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Can a Noninvasive Measurement of Magnetic Flux be Performed
with Superconducting Circuits?
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A gedanken experiment is described in which the noninvasive determination of joint probability densi-
ties for the magnetic flux linking a superconducting quantum-interference device is determined using
variable threshold superconducting switches followed by superconducting magnetometers. As a result, it
is demonstrated that an important prediction of quantum mechanics can be tested in principle against
those of macrorealistic theories using superconducting circuits.

PACS numbers: 03.65.Bz, 74.50.+r, 85.25.Dq

The rf SQUID (superconducting quantum-inter-
ference device) has been predicted to display quantum-
interference effects between two macroscopically distinct
magnetic-flux states for some values of the device pa-
rameters and bias point.!” If macroscopic quantum-
interference effects are observed in this device, the exper-
imentally determined range of validity of the quantum
theory would be extended and the contrast between the
predictions of quantum mechanics and commonly held
intuitions about the behavior of macroscopic objects
sharpened.

In particular, Leggett and Garg have shown that the
assumptions of macroscopic realism and noninvasive
measurability, which are implicit in much of our think-
ing about the macroscopic world, yield constraints on the
behavior of two-state systems which are incompatible
with the predictions of quantum mechanics.* They find
that correlation functions K, derived from the joint
probability densities for the state of an rf SQUID at ar-
bitrary times ¢, and ¢, are constrained to satisfy a set of
inequalities which are similar to Bell’s inequality for the
Einstein-Podolsky-Rosen (EPR) experiment. These ine-
qualities can be violated by a quantum-mechanical two-
state system. This proposed experimental test has been
criticized by Peres on the grounds that a noninvasive
measurement of the flux state of an rf SQUID is impossi-
ble.> A more general argument has been given by Bal-
lentine.® Implicit in both of these arguments is that the
determination of the state of the system at time ¢; occurs
through a “measurement” of the state of the system at
that instant, and that the system is not, in general, in an
eigenstate of the variable to be measured. However, in
the formulation presented by Leggett and Garg, they as-
sert that the times #; are the analog of polarization set-
tings for the EPR experiment. Thus, the only require-
ment on the measurement system is that it must be cap-
able of determining the probability that the system occu-
pied specific states at times ¢, and ¢, without affecting
the dynamics of the system at times ¢ <t,,7;. Although
it is possible to generate measurement schemes which do
not satisfy this requirement, this in no way proves that

the determination of the joint probability density is, in
principle, impossible. Clearly if one demands that the
state of the SQUID be “measured” at time ¢, as pro-
posed by Peres and Ballantine, then this particular mea-
surement scheme will destroy the coherent oscillations of
the device at this time, and thus render impossible the
determination of a joint probability density. Thus, the
solution is to abandon the kind of scheme described by
these authors, and invent instead a measurement scheme
for the joint probability density which is analogous to
that used in a conventional EPR experiment.

In this paper, I describe a gedanken experiment in
which the joint probability densities of the rf SQUID are
determined by a novel superconducting measurement
circuit without violating the quantum-mechanical con-
straints on the measurement of the state of the rf
SQUID. In order to anchor the discussion, specific mod-
els for the rf SQUID and for the superconducting mea-
surement circuit are chosen which are experimentally
realizable. First, recent experimental results’ for the in-
trinsic resistance of Josephson junctions are used to
demonstrate the feasibility of fabricating an rf SQUID
which satisfies the constraints for coherent behavior.
Next, the inevitable destruction of the coherent oscilla-
tions which occur in the continuous measurement of the
state of the rf SQUID are illustrated by an analysis of
the back-action of a conventional dc-SQUID magnetom-
eter on the rf SQUID.?® This illustrates the process de-
scribed by Peres. Finally, a novel measurement system is
described which can be used to determine the joint prob-
ability density of the rf SQUID.

An rf SQUID is a superconducting loop interrupted by
a single Josephson tunnel junction [Fig. 1, circuit (a)].
The macroscopic variable is the net magnetic flux linking
the loop. Coherent oscillations between two distinct flux
states are predicted if the effect of intrinsic dissipation in
the Josephson junction and environment is negligible.'~?
Thus, two key elements in this experiment are the
identification of the source of dissipation in the Joseph-
son junction of the SQUID, and the fabrication of junc-
tions with extremely low dissipation. Recently, careful
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FIG. 1. The superconducting measurement circuit for the noninvasive determination of the joint probability density for the rf
SQUID. (a) The state of the rf SQUID is determined by the combined action of (b) two hysteretic dc-SQUID switches and (c) two

dissipative dc-SQUID magnetometers.

measurements of the intrinsic subgap dissipation in
high-quality Nb-PbInAu Josephson junctions have been
performed by Kirtley et al.” The dissipation at low fre-
quencies has been determined from switching distribu-
tions for the return of the junction to the zero-voltage
state. The intrinsic junction resistance is dominated by
ideal thermally activated quasiparticle tunneling and in-
creases exponentially with decreasing temperature. At
temperatures below 2 K for a junction critical current of
600 nA, a lower bound on the intrinsic resistance of 1
MQ was observed. Direct measurement of the return
branch of the I-V characteristic gave a subgap dc resis-
tance in excess of 10'° 0.7 However, the crossover tem-
perature T for the onset of coherent oscillations in the
rf SQUID has been shown to scale inversely with the
junction resistance.'™® Thus, values of the resistance R
in excess of MQ are compatible with T> above a few
mK. In this paper, an rf SQUID with junction critical
current 1=2.54 uA, capacitance C=0.17 pF, and
SQUID-loop inductance L =150 pH, coherent oscillation
frequency of 1.35 MHz, and crossover temperature
T*=3.3x10"% Ry will be used as an example of a
SQUID which may undergo coherent oscillations.

In order to develop an analog to the EPR experiment,
we need to have the equivalent of polarizers and particle
detectors for this rf SQUID. The state of the rf SQUID
can be determined by measuring the magnetic field gen-
erated by the circulating current around the SQUID
loop. The most sensitive magnetometer now available is
a dc SQUID. This device consists of a superconducting
loop interrupted by two Josephson junctions. The dc
SQUID can be operated as a linear flux-to-voltage trans-
ducer with gain provided that the junctions are shunted
by a resistance of on the order of a few ohms (8.
=271,R?C,/¢0<1). These shunts eliminate hysteresis
in the dc-SQUID characteristics. As a result, the non-
hysteretic dc SQUID can also be operated as a phase-
insensitive linear amplifier, and thus must generate
broadband noise which is coupled back into the source.’
Since this noise is intrinsic to the dc SQUID, there is
also a minimum back-action noise coupled into the
source when the SQUID is operated as a magnetometer.
In fact, if a dc-SQUID magnetometer is used to detect
the state of an rf SQUID during a measurement interval
which is short compared to the coherent oscillation

period, the broadband noise generated by the magneto-
meter will be sufficient to destroy the coherent state.®
This is the source of the destruction of the coherent oscil-
lation which is described in more general terms in the
paper by Peres.® As a result, a nonhysteretic dc SQUID
cannot be considered to be the analog of a polarizer in
the EPR experiment. However, the magnetometer is an
excellent choice for the analog of a particle detector. In
particular, the reverse transfer function of the dc-
SQUID magnetometer is extremely small. Thus, the
back-action of the magnetometer can be made to dom-
inate all other noise sources in a chain of macroscopic
amplifiers and detectors. For this reason, it is the only
amplifier explicitly included in the measurement circuit
of this paper.

The analog to a polarizer for the rf SQUID must have
the property of leaving one flux state of the SQUID
unaffected. In addition, the coherent oscillations of the
rf SQUID must continue during and after the action of
the “polarizer.” This implies that the back-action of the
SQUID polarizer must be nondissipative. The source of
the back-action flux noise in the dc-SQUID magnetome-
ter is the dissipation in the resistive shunts across the
Josephson junctions. The flux noise can be greatly re-
duced by removing the junction shunts. In general, the
action of the broadband flux noise on the rf SQUID can
be described by an equivalent broadband noise source at
temperature T, =a’yRL4.T/Rq4.L, where R4 and Lg.
are the dc-SQUID junction resistance and loop induc-
tance, y is a numerical factor of order unity, a is the in-
ductive coupling strength, and T is the ambient tempera-
ture. Thus, for a dc SQUID with loop inductance L; and
junction resistance R; on the order of the rf-SQUID pa-
rameters L and R, the equivalent noise temperature for
the broadband flux noise linked into the rf SQUID is on
the order of the ambient temperature reduced by the in-
ductive coupling strength a2. This is an easily satisfied
constraint on the coupling strength.

Thus, the dc SQUID without junction shunts is a good
candidate for a polarizer for the rf SQUID. The ex-
tremely hysteretic dc SQUID is operated as a flux-
activated variable threshold switch. This switch pro-
duces a negligible back-action on the rf SQUID for one
of the two flux states of the rf SQUID. However, when
activated, the switch will produce a significant back-
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action transient if the rf SQUID is in the other flux
state. This back-action is not dissipative, and, thus al-
though one of the states of the rf SQUID may be
significantly altered after the action of the switch, the
coherent oscillations of the rf SQUID are not destroyed.

The complete measurement circuit is shown in Fig. 1.
The rf SQUID [Fig. 1(a)] is inductively coupled to a
pair of highly hysteretic dc-SQUID switches [1(b)]
which are the analog of a pair of polarizers. The non-
hysteretic dc-SQUID magnetometers [1(c)] are weakly
coupled to the switches, and thus extremely weakly cou-
pled to the rf SQUID. The magnetometers act as “‘parti-
cle detectors” which not only read out the final state of
the switches, but also destroy the coherent oscillations in
the rf SQUID. This process occurs over a time interval
which is long compared to the times at which the
switches are activated.

The dynamics of the dc-SQUID switch is described by
a potential surface analogous to the double-well potential
for the rf SQUID.'® The two coordinates of the surface
are the sum and difference of the phase drops across the
Josephson junctions. The potential contains an infinite
series of alternating potential wells which form a chain
extending down a single deep valley. The shape and lo-
cation of these wells are determined by the dc bias
current I, and externally applied magnetic flux ¢,. The
switch is biased so that the system is initially in a shal-
low potential well (No. 1) separated by large barriers
from much deeper adjacent wells (No. 2). The height of
the barriers are determined by the total applied flux, in-
cluding the signal flux from the rf SQUID, and by I,.
Thus, by choosing I, appropriately, the barrier can be
made very large during the free oscillation of the rf
SQUID.

The rf SQUID oscillates symmetrically if the flux bias
point of the rf SQUID is ¢ =¢¢/2. Deviations from this
bias point change the coherent oscillation period and in-
crease the damping rate.> The coherent oscillations are
significantly altered when the effective tunneling fre-
quency is on the order of the difference in energy be-
tween the two potential wells. For the rf-SQUID param-
eters given above, this occurs at a shift in the flux bias of
5% 10 ~%po. This is a stringent requirement on the stabil-
ity of the flux bias which can easily be violated by the
back-action of the dc-SQUID switch. If the coupling is
reduced so that the transient flux is considerably less
than the flux stability requirement, then the effect of the
back-action flux during the coherent oscillation of the rf
SQUID is negligible. As an example, a dc-SQUID
switch with L; =23.5 pH, I, =44 pA, and C; =100 pF
has good switching characteristics for I, =13.67 uA and
externally applied flux ¢, =0.4198¢¢. If the mutual in-
ductance to the rf SQUID is M =0.023 pH, the back-
action flux is 5% 10 ~3¢.

The state of the rf SQUID is registered in the dc-
SQUID switch during some interval 8¢ at time ¢,, where
t) is on the order of the coherent oscillation period, and
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8t <t). At t), the bias current of the dc-SQUID switch
is increased until one of the barriers between wells 1 and
2 almost vanishes. At this point, the flux applied by the
rf SQUID in the — state increases the barrier to a value
which is large enough to prevent transitions into well 2,
while the flux applied by the rf SQUID in the + state
reduces the barrier until the dc SQUID tunnels or
thermally activates into well 2 during 7. At ¢+ ¢, the
bias current is restored to the initial value. As a result, if
the rf SQUID is in the — state, a negligible transient in
the dc-SQUID screening current is generated during &¢,
and the dc-SQUID switch remains in well 1. Using ex-
pressions for tunneling in an rf SQUID as a guide, the
tunneling rate in the dc SQUID is exponential in the
junction capacitance C,;. Thus for the example given
above, the difference in the tunneling rates between the
+ and — states can be as large as 13 orders of magnitude
for C; on the order of 100 pF. Furthermore, the back-
action for the — state during &t can be reduced to any
desired level by decreasing the current bias step. This
leads to a decrease in the tunneling barrier, which can
be compensated for by an increase in Cj.

If the rf SQUID is in the + state during the interval
dt, a large transient is generated in the dc-SQUID
screening current as the dc SQUID begins to oscillate
within the deep well No. 2. This transient produces a
large back-action on the rf SQUID in the form of an os-
cillation in the rf-SQUID flux bias point. As a result,
the development in time of this state of the rf SQUID is
strongly affected. Note, however, that the rf SQUID is
not prepared into the — state by this process. It would
be necessary to damp the transient response of the rf-
SQUID-dc-SQUID switch system, which does not occur
since neither of these systems has any appreciable dissi-
pation. This is an important point. The action of the
dc-SQUID switch on the + state of the rf SQUID dur-
ing the interval 8¢ does not constitute a measurement of
the state of the dc SQUID either. In principle, the dc
SQUID could tunnel coherently back into the metastable
state. In fact, the coupled system consisting of the rf
SQUID and the dc-SQUID switch admits description by
a three-dimensional potential with states analogous to
those of the single-dimensional potential for the rf
SQUID.'® As a result, the heuristic discussion of the
operation of the dc-SQUID switch given above can be
replaced by a detailed quantum-mechanical model in
which the system undergoes coherent oscillation between
four distinct states. However, there is no significant cou-
pling to dissipative elements in the combined system
which would provide irreversibility in the form of a large
number of degrees of freedom. Thus, even though infor-
mation that that the combined system was in the — state,
No. 1 at time #, is registered by a lack of transition to
well 2 during and after time ¢, no irreversible change in
a dissipative macroscopic system has occurred. Thus, if
the rf SQUID at some later time has been in the — state
at time ¢, the interaction between the dc-SQUID switch
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and the rf SQUID is noninvasive in the sense that the
coherent oscillations in the rf SQUID are preserved un-
changed.

The dc-SQUID switch generates a disruptive back-
action only if the dc SQUID switches into well 2. Furth-
ermore, the dc-SQUID magnetometer, which contains
substantial dissipation, destroys the coherent oscillations
of the rf SQUID over some much longer time interval
T,. Thus, it is possible to make a second recording of
the state of the rf SQUID with a second dc-SQUID
switch at time ¢;, where t,,1,<T,. The second dc-
SQUID switch is coupled to an independent dc-SQUID
magnetometer, which also amplifies over 7,. At the end
of the amplification interval, the states of both dc-
SQUID switches have been measured, and thus the state
of the rf SQUID at times ¢, and ¢, has been determined.

An ensemble of identically prepared rf-SQUID sys-
tems can now be used to determine joint probability den-
sities p(Q1,0,), where @Q=+1 for the + state, and
Q = —1 for the — state. Following the scheme suggested
by Leggett and Garg,* the resultant data are selected
such that the Q@ at ¢, is —1. Thus the joint probability
density p(—1,0,) has been determined as required
through a noninvasive process at time ¢;. Note that 0,
is determined through an invasive measurement to be ei-
ther —1 or +1. By reversing the bias points of the dc-
SQUID switch, p(+1,0,) can be measured on a
separate ensemble of rf SQUID’s.

This gedanken experiment has illustrated that it is
possible, in principle, to determine the correlation func-
tions Kj; for the rf SQUID. If the correlation functions
are found to be in agreement with those derived from a

quantum-mechanical treatment of the system, then the
reduction of the dissipation in both the rf SQUID and
the dc-SQUID switch will have allowed us to witness an
essentially quantum-mechanical process in the two mac-
roscopic systems, and thus to extend the experimentally
determined domain of applicability of the quantum
theory. On the other hand, if the correlations are in
violation with the quantum-mechanical predictions even
though the dissipation in the rf SQUID and dc-SQUID
switch can be clearly identified and shown to be negligi-
ble, then the possibility that there is a limit to the appli-
cability of the quantum theory must be seriously con-
sidered.
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