IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 52, NO. 2, APRIL 2003 621

1:30 000 Cryogenic Current Comparator With
Optimum SQUID Readout

Gert Rietveld, Elena Bartolomé, Javier Sesé, P. de la Court, Jaap Flokstra, Conrado Rillo, and Agustin Camén

Abstract—We have developed a 1:30000 winding ratio cryogenic
current comparator (CCC) for measurement of small currents,
e.g., generated by a single electron transport device. A dedicated
low-noise SQUID is used for the readout, which allows reaching a
sensitivity close to ideal, that is without loss of sensitivity in the flux
transformer coupling the CCC and the SQUID. The CCC-SQUID
equivalent current input noise using a 1:30 000 winding ratio
is 2.1 fA/Hz'/2, measured down to 0.1 Hz. Room temperature
impedance measurements on CCCs appear to be a useful method
for the determination of the screening by shields surrounding the
CCC as well as for the detection of internal CCC resonances.
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I. INTRODUCTION SQUID —| |_Nb and Pb shields

HE future establishment of a quantum standard for ;‘;ﬁ‘:{;‘;“d"
electrical current relies on the precise amplification of ;
the very small quantized current (1 to 10 pA) provided by a lead foil — ,
single electron transport (SET) device, with the help of an  ccc— |l
ultra-sensitive, large-ratio cryogenic current comparator [1]
with SQUID readout. The current quantum standard can then
be combined with the existing resistance and voltage quantum
standards to close the quantum metrological triangle of elec- —wlem i
trical units [2], [3]. The final current resolution of the cryogenic _ o o
current comparator (CCC)-SQUID system (provided that .. Se/enacsset he ouerper ot he cyoaene e conining e rge
external sources of noise can be properly shielded) depends on
the SQUID noise, and the efficiency of the coupling between . . .
the CCC and the SQUID. Usually, the CCC overlapped tubejmber of primary turnsVecc and maximal self-inductance
coupled to the SQUID via a superconducting flux transformercc¢: Furthermore, the SQUID should have minimum energy
We have shown [4] that perfect coupling can be achievéasolutlona and input coil inductancé; close toLccc. In this

connecting the tube directly to the SQUID input coil, in whic/Paper, we present the _integrgtion and characterization of a com-
case an optimal current noise is achieved plete 1:30 000 CCC with optimal SQUID readout.

1 3 [I. EXPERIMENTAL SETUP
<12 >1/2 . I3 o _ _
P ~ Ncee k2 Lcce : A schematic view of the cryogenic part of the system is shown

in Fig. 1 [5]. The CCC, with one turn overlap, contains the fol-
lowing sets of windings: 1, 1, 2, 4, 4, 10, 10, 20, 20, 40, 40, 100,
0, 200, 400, 400, 1000, 1000, 2000, 4000, 4000, 10000, and
’ ) o2 S\ 1/2 000 turns. Thus, the maximum amplification ratio available
input coil. To minimize(Iz) ", the CCC should have a largejs 1:33 350. The windings are made of j#h-thick insulated

Cu wire. The CCC has an inner diameter of 70 mm and a width
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Here,e is the intrinsic energy resolution of the SQUID, an
ksq is the coupling constant between the SQUID washer an
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e No shieid e Top/bottom shield  —— Side shield winding to facilitate applying a small current. At room temper-
95 [ —s—Anshies = = Numerical simulation ature, the A and B windings are available at two 20-pin Lemo

» connectors, while th€';, Cy windings are connected to triax
connectors. A battery-powered current source is used to man-
ually apply a variable current of either 0 to 264 or 0 to
11.8 pA to the windings.
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o5 I1l. M EASUREMENTS ON THE1:30000 CCC

First of all, the characteristics of the SQUID directly con-
nected to the CCC has been measured. The period of the SQUID
output voltagel in theV — & curve corresponding to ®,, of

Frequency (kHz) feedbackfll_Jx is 5.5V,an intermediate situati(_)r? between having
the SQUID input coil leads open or shorted, giving 4.50r 9V per
Fig. 2. Inductance of a dummy CCC without windings as a function ob,, respectively. In contrast to the normal dirétt- ® curve,
frequency for different configurations of the shields surrounding the CCC. TI@@ demodulate® — @ curve is affected by superimposed |arge
measurements were performed at room temperature using a commercial Lh S . . .
meter. igh-frequency signals. This behavior results from the appear-
ance of LC-resonances in the multi-turn CCC, excited by the

500-kHz modulation frequency signal of the SQUID readout

55

l ° ‘/ ‘ " ]\4 I ° l/' " \4‘ ° electronics, that couples back to the flux transformer. The de-

10 mVI VWWMWM modulatedV — @ curve and the noise spectrum thus contain
— all the excited resonant peaks corresponding to the different

5 sec windings, with dominance of a peak at approximately 1.7 kHz

. _ _ _ coming from the largest coil. The resonant phenomena make
Fig. 3. SQUID output signal as a function of current applied to two 1000 “fhe system extra sensitive to vibrations and acoustic noise, but
windings placed in series with opposite polarity. The arrows indicate the up- a - .
down-ramping of the 26&A current. No error signal is detected within the noisedO Not prevent the operation of the SQUID readout electronics
of about 10 ®,,, which indicates a ratio errdr of less than 8.% 10-°. in internal feedback mode.

The current sensitivity of the CCC is found to Becc =

the 1:30 000 CCC [6]. The results are given in Fig. 2, where tie3 #A - turn/®,. This is close to the theoretical ideal value,
inductance values have been corrected for the zero of the LERING twice the current sensitivity of the SQUID of LA/ ®,.
meter. The low frequency value of the inductance is that of tHd1€ ratio error of the CCC has been measured by applying a cur-
unshielded CCC whereas at frequencies above 10 Kidg..  'ent, reversed approximately every 5 s between 0 and,28,4
is affected by eddy currents in the surrounding shield. As e$@ two 1000-turn windings connected in series opposition (see
pected, the effect of the side shield is larger than that of top afit§- 3). No error signal can be detected within the SQUID noise
bottom shield. For the complete shield, the value measured‘l?fyl(T4 ®,, which corresponds to a ratio error of less than
the LCR meter, 64 nH, compares very well with the numerical§-7- 10~ [5].
calculated value at dc for superconducting shields (all shieldsThe noise of the SQUID connected to the CCC as measured in
present) of 59 nH [7]. flux locked loop (FLL) is given in Fig. 4 (upper curve). At high
Ahome-made Nb/Al dc SQUID [5], [8] with input coil induc- frequencies, the system noise spectrum shows the resonant be-
tanceL; = 45 nH close toLccc g is used. The noise of abouthavior already commented, with the main peak at 1.7 kHz. The
7 uq)o/HZl/z in the white noise region is dominated by thaProad peak in the region of 10 to 100 Hz is due to vibrations. In
of the SQUID commercial readout electronics; at low frequerﬁhis particular experiment, the noise in this area is extra large,
cies, however, the noise is essentially that of the SQUID senébfe to the fact that several of the plastic screws clamping the
and amounts 0n|y to approxima’[e|y ﬂL@o/Hzl/Q at1Hz. An- CCC (Flg 1) had been broken durlng cool dOYVn. The noise in
nealed Nb wires, wedge bonded to the SQUID input coil paotg]s region is also large when several of the wires connected to
and spot welded to the SQUID module Nb blocks are used e CCC windings are broken and thus are allowed to move rel-
connect SQUID input coil and mounting Nb blocks. A very lovtively easily upon vibration gxcitation. The peak at 100 Hz _is
inductance <1 nH/m) lead foil is used to connect the SQU|Dcause_d by the mains supply in the_SQ_UID readout electronics
module to the CCC [6]. The SQUID module is shielded by twgnd disappears when this electronics is run on battery supply.
concentric Nb and Pb shields. At frequencies lower than 10 Hz, a flat noise level of about
Only nonmagnetic materials are used in the construction &f #®./Hz"/? is measured, corresponding to a noise current
the CCC support system. The whole CCC-SQUID s fixed apectral density72)"/? (for a 1:30 000-turn winding ratio) of
the end of a rigid insert and surrounded by a second lead amproximately 2.1fA/HZ/?. The 1/f noise of the SQUID (lower
cryoperm shield of an inner diameter of 135 mm and a heigbtirve in Fig. 4) dominates below the corner frequency of about
of 400 mm (Fig. 1). Finally, the complete cryostat is placed in@1 Hz, and it seems that connecting the CCC does not add sig-
high-permeability iron can. The wires carrying sm@lh , C>) nificantl/ f noise. To measure the noise at very low frequencies,
and high (A, B) currents are separated to avoid possible crake FLL output filtered at 1 Hz is recorded during 6 min and a
talk. Two 10-M resistors are soldered in series with thg current standard deviation e = 2.3 fA was obtained.
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Fig. 4. Flux noise of the 1:30000 CCC (upper curve) and the bare SQUMg. 6. Inductance of the three different CCCs examined in this study. The
(lower curve). The peak at 1750 Hz in the spectrum of the CCC is the intermairve of the 1:30000 CCC shows a clear resonance peak at 1.1 kHz, whereas

resonance of the CCC; the broad peak in the region of 10 to 100 Hz is dhe CCC with internal Cu shields has a damped resonance around 1.4 kHz.
to vibrations. The dotted line indicates the 2®,/Hz'/2 noise of the CCC
system in the 0.1 to 10 Hz range.
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Fig. 7. Flux noise of the CCC with internal Cu shields. The internal resonance

is still present at 2.5 kHz. The low frequency noise is relatively high and amounts
to 90 u®, /Hz/2.

Fig. 5. Flux noise of the bare CCC (upper curve) compared with that of th§/ NMEASUREMENTS ON ACCC WITH INTERNAL CU SHIELDS
bare SQUID (lower curve). The peaks at 50 and 100 Hz are caused by the

SQUID readout electronics. The internal resonance of the 1:30 000 CCC is a major source
of extra noise and instability and therefore deserves further
IV. MEASUREMENTS ON ADUMMY CCC study. The resonance is caused by the large inductance of the

10000 windings.Lipo00 = N? - Leoc,er ~ 6 H, combined
The accuracy of the final CCC setup is directly related twith its internal capacitanc€’, 9. Given the value of the

the noise as e.g., given in Fig. 4. Since the noise spectrumre$onance frequency and the valud.gf oo0, we find a value of
the 1:30 000 CCC shows the dominant presence of the interdal oo ~ 1.4 nF. Similar values for internal capacitances were
resonance, we have performed a similar experiment with tfeund by F. Gay [9]. In order to affect this internal resonance
dummy CCC used in the impedance measurements showroirthe CCC, a 1:20000 winding ratio CCC was made where
Fig. 2. The result of the measurements is given in Fig. 5 anddstween every 2000 windings a single Cu layer was placed.
compared to the spectrum of the bare SQUID. The spectruntach Cu shield formed a 0.95 turn in order to not short the
essentially smooth, with a peak at 100 Hz caused by the SQUOZC transformer.
electronics and a small peak at 50 Hz from mains interference Fig. 6 shows the results of room temperature impedance mea-
The white noise is 1$u<I>o/Hzl/2, which is only a factor two surements on all three CCCs, without shields. The dummy CCC
more than that of the bare SQUID. gives an essentially constant value, as expected. The 1:30 000
The flux locked loop of the SQUID readout electronics is eX2CC has a clear resonance at 1.1 kHz, but the resonance of the
tremely stable during the measurements since the CCC haslriz0 000 CCC seems to be quite effectively damped by the in-
windings inside. The low noise values and the clean noise sp&rnal Cu shields. Since the resonance of the 1:20000 CCC is
trum indicate that our present electrical and magnetic shieldiagpund 1.4 kHz, the shields apparently do not significantly re-
is sufficient. The extra noise seen in the noise spectrum mighice Cyinding. This can be understood from the fact that the
still be introduced by external sources or by the movement wfain capacitance contributing €@yinding Will be between suc-
frozen flux lines inside the CCC. cessive layers of windings and there is only one Cu shield every
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8 layers of windings. All Cu shields were connected together,[3] E. Bartoloméet al, “SQUID based detectors in the electrical quantum

but Isolated from the Overlapplng tube. The Impedance Spec_ metrology trlangle r?alization,” iRroc. 4th WOrkShOp Low Temperature
did not ch hen the shield ded t Electronics Noordwijk, The Netherlands, 1999, pp. 177-183.
trum did not change when the shields were grounded or not. [4] J. Seséet al,, “Ultimate current resolution of a cryogenic current com-

At 4.2 K, using this CCC, the noise spectrum of Fig. 7 is ob- parator,”[EEE Trans. Instrum. Measvol. IM=48, pp. 1306—1313, Nov.
tained, from which it becomes clear that the resonance peak i?S] 1972.

till tatl t t If the d . t t E. Bartolomé, “Cryogenic Current Comparators With Optimum SQUID
stll present at low temperatures. € daamping at room tem- Readout for Electrical and Resistance Metrology,” Ph.D., The Univ.

perature is caused by eddy current dissipation in the Cu shields, Twente, The Netherlands, 2002.
this effect is smaller at low temperatures due to the lower resis{6]l G.Rietveldetal, “Accurate measurement of small currents usinga CCC

fth L be th h ial. lik with dc SQUID readout,Sens. Actuators,Aol. A85, pp. 54-59, 2000.
tance of the copper; it may be that other material, like, e.9., mal']'[7] J. Seséet al, “Calculation of effective inductances of superconducting

ganin, should have been used instead. Like for the impedance devices. Application to the cryogenic current comparati@eE Trans.

measurement, the noise spectrum does not depend on whethgr ApPI- Supercondyol. 9, pp. 58-62, Jan. 1999. _

the Cu shield ded t Th forthe i %3] ——, “Low input coil inductance SQUID’s for cryogenic current
€ _u shields were grQU”_e or not. € Ca_use orthe increas comparator applications[EEE Trans. Appl. Supercondvol. 9, pp.

of noise below 700 Hz is still unclear. The noise levels there are  3487-3490, June 1999.

much higher than what is found with the 1:30 000 CCC. This [9] F. Gay, “Un Compa_rateurCryogénique de Courants Pour la Réalization
d’'un Etalon Quantique Basé Sur L'effet Tunnel Monoélectron,” Doc-

will be the SUbJeCt of future work. torat, Conservatoire National des Arts et Métiers, Paris, France, 2000.

VI. CONCLUSION
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We have developed a 1:30000 winding ratio CCC for t
measurement of small (e.g., SET) currents. A dedicated lof*
noise SQUID is used for the readout, which allows reaching
sensitivity close to ideal, that is without loss of sensitivity ir
the flux transformer coupling the CCC and the SQUID. Th | rwa
CCC-SQUID equivalent current input noise using a 1:300¢ =%
winding ratio is 2.1 fA/H2/2, measured down to 0.1 Hz. Mea-
surements on a dummy CCC have revealed that the electri%g{f_ca"brating,, instru
and magnetic shielding of our cryogenic system is good, an
that in the insert mechanical fixing of the wires connecting the
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with internal Cu shields did not result in lower current noisq
even though at room temperature these shields damp effecti
the internal resonances of the CCC.

Room temperature impedance measurements on CCCs
pear to be a useful tool for the determination of the screeni
by shields surrounding the CCC as well as for the detection
internal CCC resonances. systems), with application in quantum metrology.
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mean current would be 25 aA. In the measurementofa 1 |
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