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[4x]) ¥ ¢hen (48 v en) Mr. SQUID = <+ (iRl &)
Now that you can measure a variety of properties of the SQUID in the Mr. SQUID probe, you can
determine a key parameter of the device, namely the 5, parameter. This is defined by
Eqgn. 3-1 LZZICL

cI)0

where L is the inductance of the SQUID loop.
Earlier we mentioned that the maximum modulation voltage depth AV as measured from the V- ¢
curve is related to the I . R, product that can be determined from the V-I curve. As we will discuss

in Section 5, this relationship can be expressed simply in terms of the 5 | parameter.

~ 4IR,
Eqn. 3-2 ,BL—EZ—Vfl
The above expression provides a simple way to determine the 5 | parameter empirically (i.e.,
without knowing the inductance L of the SQUID). This expression is strictly correct only if the
critical currents of the two junctions are equal and only if thermal noise effects are negligible.
Both of these are approximations for the junctions in your Mr. SQUID.

The inductance of the Mr. SQUID chip may be written as the sum of four terms,

L=L,+L,+Ly+L;,wherelL, isthe inductance of the SQUID washer, L  is the inductance of
the long slit in the washer, L, is the small kinetic inductance of the washer (arising from the

“inertia” of the electrons), and L ; is the inductance of the Josephson junction bridges, which also

includes a small kinetic inductance contribution. For a square washer with outer side length D and a
square hole with inner side length d such that d/D <1, L, =1.24 p,d. Using d =24 um for the Mr.
SQUID washer, L, =37.7 pH. For the washer, the slit inductance per unit length is 0.38 pH/um (it
would be slightly less if the modulation coils were superconducting rather than normal metal). The
slit in the Mr. SQUID washer is 33 um from the inner hole to the outer edge of the washer. Then,
L, =12.5 pH. The kinetic inductance of the washer is more difficult to determine precisely but is
estimated to be about 2 pH. The inductance of the Josephson junction bridges is estimated to be
about 8 pH, which includes the kinetic inductance contribution (the inductance per unit length of the
bridges is much higher than 0.38 pH/um because of the narrow width of the bridges). Thus, the total
inductance is approximately L = 60 pH.

In general, for an N-turn coil integrated on top of the Mr. SQUID washer, the mutual inductance is
given by

Eqn. 3-3 M=N [L,+L,+0.5 (Ly+L,) ]

For Mr. SQUID, the single-turn modulation coil actually goes around only three quarters of the

washer (see Figure 3-6). Then, using N = 0.75 as a rough approximation along with the inductance

values given above, M = 37 pH.

The horizontal axis of the V-® curve measures the current through the modulation coil, and this is

linearly related to the magnetic flux in the SQUID. The current gain in the Mr. SQUID control box
REEFFHET



is 10,000 V/A (i.e., 1 Volt = 10 Amperes). The period of the modulation of the magnetic flux in

the Mr. SQUID loop is the flux quantum, @, (2.07-10 ™" Whb in MKS units.)

By measuring the amount of current (A1) in the coil that is required to produce a change of one
fluxon through the hole of the SQUID, you can determine the mutual inductance (M) of the SQUID,
using the following formula:

_ (DO

Al

You can find the value of /3 | for the SQUID in your Mr. SQUID probe using Eqgn. you’re your
measurement of | ., and L = 60 pH. From the measured values of | . and AV, you can calculate

S . using Eqgn. 3-2. Compare these two values. Do they agree?

Eqgn. 3-4

The fact that the values calculated using Eqgn. 3-1 and Eqn. 3-2 do not agree was a mystery for a
number of years after the 1986 discovery of high-T . materials, as these equations worked quite
well for SQUIDs made using traditional low-T . materials. This lack of agreement was resolved in
1993 with the recognition that thermal effects were playing a large role in the behavior of high-T .
SQUIDs. The lack of agreement between Eqgn. 3-1 and Eqgn. 3-2 is in large part due to the fact that
the Mr. SQUID is at a relatively high temperature where thermal energies (k ; T) are no longer small

compared to the energy of a flux quantum (CDOZ/L). The relationship between the observed voltage

modulation and S, at a nonzero temperature T changes Eqn. 3-2 to :

41.R Jk,TL
Egn. 3-5 B, =—SN (1-357X2—) —]
AV D,

Figure 3-9 illustrates the differences between the /3 | values calculated using Eqgn. 3-1, Eqn. 3-2,
and Eqn. 3-5.
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Figure 3-9 Values of 3 =2l_.L/®, versus measurements of /5, based upon |.R, /AV for 44

Mr.SQUID probes.
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As one can see from Figure 3-9, the method of calculating S | that takes thermal effects into
account agrees quite well with the inductive /3 | measurements.

On the following page, we include a data sheet for your SQUID. You may wish to use it (or better
still, a photocopy) to enter your measurements on Mr. SQUID. An interesting and important issue
for SQUID applications is how the SQUID sensor varies with age. You can track this with Mr.
SQUID by filling out a copy of the data sheet each time you use the system.
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