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Abstract—The sensitivity of an overlapped tube cryogenic —— — — —
current comparator (CCC), coupled to a SQUID by means of | Ig
a flux transformer, is calculated and compared with measure-
ments. Conditions for optimal coupling between the CCC and |
the SQUID are derived. Based on these, an optimal CCC for
precision measurements of very small currents in the nanoampere |
range has been designed. The paper describes the construction
and testing of some parts of the system. An essential element is a
home-made dc SQUID with low current noise and low inductance M
input coil equal to that of the CCC overlapped shield, which we OV.S .
use as sensing coil. - T
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. . Fig. 1. Schematic representation of an overlapped tube Type | CCC. Indi-
Index Terms—Cryogean: electronics, current comparators, Cur-  cated are the overlapped tube with effective self-inductahgg.r, the flux
rent measurement, electrical metrology, SQUID’s. transformer sensing coil wittVs turns and effective self-inductandes.f,
and the SQUID with input inductancé. The discontinuous lines indicate
closed superconducting shields.

I. INTRODUCTION

INCE the discovery of single electron tunnelling (SETBased on that we started the design and construction of an
~Jxeffects [1], metrologists have considerably raised thejjptimal current sensitive CCC and its SQUID detector. The
interest in the measurement of very small currents in the Rjaper is divided into five sections. Section Il deals with an
coampere range. Devices based on small Al-AKD junctions analysis of an overlapped tube CCC coupled to a SQUID
can only be operated with sufficient accuracy at frequencigsy means of a superconducting flux transformer. Numerical
Je, up to 10 MHz, so that the device output currdnt= cf.  calculations of the CCC sensitivity are compared with exper-
is of the order of a few picoamperes. imental measurements. From this analysis the conditions for

Recently [2], macroscopic single electron transport phenofgstimal coupling are derived. Section Il describes the CCC
ena at frequencies of GHz have been discovered in devigggensions, the effective inductance calculations of the CCC
based on GaAs-AlGaAs heterostructures. Generation of hiSVerIapped tube, and the design of a dedicated dc SQUID
precision currents in the nanoampere range may be a realiyg its cryogenic insert. The results of testing a series of
in the near future. dc SQUID’s designed for optimal coupling are presented in

The accurate measurement of such small currents iss@action Iv. Finally, the paper ends with the conclusions in
challenging task. Cryogenic current comparators (CCC's) a&ction V.
ideal devices for scaling of (small) currents, but a first attempt
[3] showed negative results in the sense that optimal coupling
was not achieved in the flux transformer and that external noisé!- CALCULATION OF THE SENSITIVITY OF A TYPE | CCC
limited the sensitivity of the system. The Type | CCC [5] is essentially composed of several
In a recent analysis of the ultimate current resolution @irimary windings inside a superconducting tube that is over-
CCC's [4], it was proposed that their sensitivity could béapped like a snake swallowing its own tail. When the CCC is
improved by the use of low input coil inductance SQUID’soperated, two opposite currenfs and I> are passed through
the N; and NV, turns of the primary windings and a Meissner
Manuscript received July 2, 1998. This work was supported by the Span'@brrentlE =L N, — LN,, equa| to the magnetomotive force
Ministry of Education and Science (CICYT, MAT95-1541 and MAT98—0668% bal inthe i f fth ducti
and by the Government of Arag’under Scholarship BIT04/93. mbalance, appears in the inner surface of the superconducting
J. Ses, A. Canbn, and C. Rillo are with ICMA, CSIC, Universidad de overlapped tube and returns through the external surface. As
Zaragoza, 50009 Zaragoza, Spain. _ shown in Fig. 1, in which the primary windings are not shown
G. Rietveld is with NMi Van Swinden Laboratorium, 2600 AR Delft, The . .. . .
for simplicity, the current/g induces a currenfs in the

Netherlands.
L. Vargas, G. C. S. Brons, M. G. H. Hiddink, J. Flokstra, and H. Rogallsuperconducting flux transformer. This transformer consists of

are with the University of Twente, Enschede, The Netherlands. a sensing coil havingVs turns with nominal self-inductance
W. Jaszczuk and H. Altenburg are with Fachhochschulester, Steinfurt, . . .

Germany. Ls (with effective self-inductancd.s.; due to the presence
Publisher Item Identifier S 0018-9456(99)03195-2. of the overlapped tube) and the SQUID input coil with self-

0018-9456/99$10.0Q1 1999 IEEE

Authorized licensed use limited to: UNIVERSITY OF TWENTE.. Downloaded on November 18,2022 at 13:32:04 UTC from IEEE Xplore. Restrictions apply.



SESEet al: OPTIMAL CURRENT-SENSITIVE CCC 371

inductanceL. The SQUID acts as null detector fdg. We 0.6 - -
shall define the normalized sensitivity of the CC&;cc, as
the square root of the ratio of the energy in the SQUID input
coil (LIZ/2) to the available energy in the CQ@overl%/2)
which, due to flux conservation in the flux transformer, is

given by Sece 20
I Moy
Scco = i VL/Aover = Ls;)% VL/Aover (1)

whereMov s is the mutual inductance between the supercon-
ducting overlapped tube and the sensing cdifv.g is the

effective inductance of the overlapped tube when surrounded 0 : : : :
by the superconducting closed shield (shown in Fig. 1). This 0 0.5 1 15 2 2.5 3
shield protects the CCC and sensing coil against external noise. Ns/ Aove/L

It has been deanStrated [6] that, if the sensing coil is WOURE 5 Normalized sensitivity of the CCC as a function of the dimensionless

very close to the inner or to the outer surface of the overlappgstametervs \/Aover /L. The solid line is the theoretical curve for ideal

tube, Moy s and Ls.g can be approximated by coupling(k’ = 1) between overlapped tube and sensing coil [(4)]. The squares
’ are measured sensitivities in a test setup wh¥ge is varied. The dashed

. , ~ _ 2 i curve corresponds to (3) for this particular case. The circle With= 15 is
Mov,s & NsAovetr,  Lset & Ls(1 = F) + Ngdover (2) obtained when foil instead of wire is used for making the sensing coil. For

r . . Ng = 1 the experiment was done using the overlapped tube as single turn
wheref' is the COUp“ng constant between the real sensing Cgéfnsing element, and with the coil wound on the inner and on the outer surface

and its image with respect to the contiguous superconductistghe overlapped tube. The three values coincide within the experimental
wall of the overlapped tube. Substituting (2) in (1) we have®or-

Scoc ~ NISV AO;'eﬂL . (3) Instruments, with a measured effective input inductance in
Ls(1 = k) + NiAoven + L closed loop operation of. = (1.3 +0.1) xH, was used.

From (3) it becomes clear that the first step to optimize the The maximum experimental value is about 20% smaller
sensitivity of a CCC is to build a sensing coil arrangement fghan the ideal one, this difference being explained by the
which &’ = 1. In the following we will refer to this particular Nonoptimum coupling(’ < 1). In fact the dashed line in

situation as the “ideal coupling” case for which (3) can bEig- 2 is the calculated curve using (3) when, for edéh
written as value, £’ (Ns) and thereforels.z(/Ns) have been calculated

[6]. From these results it can be concluded that ideal coupling
(4) can not be obtained using thin wire sensing coils.
To improve the coupling, different sensing coil configura-
where x = Nsv/Aovet/L is a dimensionless parametertions were tried. FoiVs = 15 (circle in Fig. 2) the experiment
Then, for ideal coupling the normalized sensitivity is a univewas repeated using a lead foil (0.125 mm thick and 12 mm

z
22 +1

Scec =

sal function ofz and has an optimum valuéSccc)opr =  width) coil. Since this coil had a loweks value than a thin
0.5, for x = 1 (i.e.. (Ns)orr = v L/Aoves). This is wire coil, the contribution of the first term in (2) was smaller
illustrated by the continuous line in Fig. 2. and an improvement of 8% was obtained. For the same reason

When thin wire is used for the sensing coil, the nominalther authors [8] have predicted CCC sensitivity improvements
inductance of a single turn is typicall60 nH/cm of di- when considering thick wires.
ameter. This is about one order of magnitude greater tharFor Ns = 1, the experiment was done using the overlapped
the inductance of an overlapped tube, typica#$ nH/cm tube as secondary single turn loop, in which cése= 1
of mean diameter. Therefore, for a thin wire sensing coil dfy definition. However, the result could not be distinguished
Ng turns, Ls can be one order of magnitude greater thainom that obtained with a single turn coil wound on the inner
NZAover. Typical & values vary from 0.7 to 0.9 wheiVs  or on the outer surface of the overlapped tube. The expected
varies from 1 to 10 [6], [7]. Then the first term in (2) can nomprovement in the coupling was not detected because, in this
longer be neglected and an undesirable sensitivity reducticese,Ls.g (Ns = 1) = Aoverr < L (see (3)). Nevertheless,
can exist (see (3)). This is experimentally demonstrated by tthee experiments clearly establish that the overlapped tube
measurements shown in Fig. 2 where filled squares corresp@ad be used as secondary single turn coil, which eliminates
to measuredSccc values of an overlapped tube CCC (aroblems arising from relative mechanical vibrations of the
rectangular torus with 27 mm of mean diameter, 16 mm heiglsensing coil with respect to the overlapped tube. A requirement
7 mm width, andAoves = (11 + 0.8) nH when surrounded for this simple configuration to be used in an optimum CCC
by a superconducting cylindrical shield of 45 mm diametés that a SQUID with input coil inductance equal fyves
[4]) in which different sensing coil turn numbers were usebas to be available. Since commercial SQUID’s havia the
(Ns =1,2,4,6,8,10, 12,15, and20). The wire diameter was uH range and, for practical size reasafigv.r should no be
140 pm, the spacing between turns was about 0.2 mm agdeater than 100 nH, a custom-made SQUID is required.
the distance of the wire to the overlapped tube about:30 Taking into account the above results we decided to design
In these experiments a commercial rf SQUID from Oxfordnd build SQUID’s with low input coil inductance, while
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I, shield is sufficient. The value adover at this optimal point
o I2 is approximately 55 nH.
1
N, Overlapping lead
shield B. SQUID Sensor
Agves =L The SQUID sensor plays a crucial role in the system.

Given the value ofAover, L should also be 55 nHesq) is
proportional toLsq, the self-inductance of the SQUID loop,
which thus should be as small as possible. However, a lower
practical limit is set by the requiremeitt = n?Lsq, with n

the number of turns of the SQUID input coil.

If we take into account thafesq) = 9kpT Lsq/Rs [9],
wherekg is the Boltzmann constant ardgs the shunt resistor
Feedback in the SQUID junctions, and considering the optimization
L condition, Aover = L = n?Lsq, then we have(l?) =

S

72kpT/k3oNin’Rs. Substituting a value ofts ~ 2 Q,
kg = 1.38 x 1072 J/K andT = 4.2 K will give a current
resolution of45/ksqN1n pA/y/Hz. For a SQUID input coil
Fig. 3. Schematic representation of a CCC in which the overlapped lewtth n = 50 turns andksq = 1, a current resolution o1
shield of the windings is used as sensing coil. pA/\/Hz per turn in the primary windings could be obtained.

keeping or increasing their energy resolution, to be usedd'p Insert
optimal current sensitive CCC's. '
Apart from the normal cryogenic functionality, the insert
. DESIGN OF THECCC supporting the CCC has been specially designed for minimiza-
An analysis of the published sensitivity data of preseton of external influences. To reduce mechanical vibrations
CCC's [4] shows that they are far from optimal in current serspecial attention was paid to the rigidity of the insert. In
sitivity. The main reasons are the nonideal coupling betwe@gdition, springs are present that mechanically fix the bottom
the Sensing coil and the Over|apped tube and poor matchwt of the insert in the tail of the Cryostat. Shleldlng of external
of the effective inductances of the flux transformbg.; and magnetic fields is realized by twe-metal shields (one at low
L, both contributing toScoc < 0.5. temperature) and two lead shields. All wires, especially those
We propose to solve these prob|ems and to improve tﬁéthe CCC, are mechanically fixed to the rods supporting the
SNR by using the overlapped tube as sensing coil. Thiskgttom part of the insert.
schematically depicted in Fig. 3. In this case = [}V, /2
when L = Aover. Then, assuming that the SQUID is the IV. REALIZATION

only noise source, the mean square value of the equivalengjnce the SQUID forms the key element of our system,
input current noise in one of the primary windindé?), will  we started with the fabrication of a series of dc SQUID’s
be given by with input coil inductancel = 20,40,80, and 160 nH
2\ _ 27.2 ) and SQUID loop inductanceLsqg, ranging from 100 to
(L) = 8lesa)/ (NiksqAoven) ®) 250 pH. The SQUID’s were mgde with Nb/Al technology
whereesq is the intrinsic energy resolution of the SQUID andising photolithography techniques [10]. They were electrically
ksq the coupling factor betweeh and the self-inductance of characterized by measuring current-to-voltage ratio, voltage-
the SQUID loop, Lsq. to-flux ratio, and flux noise versus frequency. All experimental
, ) values of the SQUID parameters fitted reasonably well with
A. CCC Dimensions the design parameters [11]. As an example, the theoretical
For practical reasons, we have limited the number of pralue for the equivalent current noise at the input coil of the
mary windingsV; to 2 x 10%. Agver can be made large by 200 pH SQUID ¢ = 20, L = 80 nH) is ~1 pA/\/Hz. The
having a small cross-section of the windings (using/86 measured value was almost twice as high, due to the room-
diameter thin Nb-Ti superconducting wire) and by choosingtamperature read-out electronics. When a double relaxation
large diameter for the CCClgver increases roughly linearly oscillation SQUID (DROS) [12] was used for readout the
with diameter, until the CCC is approaching the lead shield poteasured value approached the theoretical one. Transferring
around it for shielding external magnetic fields. When the CCiis to the current resolution of the CCC, we expect to find a
is close to this shield, image effects redudev.s [6]-[8]. value of~0.1 fA/\,/Hz for Ny = 2 x 10*. Therefore, a current
Since our cryostat has an inner diameter of 160 mm, and spaesolution of up to 107 nA/\/Hz in the white noise region
is required for liquid helium filling and magnetic shieldingcould be reached. Finally, the “ideal coupling” predicted when
the diameter of the lead shield around the CCC was chogbe overlapped tube is used as sensing coil has recently been
to be 126 mm. Numerical simulations of our configurationonfirmed experimentally [13]. In that experiment the connec-
showed that the optimal diameter occurred at approximatelgn between the overlapped tube and the SQUID was made
70% of the shield diameter, providing that the height of theith lead foil so that its inductance was negligible3 nH).
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. . . and Ph.D. degree in physics from Delft University of Technology, Delft, The
A CCC with an optimal current resolution for the meayetheriands, ?n 1938paﬁd 1993 respectively. Y v
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at amplification of the current generated by single electrdhWworking in the DC/LF group of the electrical metrology department. He is
volved in the development of electrical quantum standards, especially the

X ) [
transport devices, has been designed. A complete model £9&ntum Hall resistance standard and the current standard based on single
the calculation of the sensitivity of a CCC coupled to a SQUIElectron tunneling effects. He is also active in evaluation of “self-calibrating”

by means of a flux transformer has been used. Ideal couplifigfuments-
between the CCC windings and the SQUID is realized by using
the CCC overlapped tube as sensing coil. DC SQUID’s with
input coil inductance covering the range of the overlapped tube
self-inductance have been successfully made and tested. -
measurements of the complete system are in progress.
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