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Two-stage amplifier based on a double relaxation oscillation
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A low-noise single-chip two-stage superconducting quantum interference d8@ielD) system

with a double relaxation oscillation SQUID as the second stage has been realized. The system was
operated in a direct voltage readout mode, with a closed loop bandwidth up to 1 MHz. Operated at
4.2 K, the white flux noise measured in flux locked loop was 1dg,/Hz, corresponding to an
energy sensitivity ok~ 27h. Owing to the large flux-to-voltage transfer of up to 3.6 b/, the
room-temperature preamplifier noise did not dominate the overall flux noisel99® American
Institute of Physicg.S0003-695099)01141-9

A low T, dc superconducting quantum interference dedow flux noise, a DROS with a reference junctiomas cho-
vice (SQUID)! is an extremely sensitive magnetic flux sen-sen for the second stage instead of a conventional dc
sor with an intrinsic frequency response extending from dc t&QUID® or a series SQUID arrayThe DROS had a gradio-

a few GHz. Any physical quantity that can be converted tometric “figure-8” layout in order to minimize parasitic cou-
magnetic flux, e.g., magnetic field, voltage, or mechanicapling between the sensor SQUID and the second stage. Fig-
displacement, can be measured very accurately. ure Za) shows the schematic overview of the two-stage

A SQUID is commonly used as a flux-to-voltage con- SQUID system we designed. The sensor SQUID is biased at
verter. However, because of the small flux-to-voltage transy constant voltage by means of a small bias resiBigy
fer of standard resistively shunted dc SQUIDgpically <Rgyn, WhereRy,, is the dynamic resistance of the sensor
NVI9®=100uV/ Do), the typical flux noise of /Sy SQUID at the working point. The currery through the
=1u®o/(Hz corresponds to an output voltage noise ofgensor SQUID is modulated by the applied signal fibix,
/Sy=0.1nVIHz. This is about one order of magnitude 5,y is fed through the input coil of the DROS. Thus the

Itower thtan tze input vlc?]!Fage r';',o'ﬁ OL at Iow-n<|3-|f§e Ir,oo_;n'current is converted to a magnetic fld,= M, 5l 1, where
emperature dc preampliner, which 'eads to ampimier fimi a'Mmyz is the mutual inductance between the DROS and its

tion of the system sen_smwty: To solve this pro_blem, ac ﬂu}.(input coil. The second stage is biased at a constant current
modulation together with an impedance matching network is

often used to amplify the SQUID output. Unfortunately, in and the output signal of the two-stage SQUID system is the

this readout configuration the measurement bandwidth i\S/oItage across the DROS. . .
An important parameter in the design of a two-stage

limited by the modulation frequency, which is typically of . I
the order of 100 kHz, although high bandwidth systems haye2U!P System is the flux gaifhe = 9P zng/ 0Psig. The flux
gain has to be sufficiently large, such that the amplified flux

been operated successfullyAnother disadvantage is pos-
P » g b é]oise of the sensor SQUID is much larger than the flux noise

sible crosstalk between adjacent channels of multichann :
systems. Several new dc SQUID types with a larger flux-to2dded by the second stage and the readout electronics. If we

voltage transfer, so-called second generation dc SQUIDé’}’am the flux noise of the_second stage to cont_ribute at most
have been developed to allow a direct voltage readout mod@ fractionp to the total noise power, the flux gain should be
without flux modulation. The flux-to-voltage transfer of at least

these second generation dc SQUIDs, e.g., SQUIDs with ad-

ditional positive feedbackAPF),® double relaxation oscilla- ¢I

tion SQUIDs(DROS$,*®° and two-stage SQUID systerft$, b2
is of the order of 1 mVib,.

This letter describes our development of a two-stage
SQUID system with a DROS as the second stage, as shown
schematically in Fig. 1. This second stage serves as a cryo-
genic low-noise preamplifier for the sensor SQUID, i.e., a
standard low-noise resistively shunted nonhysteretic dc
SQUID. Motivated by its large flux-to-voltage transfer and

3E|ectronic mail: m.podt@tn.utwente.nl
PPresent address: Philips Research Laboratories, Prof Holstlaan #&IG. 1. Scheme of a two-stage SQUID system with a double relaxation
5656 AA Eindhoven, The Netherlands. oscillation SQUID as the second stage.
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TABLE I. Electrical parameters of the two-stage SQUID systems.
Electrical parameter Sensor SQUID DROS A DROS B
Lsq(PH) 200 550 490
1.=21g (nA) 11-12 4-9 4-9
BL=2loLsy/ P 1.1 1.2 1.1
Rshunt(Q) v ar AT
C; (pF) 0.5 0.2 0.2
Be=27oR%,,Cj 1D 0.4 3 3
L;, (nH) 95 150° 87
M, (nH) 4.2 6.7 4.7
IS (uPo/Hz) 1.2P 6° 6°
VIdD (MVID ) 0.1° 0.4 0.4
@Design/calculated value.

PExperimental value.

FIG. 2. (@) Scheme andb) micrograph of the designed two-stage SQUID the input coil and the DROS inductance N, ,=6.7 nH.
system ‘with a ‘gradiometric DROS as the second stage. The dashefihe measured white flux noise of the DROS A in flux locked
Rin=Cin input coil shunts are not on-chip integrated. loop is typically 6u®,//Hz.2 Consequently, if we require
that p=5%, the flux gain should be at least PPom Eq.
L (1)]. According to Eq.(2), the maximum available flux gain
Go=V1l/p— \/ @Gq>/ V1p— 2 qu %W is G4 = 36. The theoretical cutoff frequency of the first stage
sad is f;=5 MHz. DROS B had a SQUID inductance of 490 pH,
In this equatlonw"S@,i is the flux noise,¢; is the energy a 2x19-turns input coil withL;, ,=87 nH and a mutual in-
resolution, and.g; is the SQUID inductance. The indéx ductance between the input coil and the DROSM, ,
refers to the stage number. On the other hand, the available 4.7 nH. The maximum available flux gain @, =26 and

maximum flux gain can be estimated by the maximum cutoff frequency i$.,=9 MHz. For both
R i, A, al DROSs, the available flux gain is larger than the required
Go=Mino- with = el (2)  fluxgain of 22. Figure ) shows a micrograph of one of the
i 0Pg o1 IPsg integrated two-stage SQUID systems with DROS B as sec-

In Eq. (2), I, is the maximum critical current of the sensor Ond stage. The actual chip size is 22mnt. The most
SQUID. The factoral,/dl., can be approximated by important parameters of the two-stage SQUID systems are
Rayn/(Rayn+ Roiad- By assuming sinusoidal behavior, the Summarized in Table I.

factor dl . ,/9®, can be calculated as The two-stage SQUID systems were characterized by
’ using home-made flux locked logFLL) electronics based
dlca 44 o 5  ondirect voltage readodt'® In closed loop, a3 dB band-
IDsigl :1/4%~ 1+:8L,l. Dy’ @ width up to 1 MHz was achieved. By improving the room-

temperature electronics, even higher bandwidths might be
wherel g, represents the critical current of one junction of possible.
the sensor SQUID an@ 1= 1Lsq1/Po Symbolizes the Figure 3 shows the measurdd- ®;, characteristics of
screening parameter of the sensor SQUID. The bandwidth adne of the two-stage SQUID systems with DROS A as sec-
the two-stage SQUID system is limited by the cutoff fre- ond stage. Multiple oscillation periods in the second stage
quency of the first stage, which is given Hy=(Ry, occur for only one modulation period in the first stage,
+ Rypiad/(27Lin 5) , Wherel, ; is the input coil inductance of caused by the flux gain. The readout DROS was biased at a
the second stage. currentl, ,=54 uA, the bias current of the first stage, and
We have designed and fabricated several two-stagthus the bias voltage of the sensor SQUID, was varied. The
SQUID systems, all of which had a sensor SQUID with anmaximum voltage modulation was about 40/ and the
inductance ofLgy;=200pH and I.;=11-12uA. The 4  maximum flux-to-voltage transfer was3.6 mV/®,,.
X 4 wm? Nb/Al, AlO,/Al/Nb Josephson junctions are de- The actual flux gain depends on the bias voltage of the
fined by reactive ion etching in $# At 4.2 K, the white flux ~ sensor SQUID. The higher the bias voltage, the lower the
noise of the sensor SQUID was designed to 18§ neory  Modulation depth in the current through the sensor SQUID
=1.2u®,/Hz,! corresponding to a theoretical energy reso-and the lower the flux gain. At low bias voltages, the de-
lution of €= Sy theorf2L sq,,=23N. The sensor SQUID was signed maximum flux gain could be achieved.
biased at a constant voltage by means of a bias resistor with Moreover, the flux gain depends on the applied flux. The
a resistance oRy,=0.502. A 28-turns input coil was de- flux gain is maximum at the working pointpg,=(1/4
posited on top of the sensor SQUID washer. The mutuakn/2)d,. At that point, the largest amount of wide band
inductance between this input coil and the sensor SQUIDIux noise is coupled from the sensor SQUID to the second
was measured to b, ;=4.2 nH. stage, which causes the voltage modulation depth of the
Two different gradiometric DROSSs, labeled A and B, DROS to decrease somewhat. This effect was the largest for
were used as the second stage. DROS A had a SQUID irthe wide band two-stage SQUID systems with DROS B as
ductance oL s, =550 pH and a X 25-turns input coil with  the second stage. Consequently the flux-to-voltage transfer
inductanceL , =150 nH. The mutual inductance between of these sensors was ontyl.7 mV/®,.
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FIG. 4. Flux noise spectrum of the two-stage SQUID with DROS A as the
second stage, measured at 4.2 K.

:" e In conclusion, we designed, fabricated, and character-
i ized two-stage SQUID systems with a DROS as the second

stage. The large flux-to-voltage transfer of the DROS to-
gether with the low flux noise makes the DROS patrticularly
FIG. 3. ExperimentaV/— &, characteristics of the two-stage SQUID sys- suitable as the second stage. The large flux-to-v_oltage trans-
tem with DROS A as the second stage for different bias currents of the firsfer’ Of the two-stage SQUID systems enabled a direct voltage
stage, indicated at the right. The signal flux was applied via the feedbackeadout mode without ac flux modulation and without ampli-
coil of the first stage. The bias current of the second stage was fixed g{ar [imitation of the system sensitivity. Consequently, the
lpp~54 uA. . . '

: total measured white flux noise was very close to the theo-
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The noise spectrum of the two-stage SQUID system with
DROS A measured in FLL at 4.2 K is shown in Fig. 4. By 'C.D. Tesche and J. Clarke, J. Low Temp. Pt88.301(1977.
applying an offset flux to the sensor SQUID and the secondzs- 'I*-DKOLC?HJ- R-RR\?VZ_e”' '? Wg%”SC’)T- P'C“”EO’ V\é J_-IG(;S%]'ZQSS”“'
_ rel, D. Lathrop, K. legert, an . Overway, Rev. SCI. Instraim)
stgge, the system was Io_cked @gig_—(1/4+ n/2)®,, the_ (1996,
point of maximum flux gain. The bias current of the first sp prung, Appl. Phys. Lett67, 1474(1995.
stage wad, ;=80uA and the second stage was biased at“D. J. Adelerhof, H. Nijstad, J. Flokstra, and H. Rogalla, J. Appl. Pfigs.
Ib’2: S4uA. The total ~white flux noise is /So 52835(;332':h0f J. Kawali, G. Uehara, and H. Kado, Appl. Phys. I6&t
~1.3u®y//Hz, corresponding to an energy resolution of 2606(1994)_ T T ’ ‘ » AAPPLERYS. Bt
€=Sp/2L s ~27n. This corresponds well to the theoretical °p. E. Kirichenko, A. B. Pavolotskij, O. V. Snigirev, R. Mezzena, S. Vi-
white flux noise of the sensor SQUID, which means that the tale, A. V. Beljaev, and Y. V. Maslennikov, IEEE Trans. Appl. Super-
system sensitivity of the two-stage SQUID systems is indeed,c0nd- 7, 1045(1997.
d)étermined by t)flle sensor SQSID gnd noi/ by the Secon((j;R' P. Welty and J. M. Martinis, |IEEE Trans. Appl. Superco8d2605
. _ - (1993.
stage or the readout electronics. The total white flux noise ofm. J. van Duuren, G. C. S. Brons, D. J. Adelerhof, J. Flokstra, and H.
the two-stage SQUID system with DROS B was somewhat Rogalla, J. Appl. Phys82, 3598(1997).
higher Sq ~2 1,“@0/ 'Hz. In that case. the noise contribu- °D. J. Adelerhof, M. E. Bijlsma, P. B. M. Fransen, T. Weiman, J. Flokstra,
. A Vo ’ and H. Rogalla, Physica 209, 477 (1993.
tion of the readout electronics was larger because of .the’A. W. Han?ster, M.y.J. van Duurerg, G. C. S. Brons, J. Flokstra, and H.
smaller flux-to-voltage transfer, due to the smaller flux gain. Rogalla, IEEE Trans. Appl. Supercorfd.2915(1999.

w |
e
Dy AD,,=1D, AD, =1d,



