal The
reference signal from the oscillator is shifted in phase by 90° to com-

pensate for the phase ‘lag between the tank clrcuit output and the modulating

flux. The multiplier output contains components near zero frequency and

near 200kHz. In addition there may be a small lOOkHz signal arising from

a dc offset at the input of the multiplier The 100kHz and 200kHz
components are filtered with LC traps. The filtered output is then
integrated, as shown in Fig. 7. R2 is the input—output leakage resistance
of the operational amplifier ( 10 Q) 'The.zero frequency gain of the

integrator is about 105.' At frequenc1es above a few mHz the integrator

. gain 8y is

8 = a1+ ijN)/jer, ' (4.1)

where TI'= 2R1CI is the effective integrator time~constant, and

TN = RNCI' The neutralization.resistor RN in seriesvwith C_ compensates

I

for‘the roll-off in the frequency response of the tank circuit (see

below).
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When the feedback_switch'is closed the integrator output is connected

to the feedback resistor R in series with the modulation and feedback coil.

The modulation and feedback coil couples to the SQUID through the mutual in-

ductance Mf The feedback current seeks to null out changes in the'applied

flux The voltage Vf across Rf 1sthus proportional to the applied flux. Vf

is read out by means of a unity gain buffer amplifier having a 1009 output

O f
to the modulation and feedback coil.

impedance V_ can be set to zero by applying the appropriate offset current

We now evaluate the performance of the electronics with regard to
dynamic range, frequency response, and slewing rate with the SQUID 1in the

flux—locked mode The dynamic range of the flux—locked loop is the ratio

of the maximum integrator output voltage +V§max)

(min)

to the minimum detectable

output signal voltage V The optimum dynamic range is obtained by

”using the smallest value of R /M for which the noise contribution to Vf

7 from the buffer amplifier is still small compared with the n01se con-
tribution from the SQUID. We usually choose Rf/Mf to be between 0.1V/<1>o
and 0.2V/¢o, although we have occasionally used a value of 0.03V/¢0.
With Rf/Mf = 0.03V/¢0, noise from the buffer amplifier is just detect-

able. Our limit on Vf is #10V, so that the maximum flux change that

can be tracked with Rf/Mf = 0.1V/_¢o is i100¢°. For a SQUID with a flux

resolution per VHz of S: the.smallest detectable flux in a bandwidth B

is S%B15 For - S¢ 3.l5.x10_5¢>on-;i

t3x106. The upper limit on the dynamic range is set by the buffer

and B = 1Hz, the dynamic range is about

amplifier at t107.
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The frequency response aad slewing rate éfe determined by the total
_1oop gain and by phase shifts iﬁtroduced at the various stages of ampii—
_fication. Giffard gg_g},ghave analyzed the electronics fbr_an rf SQUID
where the only significant phase shift is that produced b&vthe integrator.
_Davidéoﬁ é;;gl.27 have'analyzed the case of the voltmeter. In the case
of our dc SQUID the phase shift produced by»thé tank c£rcuit must Be.in—
cluded in the analysis since the bandwidth, aboutblkHz, is two orders.of
- magnitude smaller than that of a typical 30MHz.rf SQUID. The phase shift
of the tank circuit ié compensated by the deufralizaﬁion circuit across
the integrator. Thus our electronics is cha£acterized by the fbllowing
time Constanés: Tank circuit time constant T, = Q/ﬂvo,.neutralization
time.constant T, = RNCi, and the effective intégrator'time'constant

N

VTI. Additional time cbnstants associated with the finite bandwidth of

the tuned amplifier and the LC traps are relatively unimportant.

va ¢é is the flux applied to the SQUID at angular freQueﬁcy_w, then

the corresponding feedback flux ¢f will be

-

W,
1+ G’

_ _',_ <__9. v
¢ (lo, - ¢;1 <7 | (4.2)
where G(w) is the total small-signal loop gain. At frequencies above a

few Hz where the integrator gain is given by Eq. (4.1)
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(4.3)

Here g is the loop gain at w = 0, exclusive of the integrator, and is

defined by

g = (?Vc/8¢q)loga‘wd)gm(déf/dvf). 

(4.4)

7 . . = . 9 3 is the forwérd transfer function
In Eq (4.4) ¢q ¢, = b ( Vc/ ¢q)1. $

(o}

{Eq. (2.5)], gé(wo) is the ac gain at 100kHz from the preamplifier input

to the multiplier 1input, and gm'is the multiplier gain, about 0.4. The

quantity (d¢_./dV_) is the reverse transfer function given b
£ £ g y

ﬂ¢f/de = Mf/Rf.

The frequency dependence of IVfl is given by

2 2

V_(w) W, S
f _ G(w) I P 1 ' 2.2 2g _
lvf(O) = |1 Tew| )7 g2(1+w2T§) LHrwr, TI(Tt T

(4.5)

-1/2

(4.6)‘

N
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To ensure'that ¢ does not cancel the 100kHz flux-¢m we require
IV (w )| -2 15|V (O)I At @ = W the wa'term in‘Eq.v4.6 dominates,
1ead1ng to the constraint |
W T T

% T e 1y L | . '
o1t . > : : .
8T > 1. .(wo?tfonN > 1) o _ | (4.7)

N We expect

g to be somewhat below this bound because phase shiftsuin'the tuned

Equation (4.7) puts an upper bound onvg for given TrsTes Ty

amplifier and IC traps are no longer negligible at-w = wy
At low frequencies IV (w)/V (0)| 1. As the frequency is increased,

|V (w)/V (0)| exhibits a peak at w = wp, and then falls to zero at higher
frequencies. The angular frequency wp 1s given by
2 1M, Zng%I(Tt - TN) - TN 2 |
w ===(]1+ - — 1 -1). (4.8)

2 : 2T 1 :

N ,

P T
T.T1 t

"In the limit ™ 0, wp'= (g/T T )%, and IV (w)/V (O)I =(r g/T )% The

neutraiizaticn circuit shifts wp to lower frequencies-and reduces the
amplitude of the neak. When N z-Tt’ &# = 0 and the peak disappears.
’In'nracfice we keep‘r somewhat less than T (by about a factor of two) so
that excessive amounts of high frequency noise‘from the electronics will
not be fed baek!to the SQUID.. Thus.there'is always a neak in |
v]Vf(m)[Vf(O)l. “In order to keep thie’peak small, and, atithe same time
tb'havefa good_frequency response, one needs Tt to be short as possible.

It is for this reason that we compromise and choose Q ~ 125 rather than
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the value of 260 that yOuld_optimally metch the SQUID to the preamnlifier.
We nave measured |Vf(w)/Vf(0)| as a function of ffeguency_forlg = 584,
Ty = l.78x10—as,1'I = 2x10—23, and ft = 4.13x10_4§, The meesured curve is
shown in Fig. 8 together with the response curve calculated fromiEq. (4.6).
The agreement is quite good, except that IVf(w)/Vf(O)I tolls off somewhat
more rapidly than.expected. The neasured 3dB.r011-off frequency occurs
at. 2kHz instead of the calculated value of 2 5kHz |
~ The slewing rate is the rate w¢ at which the feedback flux changes
fhe maximum slewing rate occurs when -the output voltage V from the tank
circuit is a maximum. At low frequencies (wTN,wT < 1) this maxinun is
(max) [E (2 4)] Giffard et al 9have shown that for an ideal ‘electronics

design characterized by a single time constant (d/dt)(¢ /¢ ) = v /8.
.. o

For our electronics, this result is modified to

¢ 2T - - '

a( e . |

dt(¢ ) = e \B. (ont’moTN > 1) . (4.9)
o‘max- N -

_ - -. i‘ o . 5 '— .‘ . ‘
With 'rt/'rN ~ 2, we find (d/dt) (¢f/¢o)maX = 2.6x10 ¢os-l,d.ourcmeasured
gslewing rate is typically 2x104¢osec-l. This limit is set by theisatu—

(max)

_ration of the multiplier for V < V By varying the loop .gain and

the various time constants, we have achieved a slewing rate of 105¢os-1,
but at the cost of increased output noise. We believe this noise arises

from the increased bandwidth of the closed. loop that results in noise

from the electronics being fed back into the SQUID. ..
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5. NOISE AND DRI FT

In ﬁhis septipﬁ we shall describe the poi§e7éna.dfift limitétions:
of thé shielded dc SQUID in the absence of anfinpﬁf coil, Wé'discuss
first the white noise limitations due to intrinsic SQUiD”ppisg and
preamplifier hoise, and second, the int;insic 1/fhnoise. We thgnz
. show a t&pical noise power spectrum, and compare it with ﬁhe pPre-
dicted spectrum. - Finally, we discuss invdetail.the fécfors contributing
to the long-term drift in the output of the_device; |

'To_fully evaluate the‘perforﬁance of a SQUIb; one must specify not
oﬁly’thé rms flﬁx noise aé a function of ffequency; but a1$§ thg'iﬁ—_
ductanée of the SQUID and how well an.input coil can Bé éoupled-to the
sensor. A discussion of these additional faqtérs Qilllse deferfed until.

section 6.
5.1 White Noise

. There are two sources of white noise: Johnson noise in the shunt
reéiétors, and‘preamplifier noise. We.consider first the Johnson ﬁoise.
bNo detailed'analyéis of the effect.of Johnson hoise on a dc SQUID has-
.pré&iouslyvappeared in the litgraturé. We shall theréfore adapt modgls
for the nqise in single junctions to estimate-the“noiée in a dc QUID.
BFcause of the complicated'non—lineér_naﬁure of a SQﬁID; iﬁ is possible

that our calculation somewhat underestimates the true noise, but our

results can at least be regarded as a lower limit;
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| Consider first a single shunted junction with Bc = 0. In the

absence of noise the i-v charactéristic is given by Eq. (2.1). 1In the
presence of thermal noise in the shunt the i-v characteristic becomes
_rbuﬁded nééf'v'= 0. Th;'degree of rbunaing increases as the parémeter
Y”= ic¢o/nkBT is decreased from o (T = 0) to Otic =0).  The'shape of
the noise-rounded i-v characteristic has been calculated by Ivanchenko
and Zil'berman;22 Ambegaokar and Halperiﬁ,23and Uystavkin gg_gl.24~The
experiments of Falco gg_gl.zs are in good agreement with the calculations.
Likﬁarev and Seﬁlenov28 have given an analytic expression for'noise‘bower.
spectrum for a shuntéd junction when y >1.- For?ffequencies much less than
nthe“Jééephson frequency. at the voltage bias:id question they find the

noise current has a white power spectrum given'by'

v 1 ic2 4k T
"Si= l+i 'i—o‘ ot ] (5.1)

When the noise rounding is considerable, no analytic solution for the

power spectrum exists. The humericél calculations of Vysﬁavkin gg_gl.z
are presented graphically in Fig. 3 of their paper. For low yalues'of
normalized bias voltage'; = v/icr,it appears that the voltage noise pdwer
spectrum;sa;, is proporﬁional to v. This result is consistent with an
eiegant and physical analysis by Fulton29 who finds'thats;, ="2¢0Y]'

for low bias voltages, where Y]= 2ev/h. As ;iis inéreésed, the noise in--

creases to a maximum when(avlailis a maximum. At higher values of ;;
c

Vystavkin et al. 4 find that the noise decreases again, and is apparently
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quite close to the prediction of Likhsrev amd.Sémenov‘.Z8 Thus it appeers
that the Likharev-Semenov result is avgood‘approximation for voltages at
which the noise rounding is not too severe.
Each junction in the SQUID has a.critical current of typically 2yuA,
- corresponding.to Y = 25 at 4K.l If we aSSume’Eq;‘(Z.l) to be valid, the bias
voltage for r ~ 10 and io/ic ~ 1.3 is ebout i.7uV, correquddidg to

V=~ 0.85. An inspectlon of the i-v characteristics 22-25 for Y = 25 and

< |

~ 0.85 indicates that it is not significantly different_from the Yy * o
lidit. In addition, Fig. 3 of the paper by Vystavkin et al. 24 shows

thet the noise power spectrum for Y = 25 and v =~ 0.85 is not very different
from that for Y = and v = 0.85 (it 1s _;_z different for v < 0.4).

| From'these results we conclude that the L_ikharev—Semenov28 analytic result
is'probably adequate for our SQUIDs. However, it could give a.seriously
incorrect result forvbias voltages much'less.than_IcR ~ 2uv or.criticel
currents less'than (say) 1luA. We shall use Eq. (5.1) to estimate the

white noise of our SQUIDs.
The noise current per junction predicted by Eq (5.1) will affect

the double-junction SQUID in two independent_ways: First, by inducing a
voitage noise across the junctions and, second,by inducing a circulating
~current noise and hence a flux noise. The power spectrum B, of the voltage

noise referred to the input of the preamplifier.has the form

Note: Vystavkin et al. use a parameter I = 2ﬂkBT/ic¢o. For

1c'z 2uA,and T = 4.K, T = 0.1.
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. ) _
2 'lrIm AkBTBb '
A | (5.3)
| R el
for frequencies in the rénge vJJ-I/ZQ) < v < le+i/ZQ). The flux ﬁOise
indﬁced by the circulating current noise is uncorrelated with the voltage

noise and has a spectrum B¢ given by

' 1 Im 2 kBTL2 (
B¢= 1+2f0- R . (5.4)

'We turn nowvto the preamplifier noise. At a frequency of 100kHz, the
1/f noise of the preamplifier is quite negligible. The noise of the FET

‘ %
input stage may be characterized by a noise voltage source with a white

v and an independent noise current source with a white

(A)

power spectrum F
The total voltage power spectrum $ ‘referred to the

power spectrum FC.

input of the preamplifiér is thus-

(A) _ 4. 2 .
§7 = Fy + FQ R - (5.5)

The voltage noise dominates for Q4RD2 < FV/FC while the current noise
dominates for QARD2 > FV/FC. The two contributions are equal for
QARDZ = FV/FC. It is useful to compare Eq. (5.5) with the Johnson noise

(1

spectrum S = 4kBTRDQ2 of a resistance RD at 4.2K referred to the output

* For a discussion of the optimization of noise in amplifiers, see, for

example, S. Letzter and N. Webster, IEEE 'Spectrum 7, 62 (1970).
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_of the tank circuit:

4 2
S(A) ) Fy + FQ Ry
)] o2 :

4kpTRQ

5.6)
S o :

‘ The ratio S(A)/S(J) is'plptted as a function of Q in Fig. 9, for the values
FV = 2x10-18V2Hz-1.and Fo = l&xlO-ZSAZHz-1 that are typical for our pre-

ampiifié§$; and RD =.19. .The ratio S(A)/S(J) has a minimum value of about
0.25 at Q = 265. This implies a preamplifier.naise téﬁperature of abdut 1K.
' However, as discussed in Section 4.2, it is.preferable'to'use a some-
what‘;malier Q, typically 100 or 125. For'thgse-valugs Ova"FV com-
pletely dominates FC QARg.'If we take intp account the voltage noise from tha SQUID

(Eq. 5.3), the total voltage noise power spectrum'SV referred to the input

of the preamplifier is then given by.

Sy = By + Fy. o 5.7)

We now détermine the flui resolution of the SQUID at. frequencies
0 < v < vo/ZQ ~ 500Hz. To obtéin the flux résolution it is necessary to“
~ take into aécount the fact that flux applied ?o the SQUID is modulated at 100
kHz and that the output of the.ac ampiifieriis demodula;éd with a multi-
plier. ‘With the feedback ioop open, the voltagé noise and flux noise
will produce a total mean square voltage Pn(f) in a bandwidth df at séme

frequency v = £ (0 < f < vo/ZQ) at the output of the muitiplief. One

defines the flux resolution per square rodt Hertz, S:,-as the'eguivalent
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rms flux noise that must be applied to the SQUID to produce the same mean
square voltage Pn(f). When the SQUID is in a flux locked loob the action
of the feedback circuit is to supply a real flux noise to the SQUID with a

spectrum given by S¢. "In Appendix C we show that S¢ is related to

,SV [ Eq. (5.7)]vand‘B¢

[Eq. (5.4)] through the expression

.SCb = ZSV §¢_ + EBCP. ' : (58)
q'I :
) ,
In the flux locked 1oop_(avé/a¢q)1 is given by Eq. (2.5). If we insert
. ,r - N ] o : . N
Egs. (2.5), (5.3), (5.4), (5.7), and Q = woL/RD into Eq. (5.8) we find that

2.2 221 - 2]
. m ¢o 4k.BTwoLT 1+ 1-_9) +F
5 * nax 2 R T 2\T, v
128(V ")

2 v
T \A k. TL s :
3 1 ™ m B -
3 _4__ . 5.9
+21+210)] = (5.9)
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5.2. 1/f Noise in the SQUID

At some 1ow‘frequency we.expect the SQUID ooise to becomedominated by 1/f
noise. As in the case of white noise, the 1/f noise will appear both as
voltage noise and  flux noise. The voltage noise component will be
eliminated by‘the‘ac modulation technique, while the flox noise will not;
We estimate the‘magnitude of this noise.

e Clarke'and Hawkihs30 studied the 1/f noise in single shunted tunnel
: similar to those used in the S '

junct;333\VfTEE;“?EEEE-EEEE-EﬂZ_;Z;§§§E%Unoise;was quantitatively pre-

| dicted by the thermal fluctuation model of.Clarke andAVOSSBI.‘ According
to this model equilibrium temperature fluctuations in. the junction give
rise to fluctuations in critical current,. and thus to fluctuations in
voltage when the junction is biased with avconStant curreht i, at a non-
zero voltage. The power spectrum of tﬁe voltage fluotuations is.ptedicted

to be

2 2 2
kpT (BV/aic)io(dic/dT).‘

Sv = 713 +2in(w W)ICE (5.10)

In Eq. (5.10), v, and w, are the greater and smaller widths of the junction.

€ is the heat capacity defined by

C =wwlecyto +‘°Nb£Nb] s (5.11‘)

wheretEPb and_&,'Nb are the Ginzburg-Landau coherence lengths in lead'and
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niobium and pp and cyp 2re the specific heats of lead and niobium

at the temperature of the experiment.. Inserting the values

1 -3

= 150um, w, = 75um, ¢, = 2.5x10—3J K-lcm-B, c,, = 8x10-%' K “cm 7,

Y1 2 Nb Pb

Exp 400A, and £y = 800K at 4.2K, we findC - 8.5x10 123k 7L, From
Eq. (2.2), for r = 1 and i;/ic.ksi;3 wé find (BV/aic)i o~ 1.2Q. For
i = Z.SUA,étA;ZKJwe find typically that (di /dT) = iuAK' . Inéérting
| these values into Eq. (5.10) we find Sv . R 9x10—24;(1H2/f)V2Hz_1.

The voltage noise of each of the two junctions in the SQUID will contribute

independently to the flux noise. The flux noise power spectrum for the SQUID

can therefore be written as

2.2
.S¢ = s /2RD . , . i A(5.12)

Using the values L = 10_9H and RD =~ 1Q, we find a mean square noise of

- 2 L v . _
about 10 12(le/f)q)on l. Neise rounding of the i~v tharacteristic will
change the value of (BV/Bic)i somewhat, but probably by no more than a

o
factor of 2.

5.3. Measured Power Spectrum

In Fig. 10 we show the power spectrum, S,, of the noise of a shielded

¢
SQUID at 4.2K with no input coil. The power spectrum was taken by

digitizing the signal from the output of the flux-locked system, and
storing the digitized signal in a PDP-11/20 computer. A Fast Fourier

Transform of this signal was taken, squared, and stored, and the process

repeated, typically 30 times, to obtain an averaged power spectrum.
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The noise of the SQUID is nearly white between 2x10-2Hz and 200Hz with
3 | |

an rms value of about 3;5x10—5¢°Hz- . The roll-off in the noise above
200Hz is a result of filtering in the electronics. Below 2x10-2Hz”the
powér specﬁrum is approximately 1/f, with a mean square value of about

=10, 2 -1, : ' . :
10 (1Hz/f)¢oHZ- At 4.2K, the maximm ac signal from the tank circuit,

max R ‘ N ' '
vV(‘ ), was about 30uV. When SQUIDe were cooled to 1.8K, the white noise was

b

lowered somewhat, typically to_2x10-5¢on— . At the same time, the

signal from the tank circuit increased by a factor of about 1.2.

| If_zhe SQUID a;é its ;hieid ﬁere Eboledfin the presence of a“ﬁag—‘

netic field.greater than about 1G we observed microphonic noise. The
power spectrum at low fields was not significantly dependent on}whethef

or not the bath temperature was regulated. Also, the noise was not notice- -

ably different when the SQUID was in liquid helium rather than in the vacuum can.

(max) -

The rms noise predicted by Eq. (5.9) with v,

9

30pv, IO/Im = 1.3,
L = 10 'H, Ly = 200uH, T = 4.2K, R = 0.5Q, and rv%-'= 1.4nVHz"? is
:3.2le-S¢°Hz—%. .Given the uncertainties in the values of the parameters,
thg'agreemeht‘with the measured noise is excéllent.

At_l.SK'the predicted rms flux noise is 2.0x10‘5¢§nzf%, a value which

is somewhat closer to our measured noise'then we can justify with our

model. The fact that the
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flux fesolution of the SQUID improves as the temperature is lowered
sﬁrongly suggests that the noise is domimated by intrinsic.thermal noise
in the SQUID. | ,

The measuréd 1/f noise power spectrum is'aboﬁt_two orders of magni-
tude highef than that predicted by Eq. (5.12); To cheék that the‘l/f noise
was not generated at the lock-in detector, we remeasured‘the noise power |
spectrum with several different values of gain in the ac amplifier.

The measured noise did not changé significanﬁly Qhen.the gain was varied
over a factor.of ten, implying thét the 1/f noise originatéd in the SQUID.
»In view of the rather large discrepancy between‘the observed and calcu-
lated values of 1/f noise we believe that this noiée ié not thermally
generated in the junctions. The source is unknown, bu; we speculate

_ that the motion of flux pinned in the thin films of the semnsor céuld

possibly contribute to the noise.

5.4 Drift

We found that the output of the flux-locked loop tended to dfift
over long periods of time (hours). Because a low drift is essential for
some applications, we investigated the cause of the drift in some detail.‘.
Most of the drift was found to be associated with the temperature
dependence of the signal from the SQUID. Although the mechanism of the
temperature dependence is not completely understood, we have been able
to characterize it in an empirical way through a number of experiments.

A

As a result, we have been able to achieve a very low drift rate in our system.
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We have resolved two contributions to the temperature sensitivity

d¢/dT,’9f the SQUID output. One contribution is roughly proportional to.

the axial magnetic field trapped by the superconducting shield és it is
cooled below its transition temperature. The sign of thié contfibution de-~

pends on the polarity of the axial field. The other céntribution is

-nearly independent of magnetic fieid. ‘The field dependent contribution

. e ——e 1T

dominates for fields > 0.2G. T e T

Curve 1 of Fig. 11 shows the variation of ¢-1d¢/dT with temperature
)

for a SQUID with leads attached with indium contaéts*.

This curve was reproducible from day to day to about 4+SA for a given

SQUID/shield combination. The SQUID was

mounted iﬁ a lead shield with lead support scréws,-and.was éooled in an
_axial field of 2.85G. Two u—metalvcans aroﬁnd-thé cryostat reduced the
traﬁsverée cqmponents of the earth's field to less than 16mG. The axial
field wés tufned off once the shield was beiow_its traﬁsitioﬁ temperature.

The temperature sensitivity has a sharp peak at about 3.4K produced by

flux. exclusion from the indium contacts. The peak is superimposed on a

backgfound value of d¢/dT that decreaseé with decfeasing temperature.

Thé fact that the background is deéreasiﬁg;péther than increasing with
'femperatqre indicates that it is not produced by paramagnetic impurities
in the quartz substrate or in the delrin rod on which,the modﬁlatidn coil

is woundf

* g ) : i .
~ Our earliest SQUIDs had In-Bi alloy contacts. We found that at 4.2K

.d¢$/dT was about 50 times greater_thaﬁ for‘SQUIDs with'indium.contacts;

The transition temperature of the In-Bi was smeared over the range 3.4K
to 6K. As the temperature was lowered flux was progressively expelled

from the contacts giving rise to a temperature dependent flux through the SQUID.
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The magnitude of d¢/dT is too large to be attributed to the i
temperature dependence of the superconducting‘penetration depths or to

thermal contraction or expansion of the shield or SQUID. We suspect

‘that the magnetic field-related temperature dependahce arises from

the reversible motion of flux lines pinned in the shield. To further
investigate thié hypothesis we measured d¢/dT as a function of tempera-
ture for a SQUID mounted in shields made of lead (wifh iead and fiberglass
support screws), niobium(ﬁith niobium and fiberglasé support scraws), and
50/50 lead-tin solder (with solder support screws). The results are

shown in Fig. 11, curves 2-6. The system was always cooled in an axial
field of 2.85G. The same SQUID was used when taking all data for curves

2-6. However, a different SQUID and lead shield were in use when data

“points for curve 1 were taken. It seems reasonable to assume that the

value of the trapped field will be comparable for open-ended cylinders
(i.e., those with fiberglass support screws) of different materials.

However, it is by no means clear that a cylinder with superconducting

‘'support screws will trap the same flux as the same cylinder with non-

superconducting support screws. In the case of the lead cylinder,
there seems to be no difference in the results obtained with superconducting

and fiberglass support screws, whereas with the niobium cylinder d¢/dT

was somewhat lower for fiberglass Support screws than for niobium
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sdpport-screws.v The shapes of“the.éurves'for lead'énd niobium are very
similér between 4.2K and 6K, alfhough ééparéntly théte is a small'dfop'
in d¢/dT for Nb near 6.5K. For the solder cylinder d¢/dT was gubstantiélly
higher than for the lead and niobium cylinders, and had a different |
temperature dependence. The relatively poor performance of the solder
can probably be attributed to é very bfoad superconducting transition
caused by inhomogeneities. The lowestrdependehce achieved was_with the
| niobigm cylinder with fiberglass support screws, fér which d¢/dT = |
0,6¢6K516_1.at 4.2K. A . |

The fact that d¢/dT is higher for so1qer.and 1e;d ‘than fér
niobium implés that the_effect;is inherent in the_éoldér and lead shields.
In thé cése of the niobium shield, although we_suspect the gffect'is still
inherent in the shield, we have no certain'way 6f establishing that we are
not observing a contribution to d¢/dT that is intrinsic to the SQUID.

We also measured d¢/dT_when'the SQUID and i£S‘shie1d were cooled in
ambient‘fields"of 10mG or less. For a nioBiUm shield, thé expected valug
of d$/dT , based on the measurements iﬁ highér fieldé,‘is‘aboutv6x10—3¢°Kfl.
:'In fact, d¢/dT was found.. to be an order of maénitudé higher, typiqally
. 0;05¢0K—1_to_0.1¢0K—l. We shall deﬁote‘thisfresidual field-indepeﬁdents

compoﬁent by-d¢/dT|0. We flound that d¢/dT|o had no systémétic ;emperature
dependence, varied sqméwhat from SQUID to SQUID, and reversed sign wheh I0 was
reverégd. We suspected that the effect waé=re1ated to an asymmetry in -

the SQUID. If the two junctions of the SQUID aré not identical Io will

divide unequally between them, thereby linking flux to the SQUID.
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_If the criticﬁl currenté‘change'wifh temperature the flux generated'by IO will
change, and produce a tempefatureQdepeﬁdent drift. . The sign‘of'd¢ﬁdT|o willdepenq »
on the polarity ;f Io. The fact that the SQUID is locked to a'méximum |
. or minimum of the 1¢ vs. ¢ curve imp;ies fhét fof a pleectly symmetric SQUID the™ *
SQUID output should not’ change when T  is changed.

| We haﬁe made estimates of d¢/d16 on one SQUID by.méasuring:the change
in the output of a’ flux-locked SQUID when Ié was changed.' We found
dd)/dIo ~ 0.007q>ouA_l at.4.2K. This result imples that a stability of 1

3 in I0 is sufficient to reduce the drift to ‘below 10_5¢0.

part in 10
We were able to reduce d¢/dIo sighificantly by controlling the dis;ribution
:of io.betﬁeen the two juncfions. The wire connected to fﬁe SQUID cylinder
was removed and reattached tb.the lower énd'of one.of the niobium strips.

A tﬁird léad wés'éttached to the end of thé otherfniobium strip. The
division of Ié between the two strips was controlled with a potentiometer.
The output of the flux—'lotked'SQUID'Varied wftﬁ'the potentiometer setting
as'IOVWas redistriﬁufed around the Pb/In band. It was possibie to find a
éétting for which the SQUID output was independent of Ib’ i.e.,- for which

' Id linkéd zefo'flux to the SQUID. ‘ | This setting did not pro-
duce d¢/dT = O: In fact, the value of the resi&ual d¢/dT did not depend::
strongly on the setting.' This result is expected for non-identical
junctions. Independently of the initial distribution of.Io, a change in
temperature; and thus in the junction critical currents, will result in a

redistributionvof’lo, and an accompanying change in the flux linked to the

SQUID by I_.
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‘Since it is possible to change both the sign and magnitude_of the
nagnetic field-related component of d¢/dT one can eool down the SQUID
and‘its shield in anvappropriate field so that the nagnetic field related
id¢/dT cancels’d¢/dT|o. There is then a limited temperature renge over
which the temperature dependence of the drift w111 be small. 1In
nractice, it is not difficult to obtain a net temperature dependenee
< 5310-3¢0K_1 over a range of SOmK. - |

From our‘neasurements of d¢/dT we can eStimete'the expected iong term
drifts in‘the SQUIDvoutput.resulting from decreases in the hydrostatic
nead'preSSsurevof the He4 bath-and variatione in atmospheric pressuret
In our fiberglass'cryostat,the liquid helium'ievel drops at a rate of
no more than 2511imh-l when the bath is.at 4.2k, This drop results in a
temperature decrease of up to 0.3mKh-1, and'a corresponding magnetic
field related drift of-~2x10-4¢0G_;h-1. Atmospheric pressure related
drifts; although typically comparable, may Beia factor of five or more
greater under extreme conditions. Thus for a SQUID and snield cooled in.
the earth's field drifts of up to'5x10—4¢ h—l are to be expected. To
'obtain low long term drift, one must either regulate the temperature of the
SQUID or cool down the shield and SQUID in a magnetic field that minimizes d¢/dT.

From a practical point of view it is inconvenient to cool the SQUID
and its shield in exactly the right field to give a snall net temperature
dependence. Ae mentioned in section 3.3 we have eonstructed a simple
temperature regulator that stabilizes the temperature to #50uK. 1In

Fig. 12 we show the drift over a 20h period of a temperature regulated
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_ shieldgd SQUIP_whose temperature sensitiyity was O.l¢°K_;.. The measurement
bandwidth was OHz te 0.25Hz. : Tﬁe'average drift is‘about 2#10-5¢oh-lm
We have also measured the drift in the output of a SQUIDACOoled in a
magnetic field'chosen to minimize d¢/dT. Without temperature régglation
the drift was again typically 2x10_5¢oh_l.

The fact that the output of the flux-locked SQUIﬁ does drift des-
pite all precautions suggeéts that"yet another source of drift is present.
.The mechanism has been identified with a phasg shift in the 100kHz

signal prodpced by changes in the capacitance of the éablg cpqnecting
the tank circuit with fhe preamplifier. The cable capacitance changes
with temperature as the liquid He4 level falis. In an ideal system in
which the signal into the lock-in de;ectorvis maiﬁtained at a value
glose ;o zero by the feedback,this phasg shift wouldvnot be importént.
However, because of the inductive couplingvbetween‘the modulation coil
and the SQUID, there is an unavoidable 1QQKiﬁlfeedth;ough signal ﬁhat is
amplified by ;he tank circuit, and that is notvreducéd by thevfeedback;
A‘change ip the phase of this feedthrough will produce a change.in the
output of the lock-in. We found that a capacitanéé change.of less than
1pF (0.01% of the tank circuit‘capacitance) couid account for the drift

~observed over a 20h period. We hope to reduce the sensitivity to capaci-

tance change in a future design of the electronics.
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6. COIL COUPLING CONSIDERATIONS AND NOISE

6.1. Introduction v

" In most SQUID applications, the signal'to be measured is coupled
to the SQUID by means of a superconducting inpet coil. To make a volt-
* meter, the Signal.source and a calibrated resistor aee connected in series
with the coii. In the case of magnetometers, gradiometers, or suscepto-
* meters, the input.coil is part of a supercoﬁducting flux transformer.
Almost invariably the SQUID is used as a null detector by incorppratieg
it into a negative feedback circuit. The. feedback current can be coupled
fo-these circuits in two ways. In moet applications, it is highly de-
sirable to use a "currene null ing" technieuevwherein feedback is applied
to ehe primary cifcuit rather than ditectiy to the SQUID. For a Qoltmeter,
the feedback current passes threugh the_series resieto; to“main;ain zero
current in the circuit. This potentiometric“teehnique has the obvious
advantage“of presenting a high input i@pedahce to the signal souree.
Furthermore,caiibration involves only a knowledge of the value .of the
sefies resister. Extraneous circuit resistances and the mutual in-
.dectance“between the input coil and the SQUID enter only in the loop
gaiﬁ ef the feedback circuit. In the case of a flux transformer, the~
feedback current is coupled inductively to the transformer. This techni-
que has the great advantage of introducing very little distoftion into
the field to be measufed. In addition oply ; knowledge of the mutUal

inductance between the flux transformer and the feedback coil is re-

quired in the calibration. Stray circuit inductances and the mutual
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induétance between the input coil andvthe SQUID affect the loopvgain, but
‘do not enter into the calibration of the flux‘sensitivity of the trans-
former. |
In the alternative feedback‘mode which Qe shall refer to.as "flux
nulling" the flux applied to the SQUID by the input coil is éanceled by
an opposing flﬁx generated by a féedback coil that couples directly to the
. SQUID. This method has the disadvantage of maintaiﬁing a non-zero :current
in the voltmeter circuit or flux transformer. One also needs to know
input
the mutual inductance between thefcircuit and the SQUID'and the. values of
the extraneous resistances (for a véltmeter) or inductances (for'a flux
" transformer) in order to calibrate the system. However, there are some
measurements for which the flux nulling technique is essential.9
To properly characterize the sensitivity and neise of a SQUID in

these applications, a knowledge of the flux noise power spectrum alone

is not sufficient. One also needs to know how efficiently .the signal to

be measured ‘can be coupled to.the SQUID. This fact was recognized by
Radhakrishnan and Newhousela, and has been discussed Subsequently by

2.
other autho:sig’ 11, 27, 32-34

A figure of merit that 1s appropriate
for both magnetometers and voltmeters is the energy resolution per Hz

referred to the input coil coupled to the SQUID.
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A further parameter of interest is the mutual inductance Mif between

_the input and feedback coils; ﬁhe pdssibility of such a coupling appears'

to have been neglected prior to the work qf Webb, Giffard, and Wh'eatley.17

Following their development, in the next éectionrwe consider a model circuit

of a flux-locked SQUID coupled to a flux';ransformer, and:discuss the

"influence of M,_ on the behavior of the system. A method of measuring

if

Mif is deseribed. We show that M

siderations.

i £ does not affect signal-to-noise con-

6.2. Model Circuit and Noise

" Figure 13 shows a flux transformer with a pick-up léop_of inductance

'Lb and an input coil of inductance Li that is coupled to the SQUID via a

w

mutual inductance Mi = a(LLi)%' For simpli¢ity, we neglect the stray in-

ductance of the transformer, and assume that the pick-up coil has a single

turn. The feedback coil of inductance L 'haS'a mutual inductance -

f
M, = B(LLf)15 with the SQUID. Webb 35_31.17 introduce a third mutual

inductance Mif between Li and Lf. Ii(t) and If(t) are the currente in

the flux-transformer and the feedback coil. The hegative feedback
maiﬁtains the flux in the SQUID at a constant value.

Suppose a flux’change A is applied-toaL In the flux transformer

P

we have

Ap + (L, + L,p) I, +M I =0. (6.1)
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From the action of the feedback circuit we also ‘have:

MI 4+ Mo+ =0, - (6.2)
where ¢N(t) is ‘the total effective flux noise of the SQUID.

Eliminating I_ between Eqs. €6.1) and (6.2) we find

£
o (M /ML) - B¢

- (6.3)
i Lii + Li(l - MifMi/MfLi)

I

From Eq. (6.3) we deduce two results. First, a fraction of the flux
noise of the SQUID is coupled into the flux transformer. Second, the
effective inductance of the input coil is reduced to a value

_ M, M ,

fi

This is just the result obtained by Webb gglgl;l7 in their analysis of

a voltmeter circuit. The effect of Mi is thus to increase the trans-

f
former current Ii generated by a given flux'A¢.
We can also eliminate I, between Eqs. (6.1) and (6.2) to find
Lo LMLy F LIy ©(6.5)
£ Mf[l - MifMi/(Lp+>Li)Mf]

From Eq. (6.5) we see that the presence of M, . is exactly'equivalenf to a

if

reduction of Mf to an effective value

MM
M= [1-AE4

-1, (6.6)
f f Mf(Li+Lp)
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' L = M - L' /L e ' ' -
In the limit LP 0, Mf /Mf Li /Li' The effectvof Mif is to in _
crease the feedback current If required to oppose a flux change Ad by a

factoer/M% . In turn, t@e_dYnamic range and loop gain of the flux-
loéked SQUID are decreased by a factor Mf/Mff. Howevér, inApriciple, it
is possibie to restore the dynamic range and loop gain to their original
values. by reducing the feedback reéistpr, RF’ to RFMf'/Mf. If Mif >
Mf(Liv+ Lb)/Mi; the phase of the feedbgckvwi}l be revérsed, and the SQUID
will.lock-in'at a maximum réthernthan a minimum in Ié;ypr vice versa. In
, thisvsituation, the feedback is prédominahtly intofthé'flux transfofmer
rather than into' the SQUID. If Mif ='Mf(Li + Lp)/Mi, the loop gain be-
comes zero. o
The measﬁrement of Mif

open, one applies the appropriate curreﬁt to the feedback coil to pro-

is straightforWard? With the feedback loop

duce a flux change of exactly q) in the SQUID in each of two cases:
(i) with Li open, and (ii)with Li superconductively shorted (Lp = 0).

The required currents in the two cases are:

Aléb) = ¢,/Mg, (L open) . 6.7)
and AIES) o /=811 - MM\, (L. shorted). - (6.8)
: o f £ ‘M—I— i : .
£y

(

Thus. 1f one measures the ratio AIfs)/Algo)and knows M Mf,.and Li’ one

i)

can immediately calculate Mif .
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We can easily see.from Eq. (6.5) that. the flux resolution is

independent of M,.. - The smallest change in flux applied to the pick-up

if’
loop that can be resolved per /Hz is just

+ . L + L,
6¢ =L_P.._.Ilj;s }5=%S%’ . (69)
Mi ¢ aL’L?
e |
and is independent of Mif' The smallest'value of 6¢‘in‘a given pick-
up loop that can be resolved is found by optimizing Eq. (6.9) with
respect to Li' We find that 8¢ has a minimum whenvLi = LP.14’34_ Thus
ok s, % A
6¢min ZLP S¢/aL_. | (6.10)
A Y
The minimum detectable current per YHz in the input coil is
L ' 2 '
AIj = S;/Mi. The energy resolution per Hz, Li(AIi) /2, is then
S ) g :
e (6.11)

2
ZMi/Li 200 L

The quantity S /2a2L is an appropriate figure of merit for the SQUID/coil

¢

combination. ) \
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The smaller the value of S‘/2a2

¢

SQUID/coil combination. One can readily measure Li and Mi and thus

. estimate aZL. It does not appear possible to measure separately a and

L the betterbis the performance of the

L, whose values would be of some interest.

| One othef comment concerning the couplingvof a SQUID fo‘a flux
trénsfdrmerAis appropriate hgre. If the SQUID is ¢§upled fo 5 supef- :
conducting circuit of total inductance L2 via a'mufua; induct;nce Mi’
ZimmérmanBz has pointed‘out that the effective SQUIDLinductanCé will be

reduced to a value

2 o
L'=L(1-Mi). (6.12)
| IL, |

As a result, the signal available from:the SQUID [Ed. (2.4)] will be en-
hanced by a factor (1 - Mi/LLQ?—l. A co;reséopding.imp;oyement in tHe
flux.resoiution and loopbgain is to be expected. Now when the transformer
is optimi;ed,.Ll = ZLi (ignoring stray iﬁdpctances),]énd Miﬁ‘Ll = a2/2.
As we shall éeglin section 6.3? 0‘2--18 at -most 0.4, and.the corfesponding
enhancement of the flux resolution is-at mbst 20%. We haﬁe not felt it
worthwﬁile to include this correction in the discussion of thé optimi-

zation of the flux transformer.

We next describe»the determination of Li’ Mi’ azL, Mf, Mif’ and
Li .
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. | ) , ,
6.3. Determination of L Mi’ oL, Mf, Mif’ and Li

1’
- Our method of winding input coilsvig'dgscribed in se;tioﬁ 3f2.

Four different coils were tested. The-fi;st was a relativély short coil

(~1ﬁm long) consisting of 8 closely spacéd turné 6f.75um'd1améter in-

sulated niobium wire. The remaining three coils Qere all‘aboﬁt 6mm in

length, and consisted of 8, 16, and 24 turns reépectively. To measure

their inductance, each coil was connéctedvin series with a feéistér

‘Ri ; 3.9u2. The leads between each coil and the fesistor,fypical}y

60mm long, wére twisted, and had an 1nductance>6f aboﬁt 20nH3* The free standing

inductance of each coil Lc was calculateq using standard fprmulaé35 and

is.shown in TablévI. The coll was mounted in a lead shield together with

a flux-locked SQUID, as shown in Fig. 14. The mﬁtual inductance between

the.coil and the wprking SQUID was very small, typically 10_12H or less,

so that its inductancé was not materially affected by the presence of

the working SQUID. A sinuéoidal current was'applied to the cbiilcircuit,

and the outﬁut of the flux-locked SQUID measured as a functipn of fre-

quency. Tﬁe one-half poWér pointiwas used to détermine thé:inductance.

We subtraqted_the estimated stray inductance, 20nH, from the

measured.inductance. The resulting shie;ded inductances,Lsh,afe listed

in column 3 of Table I, and are consistently lower than the célcﬁiated

frée standing inductances. This reduction is due to the.ground—planing

effect of the 1eaa éhield (see féotnotg on paée 17. For each coil the

ratio of the shielded inductance to the calculated'inductance is listed

— RO ——

*
Giffard gg_g;.g have found that the self-inductance of a pair of

tightly twisted superconducting leads is approximately 300nHm—1.
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in column 4 of Table I. As expected thé‘vaiue_of this ratio for the
lohg coils, O.JS,;is close to 1- 6§ where §‘= coil area/shield area.
When the input‘coil is mounted on a SQUID, the inductance-is fur- .
ther reduced by the ground-planing effect of the superconducting films.
To estimate this effect, the c;il Qas placed on én'“open" SQUID in -
whiéﬁ the gold shunt and the Pb/In tee had bééﬁ'severéd, Thus no currents
circulated arOUnd‘the SQUID 1loop, hﬁt>the‘gr0und¥planiﬁg effect was
' comparable to that with‘a working SQUID;. The-measufed inductances
invthié configurétion minus 20nH are shown' in - iéoiumn 5 df :
Table I. This shielded inductance is considerably lower than the'free—
standing inductance, and will be taken as the vaiué of Li' The total
feduction'in‘inductance in the presence of both the lead shield and the
SQUID is higher for the short coil than for the long coil, as is seen
from the ratio Li/Lc shown in column 6 of‘Table‘I. It should bé:ﬁpﬁed
that Li/Lé'is‘essentially constant for'tﬁe long coils. |
: Thé mutual inductancé, Mi; of each coil withiihe SQUID wés determined
abybmegsuring the current change required to‘produce‘a'fluk chénge ¢o in

- the SQUID with the feedback loop open. The values of M, are shown in

i .
column 7 of Table I. The next column lists Mi divided by N, the number
of turns on the coil. Mi/N is remarkably constant for all of the coils

‘measured: Column 9-lists the values of Mi/Li = azL. The values for

the long coils increase slowly with the number of turns from 0.31nH
for the 8-turn coil to 0.37nH for the 24-turn coil. As expected, azL is

smaller for the short 8-turn coil than for the long 8-turn coil. As
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remarked previously, we cannot separately measure aﬁaqd L._'Hewever,
if we také our earlier estimate of L = 1nH, then we find az ~ 0.37 for
_the 24—tqrn coil. It should.be'noted-that the coil can couple flux .
only to.thé cylindrical inductance of the SQUID, and,not to the stray
inductanée associated with tthb/In and niobium strips. If we use our
prévious estimate of 0.55nH for the shielded inductancevof the SQUID
cylinder, then the coupling between the cylindervand the 24-turn coil
is relatively good, with a2 = 0.7. |

The values of Li and Mif were determined for the short 8-turn

..coil and the long 24-turn coil. The 2-turn'feedback coil used in these

- measurements had an inductance L. of approximately 10nH. Its mutual

v f
inductance with the SQUID, Mf,was determined by measuring the current
| . . v
change AIé ) required to produce a flux change ¢o in the SQUID with the

input coil and the feedback loop open, and using Eq. (6.7). We found

Mf = 0.33nH. The value in the absence of the input coil was not signifi-

(s)
f

feedback coil required to produce a flux change ¢o.in the SQUID with

cantly different. We next measured AT s, the current chaﬁge in the

the input coil superconductivity shunted and fhe feedback loop open. We

' 0
found AIé')/AIES) = 0.5 for the 8-turn short coil, and 0.12 for the
24-turn long coil. From Eqs. (6.4),(6.7),and (6.8), we find A1§°)/A1§S) -

Li'./Li = (1 - MifMi/MfLi)' We thus impediately deduce Li, and, knowing

The values of L and M,_ are shown in

if’ i if
the last two.columns of Table I. For the 24-turn coil, the reduction

Mi’ Mf, and Li’ calculate M

in the effective inductance'of the input coil is substanfial..
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The ﬁon-zero-values of Mif have one_othgrvimplicéfion;'namély that
there willlbe coupling of the ac modulation flux to the input coil.
For some applications it is important ﬁo reduce this couﬁling. Such
vcoupling can be reduced signifiéantly by means of a thin normal metal
~ cylinder between the SQUID and the inpqt, coil. 'This cylinder will
;neceséitate winding a signal coil with a slightly largé; diémetef, and

will give rise to a somewhat lower value of azL.

6.4 Value of S¢/2a2L

The value of S¢/2a2L for the SQUID whose noise spectrum is shown

in Fig. 10 with the 24-turn coil is

; |
2 - 7x1073% w71, o (6.13)
;2 o :

20L

in the whife noisé region. The right hand ordinate of_Fig. 10 has
been‘lébele& in units of J Hz_l. |
'The shbrt input coil and long input coilé wiﬁh féwér'turns had
smallér values of azL and correspondingly larger Values of S¢/2>a2L
For magnetometer and gradiometér applications fhe input coils tested had‘
: inductances of the appropriate order of magnitude.. Iﬁ voltage meaéuring
applications somewh#t higher values of Li'may be desirable. A factor

of 10 could be éasily achieved while kéepingvazL ~0.4 by winding a

'iong, single layer, close-spaéed'input‘coil with the 75 ym diameter
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niobium wire. Li could be further increased by using a multiplé.
layer input coil, although azL would decrease somewhat due to the in-
creased separation of the outer turns from the surface of the SQUID.

To obtain L, > 3uH it would be advisable to go to-a smaller wire size

i

and retain the single layer configuration if possible. .
7. DISCUSSION

‘We have used our SQUIDs in the 1aboratory‘as>voltméters. We have
alsb used bare SQUID sensors in a three-axis magnetometer for geophysical
exploration. We have found the design of our SQUIDs to be quite satis-
factory,:and no immediate changes in design are plénned. The SQUIDs are
very reiiable with regard to thermal cyclingrand room témperature storage.
Several SQUIDs were inadvertantly damaged in'the process of mounting
input.coils. A small number of SQUIDs became inoperative aftefvmany
thermal cyclings when the Duco cement layer cracked in.the vicinity of
the pressed indium contacts where\the thicknessvwas_greater'than else-
where. Such SQUIDs could usually be repaired and.used again.. In the
future, SQUIDs may be made entirely of niobium films using thé Nb-Nb
tunnel junctions recently develqped.36 Sucﬁ SQUIDs should be more re-
Qéistant to mechanical damage than the present SQUIDs. .

We have shown that the white noise of our dc SQUIDs at 4.2K, typically
3.5x10_5¢0H;f%, is close to the noise limit set by Johnson noise in the

resistive shunts of the tunnel junctions. Although the noise theory needs

further investigation,it is apparent that the only way to improve the
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SQUiD performance'isvto increase the resiStange Of the shunts. Because
of ;he restricfion on the hysteresis parameﬁer (Bé = ZﬂrziCC/¢o % 1)
én incréése in r’must'be accompaﬁied by a.reductioh in either 1é or‘C(
Lﬁowever, because of noise rounding of the i-v characteristic it ié.un—
deéirable to-reduc_eic below its bresent value. Thué C alone can be
decreasedp This reduction can be achieved only by decreasing the area
of the-tunnel junction. Since!s% < r—%'x Ck_ (for fixed Bc), an order
of;magnifudé reduction in rms voltage noise would require a 4-order of”magnitude
reduction in junction area. The junction woﬁld then be of micron dimen-
sions, a size that is attainable only By modern photoresist téchnoibgy.'
HoweVer, a reduction in-thé volume of the junctions is expected to in-
crease the 1/f noise of the junctions. In the presenf SQUIbs, the
meaédred 1/f noise power spectrum was 2 orderé bf magnitude grgéter than
that expectéd‘from the intrinsic 1/f noise in the junctions. Thus a 4~
Qrder—bf magnitude reduction in the junction vélﬁme-would be expécted to
increasé the 1/f hqise powef spectrum of the SQUID by 2 orders of magni-
tude. It appears that a subétantial reduction in the whi&e.noise.éan be .
achieved only at the expense of increased 1/f noise. |

The iong term drift of the SQUiD output haé been reduced to 2)(10—5@)011;1
by regulating the temperature of the‘helium'bath. We believe>that this
‘residﬁél d:ift results from the deﬁeﬁdence-on He4 level of the capacitance

of the leads connecting the tank circuit to the FET preamplifier. We hope

to largély eliminate this source of drift in a future design of the electronics.
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The energy resolution of our SQUID using a 24-turn input coil,
-1 ; '

'S¢/2a2L,.is about 7x10™°JHz

. It is of intérest to compére_this value.
with that of rf SQUIDs currently ip use. The dc SQUID;effe;tivély gene-
ratés and time-averages its own high freqﬁency bias. At a typicél bias
voltage of 1uV, the Josephson frequency is aﬁout SOOﬁHz.* Thus one ﬁight

expect ﬁhe dc SQUID to have a comparable noise performance to an rf SQUID

..of the same inductance operated at 500Miz._ T. D. Clark and

37 .
L. D. Jackel found for their 450MHz rf SQUID:.

- -10, 2 -1
S¢ = 9x10 ° ¢o Hz

2. ~-29_ -1 ‘
S¢/2a L = 5x10 ""JHz ~. This energy resolution is about a factor of 7

. Mi = 3,5x10 H, and Li = 3x10 5H. These values yield

poorer than that of our dc SQUID, which operates at a comparable frequency.
. , * '
We have also made measurements on two commercial toroidal rf SQUIDs,

operated at 19MHz and 30MHz. In each case, § /2a2L ~ 5x10-29JHz_1, with

¢

an rf frequengy about 20 times lower than the Josephson frequency of the

dc SQUID. The best energy resolution that we are aware of was achieved

o 33 ' . - -
by Pierce et al.” using a 10GHz rf SQUID. - The resolution was 2x10 3OJHz 1
at frequencies above a few kHz; at lower frequencies the noise was

appreciably higher.

* - ' ' ' :
- Manufactured by S.H.E. Corp., San Diego, California, and Superconducting

Technology Inc., Mountain View, California, respectively.




en
ves.

g iﬁ LI B I B S O

=57~ : LBL~4552

8. ACKNOWLEDGEMENTS
We are indebted to Mr. T. D. Gamble for hisrg;lp with the SQUID
electronics. We havé benefited greatlyvfrom many helpful and stimulating
conversations with Professor R. P. Giffard. Proféésor Giffard also
kindly fead the manuscript and suggested numérous imprqvéﬁents. S.H.E.
and S.C.T. collaborated with us in taking noise power:épectra of their
rf SQUIDS. This Qork was(suppérted by the USERDA aﬁd thg USGS. Part of

the work was performed during the tenure of an IBM postdoctoral fellow-

ship by W. M. G.



~58-
' LBL-4552

APPENDIX A. ESTIMATE OF TANK CIRCUIT OUTPUT AND FLUX SENSITIVITY FOR DC SQUID

'Wev.fir.st, ‘calculate the amthl‘Jdéva of the signal ‘__déve1opedfacros's the capacitor
of thé‘ tank circuit in Fig. 4 when an ac flux at the resonant freque‘ncy is
apph‘ed to the SQUID. Second, we calculate the qu‘qnfity (B_Vc/a¢q)1'(-) when
the quasistatic flux ¢q is near h¢o or (n + %)¢o. We negiect the effects
of hoise'rounding on ﬁhe I-v characteriétic, and éssumé that the I-V.

19,20 formV = R(I2 - Iz)k.(Here, I
~ o c c

characteristic is of the Stuart-McCumber
is a function of time through its depéndéncé on the ac flux.) This form
will be valid when B > 1, i.e. AIC/I¢ €1. We approximate the 1vas. ¢

curve by a triéngle pattern (Fig. 15) defined by -

I +2011(9/9) - (n+ DI, [(n+¥) < ¢< (n+1)¢]

c | - . (A1)
I, - 281 [C/6) - o),  [nd S ¢< @+l

Here, Im is the maximum critical cgrrent, and AIc is the modulation depth.
We expect our model of a triangular Ic vs., ¢ curﬁe to bregk down when
AIC > O.SIc.
- Because the tank circuit at resonance presents a low impedance to
the SQUID, the SQUID is no longér current biased. 1If Io.is the dc bias
current applied to the SQUID, we assume that Is(t)-fiows through the

SQUID andvthat IO - Is(t) is the current through the capacitor and coil
(Fig. 4). By equating the voltage across the SQUID with that acrbss the

tank circuit, it is easy to show that the time depehdent voltage %(t)across the

‘capacitor is the solution of the differential equation
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_ o2 2% ,
- LTCTVC4‘ Vc,_ R[Is - 19] , IR ,(A2)~

" where Is = Io - CTVC. Eq. (A2) may be solved by QQuaring each side and

substituting the Fourier series
V =a + :E: aneinmot + Bne-in@ot, (A3)

where wy = (LTCT)_%' If the filux in the SQUID is of the form
¢ = éq + ¢m coswot (¢m is the amplitude of the modulation flux), then we

may - expand Ii-inbé cosine series:

[}

Zt) =_o_ + Z (1Nt e-inwot)’ (a4)
n=1 S .
where . . 2n/w
o
O 2 -
a == Ic(t)‘cos nw ot de. - (AS)

By solving for a and Bn in terms of a we find

(o

v, ==V, sinwt[1+0(wL)] . (a8)

where V. = w L _a,/2I ., Since R/w L_ < 10_2;’the signal is almost per-
c oT1l o oT~

fectly sinusoidal_and has an amplitude independent of R.. .It is important

in designing a flux-locked
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loop to realize that Vc is in quadrature with the ac modulation.
We must now evaluate a. From Eq. (Al),Ii(t) is of the form
. - 12
| [T+ 2T, (6, + 8, com /0 (a+ 1)1} :
2 .
I (t) = [+ %)¢0<¢q+¢mcoswot<(n+l)d>o]
'2 .
I - 2A1 + ¢ cosw t -n } .
{fn = 21 0q + dyc000,00/8, - (7, (m

[an¢q+¢mcoswot<(n+%)¢°]-

We restrict ourselves to values of ac flux such that ¢m < ¢o/4, so that
the ac moduiétion sweeps over at most one cusp of the Ié vs. ¢ curve.
1 depending on whether the ac flux

sweeps over a maximum or minimum of Ié. Using Eqs. (A6) and (A7) we find

There are then two distinct forms for a

'for modulation about a minimum

8AIc¢m q:n¢o - sinZYn o
1 = 'n'¢o ¢° TTAIC+(Im—AIc) 'Yn"'z'_.— . 2 ,[ n¢o<¢ »\('n+1)¢o] (A8)

a

‘where Y, = cos_]‘[(n(bo - ¢q)/¢ml. For modulation about a maximum we find

8AT ¢ ¢ ~(ntl)¢ sin2y
= m q_ o T n+l
i R ) 1TAIc_Im Ynel™ 2 2 ?
o Q
[(n+%)¢0<,¢ < (n+3/2)<1>0 . (A9)
(max)_

. : : max ' . .
The maximum amplitude V [%(t)l across the tamk circuit occurs when

(o

¢q =~ (n % k)¢o and ¢m = ¢0/4. From Eqs. (A8) and (A9) we then find
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a) =+ AL (1_- A1 /2), : ~ (A10)

the sign depending on whether»dIc/d¢qis positiVe or negative. Inserting

Eq. (A10) in Eq. (A6) we find

: w L _AI
Vimax) - _2.%?.2 (Im - AIC/z). - (All)

To calculate the sensitivity of the SQUID in a flux-locked loop one

needs to calculate (8Vc/3¢q)I near a maximum or minimum in Ic. From
Eq. (A6) we have

oV , wlL, da B .
<) - oI _1, (A12)
9 J 21 d¢ :
7y q
o

Using Eq. (A8) one obtains

. da 16AT [%AI ¢
1 - c cm
do, - o, [ 20,

+ (1_-81 )siny_| , Eupo <¢ <(n+'1)¢o] (a13)

while from Eq. (A9) one obtains

da.  16AI |mAT ¢ - A " .
d¢i - 3 c »2; m - Imsinyn+1 s Bn&%)¢o <¢ < (n+3/2)¢0] . (A1H)

(e} -0



At a minimum in Ic, Y, = m/2 and

dal min 16AIC [TrAI._d)m .
W = TT¢ I-Zd) +Im—AI.C , - (A15)
q
while at a maximum in Ic’Yn+1 = /2 and

dal max 16AIC TTAIC(b
3 = m_1 |. (A16)
d¢q ‘ n¢o 2¢0 m

The two expressions‘differ slightly because of the asymmetry introduced
into the V vs.¢d curve by the non-linearity of the I-V characteristic.

For the case ¢m = ¢0/4, we finally find

3V_ Ynin 8w Ly AL AL |
N o1 <m‘ 5 ) ’ L
q oo
/1
and
av_ \max 8w LAL .
T =l- — .Ghl_ a - ﬂ/S)AIc) . . (A18)
q 1 [o o] i
o ,

From a practical point of view, it is useful to relate the maximum
signal available from the tank circuit (at ¢q = (ni%)¢o) with the feed-
‘back loop open to (BVC/8¢q)I near a maximum or minimum in IC, Comparing

)
Eq. (All) with Eqs. (Al7) and (Al8) one finds

(max)
v fay 10
(aVc/aq>q)Io

@ -1 /2)
m c :
(1, KAL)

e

s (A19)
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where

m/8 near ¢ = n¢ :
11 - 1/8 near ¢q = (n +v%)¢0. :

In our measurements, we find fhat the SQUID noise is not signifi-
cantly different when the SQUID is locked at a maximum or minimum in Ic.
In view of the various assumptions méde in our calduiatiOn, the value of
K may be a little unrealistic. It is thefefore not unreasonable to re-
plaée K with its average value of 1/2.  This assumption leads to the

simple result

(max).

(_avc) 16 vc ; 7
w),|m e -
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APPENDIX B. ATTENUATION OF MAGNETIC FIELD BY A HOLLOW SUPERCONDUCTING CYLINDER

" The magnetic field inside an open-ended hollow superconducting cylinder
of internal radius po and length 22o in the presence of an external field
can be calculated as follows. The magnetic field is given by'£'= 1Z®m,

where Qm is the magnetic scalar potential. Qm can be expressed as [ sece Fig.16(a)]

o (D $,2) = E: z: J (K p)[sinh K Z(A sin m¢ + B cos m¢)>+ ]
m=0 n—O m v .

cash Kmnz(cmn sin mp + Dmn cqs md)] - Boz; (B1)

Here, Kmn = Ymn/po’ where the Y, are the roots of B[Jm(p)]/ap =0

(Y00= 3.83, Yi0 = 1.84, Yoo = 3.05). Bo is the field trapped when the
cylinder becomes superconducting. If the magnetic fields in the planes

|Z| = Zo are known, the coeffictentsA, B, C, D can be determined. The most

penetrating magnetic field modes are those with m =1, n = 0.

The even J1 mode’ couples to fields with components of 9B /Bx or
BBZ/By [Fig. 16(b)] . The odd J1 ‘mode couples to fields perpendicular
to the axis of the cylinder [Fig. 1(c)]. At a distanée'of about-32mm‘
f;om either end of the tube (i.e. at either eﬁd of the SQﬁID) the Jl
modes have been attenuated by a factor of 108. At’ the same position, the
next most penetrating modes (m = 2, n =.0) are attenuatéd by a factor of
over 10l3. The actual flux coupled to the SQUID by the field that does
penetrate into the shield depends on the exact location of the SQUID.

For both Jl modes the coupling to a symmetrically located SQUID should

be extremely weak: We estimate the attenuation to be as high as 1011

The use of superconducting support screws may further attenuate externally

applied fields.
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APPENDIX C. FLUX RESOLUTION OF THE DC SQUID.

We calculate the flux resolution S;i at low frequencies of a dc SQUID."

¢
The voltage noise power spectrum, due to both SQUID voltage noise and
preamplifier voltage noise’is SV fEq. (5.7)], and the flux noise power

spectrum is B, [Eq. (5.4)]. We consider the case where the flux applied

¢ A
to the SQUID is modulated by an ac flux ¢m cos Zwvot- Thg output Qf the

SQUID is passed through a tank circuit that is resonant at vo'and that

has»a bandwidth 2B = vo/Q. The signél from the‘ténk circuit is amplified.

.and then demodulated by a multiplier with a reference voltage that varies

as sin 2ﬂvot;_ The multiplier outpﬁt is filtered to.remove frequency components
neér vo'and 2vo, aﬂd thus only contains frequencies in the range 0<v f B.

Let Pﬁ(f) be the mean square voltage noise at a particulaf frequency

v = f.in a bandwidth df at the outpuﬁ of the multiplier. One may write
_ (M (4) S,
Pn(f) = Pn () + Pn (£), » ~(C1)

" where Pév)(f) and Pé¢)(f) are the contributions ffbmvthg voltage ahd flux .
»noises,' We have to calculate the value of the equivalent mean square

flux S,df that must be applied to the SQUID in a bandwidth df to pfoduce

¢ |

a mean square voltage P(f) at the output of the multiplier equal to Pn(f).
The time dependent voltage noise v (t) at the preamplifier input

leading to Piv)(f) at the multiplier output contains frequency components

in the two bands vo - (£ + df)‘< v < vo'— f and vo + f <9< vo + f + df.

For noise with a white spectrum we have
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2
v (1) =;§ivnj(t),, - e (C2),

"where

o °°32"(“o_’ f)t + BlsinZH(vo - )t

1

a,co82m(v + £)t + B sin2m(v + f)t.
2 o 2 o

Here, the Ot,:j and Bj'are the uncorrelated random amplitudes satisfying
2 2 - -
<a> = <> = §_df. (C3)
vj BJ \'J - .

The voltage noise at the output of the multiplier after filtering is ob-
tained by multiplying’vn (t) byigsinZWVOt and dropping terms containing
Vow' ' The factor g is the total voltage gain after the

tank circuit including that of the multiplier. From the definition of

PéV)(t) wé‘have

. 5 |
Pév)g g2<<zi vnj (t) sip 2W0t>? . - (Ch)
' N=1 :

E:, indicates that terms containing vo are to be dropped beforevsquaring.

Using Eq. (C3) with Eq. (C4) it {is straightforward to show that

2

M gy « L o | :
P UV () = o8 S df. | (C5)
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To calculate P£¢)(f) we write the time dépehdent voltage across the

tank circuit produced by the flux noise as
.V(¢)(t) = (3V /3¢ ). ¢_(t)sin2mv t. : (C6)
n c q Io n o

Because of'aliasing by the modulation flux in the SQUID we must consider

frequency components of ¢n(t) near dc and hear'Zvé‘ " We write
0,0 = D0 4 (0, ©n

where

r
Y1C082ﬂft +'51sin2ﬂft
_¢nj(t) = 4 Y2c082n(2vo - )t + stinZW(Zyo - )t

Y

.

3c032j(2vo + f)t + 63sin2n(2vo + f)tf

‘The Y4 and Si are uncorrelated, and satisfy

<y§> = <6i> = B¢df. , (C8)

Combining Eqs. (C6) and (C7) one obtains



~68- . LBL-4552

2N
Pr(1¢) (f) = gz(avc/a¢q)12 Z: d) sin Zm) tn ).
.0 J =1
_ 2 ; 1'
=g (%vc/8¢q) R ¢df(4 T6 +A16)
- 3,2 (3 /3 )2 : (€9
38 1 B¢df.

(o}

‘The total mean square noise is given by adding Eqs. (C5) and (C9):

_ 12 3, 2
Pn(f) =58 df[SV + 4(ch/Bd)q)IoBd)]. ‘ (C10)
To obtain P(f) we assume that the equivalent flux applied to the

SQUiD has frequency components only near dc (i.e. none near vo or its

_harmonics). The calculation of P(f) otherwise follows the calculation of

Pé¢lf),>and‘1eéds to
P(f) =-—(av /a¢ ) g S¢df (C11)
If we compare Eq. (Cll) with Eq. (C10) we find

= 25,/(3V /3¢ ), +.3B /27 (C12)

) ¢
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LBL-4552

- TABLE I

Inductances and Mutual Inductance of Four Signal Coils. (LC = calculated free standing inductance, Lsh =

measured inductance of coil in lead shield minus 20nH. Li = measured inductance of coil wound on open SQUID

in lead shield minus 20nH.

_ , ' 2 .
zzgi of LC LSh Lsh/Lc_ Li : Li/Lc Mi Mi(N E Mi/Li Li Mjf
(nH) (nH) (nH) (nH) (nH) (nH) (nH)  (nH)

8-turn » : o .
short - 280 228 0.81 = 76 0.27 3.88 . 0.49 0.20 38 3.2
8-turn

long 114 85 0.75 . 49 0.43 3.87 0.48 0.31

16-turn ' _

long 380 290 0.75 . 168 0.44 7.61 0.48 - 0.34

24—-turn

long - 817 613 - 0.75 356 0.44 11.5 0.48 0.37 43 9.0

A A
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FI GURE CAPTI ONS

‘A tunnel junction de QUID. Each junctioh.is_modeled by an

ideal Josephson junction (X) shunted by a resistor r and a

capacitor C. A voltage V apbears across the SQUID when it is

‘biased with a current I greater than the critical current.

Sketch of I-V characteristics of a de SQUID with applied flux
of n¢° and (n+%)¢o. When the flux is steadily changed, the
voltage at 'a constant current bias Io oscillates with a peak-

to~-peak amplitude of approximately RDAIC, where,RD is the

‘ dynamic resistance.

Output voltage of SQUID in response to an applied_ac flux at

frequency vo. In (a) the quasistatic flux ¢q = (n+%)¢o, and

-the output voltage is prédominahtly at 2v_ . In ®)

¢q = (n+3/4)¢o, and the output_Voltage is a;_vo._ The ampli-
tude, Vé,vof the output voltage‘a; vo as a function of ¢q,is
shown in (cJ).

Schematic of SQUID showing the ac modulation coil ahd the
resonant tank circuit used to read out the SQUID signal. At

the resonéntvfrequency (100kHz) the bias current I0 divides as
shown. The output voltage,Vc of the tank circuit appears across

the capacitor CT.'

- Configuration of a thin film tunnel junction SQUID.

SQUID mounted in superconducting shield.
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Schematic of the SQUID electronics. Components within the

dashed box are at liquid He4 temperature.

Typical frequency response curve for a SQUID in a flux-

" locked loop. The solid line is calculated with no ad-

justable parameters, and the circles are measured data.

(a)

Ratio of the.preamplifier noise power S to- Johnson noise

()

power in the SQUID shunts S as a function of the tank

- circuit Q. The SQUID is optimally matched to the pre-

amplifief when Q = 265.

Typical ﬁoise'power spectrum for a QUID. The roli-off above
100 Hz is a result of electronic filtering, and is not in-
trinsic to the SQUID. The right hand axis specifies the energy
resolution with respect to a 24-turn input coil.

Temperature sensitivity ¢ofld¢/dT*vs.‘T for various types of |

SQUID shields and support screws.

'Long term output of .a flux-locked NUID with the temperature of

the He4 bath regulated at a nominal A.ZK. The measurement
bandwith is dc to 0.2$Hz. |

Model for the couﬁling between input coil Li’ feedback coil, Lf,
and the SQUID. Ii(t)'and If(t) are the-input and feedback
currents.

Configuration.for measuring the variouS<se1f inductances and
mutual inductances of coils.

Model for the critical current of a QQUID as a function of
net flux ¢.in the SQUID. |

(a)Aﬁollow superconducting shield; (b) and (c) even and odd J1

modes excited by external magnetic fields.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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