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We develop a small-signal measurement system on cryogen-free dilution refrigerator which is suitable
for superconducting qubit studies. Cryogen-free refrigerators have several advantages such as less
manpower for system operation and large sample space for experiment, but concern remains about
whether the noise introduced by the coldhead can be made sufficiently low. In this work, we demon-
strate some effective approaches of acoustic isolation to reduce the noise impact. The electronic
circuit that includes the current, voltage, and microwave lines for qubit coherent state measurement is
described. For the current and voltage lines designed to have a low pass of dc-100 kHz, we show that
the measurements of Josephson junction’s switching current distribution with a width down to 1 nA,
and quantum coherent Rabi oscillation and Ramsey interference of the superconducting qubit can be
successfully performed. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3698001]

I. INTRODUCTION

Experimental studies of superconducting qubits require
mK temperature environment with extremely low electro-
magnetic (EM) noise level, so that coherent quantum states
of qubits can be prepared, maintained, and controlled and
their delicate coherent evolution can be monitored and
measured.'™ So far, most of these experiments are performed
using dilution refrigerators that use liquid He* as cryogen
for the first-stage cooling. However, for such traditional wet
systems, there are several obvious disadvantages. For in-
stance, even “low-loss” Dewars require refilling every few
days, therefore it is not only more expensive but also re-
quires more manpower, infrastructure, and time to conduct
experiments. Also, the need for a narrow neck in the helium
Dewar to keep the boil-off to an acceptable level means that
the space available for experimental wiring and other exper-
imental services is limited. Moreover, the cold vacuum seal
also means hermetically sealed and cryogenically compatible
wiring feedthroughs are required in addition to the room tem-
perature fittings.

There has been much recent interest in the dry dilu-
tion refrigerators which use pulse-tube coolers to provide the
first-stage cooling instead of the liquid cryogen. For these
dry systems, the above mentioned disadvantages are avoided.
Namely, they need much less manpower to operate and have
a much larger sample space. The smaller overall size of the
systems is also convenient for magnetic shielding and other
lab-space arrangements. In addition, they do not rely on lig-
uid He* cryogen which is becoming a more expensive natural
resource.

Presently, there are still less users for the dry system
than those for the wet system. A main concern about using
pulse-tube based dilution refrigerators for sensitive small sig-
nal measurements is whether noises (vibration, electrical, and
acoustic) introduced by the coldhead is sufficiently low. In

0034-6748/2012/83(3)/033907/5/$30.00

83, 033907-1

this paper, we describe the design, construction, and charac-
terization of a system built on an Oxford DR200 cryogen-
free dilution refrigerator suitable for experiments that are ex-
tremely sensitive to their electromagnetic environments. The
paper is organized as follows. We first describe the mechan-
ical constructions which reduce the acoustic vibrations to a
very low level. We then present the electronic measurement
setup that includes various filtering, attenuation, and amplifi-
cation for different parts of the qubit quantum state prepara-
tion and measurement. Finally, we show that the system is
adequate for studying coherent quantum dynamics of su-
perconducting qubits by demonstrating Rabi oscillation and
Ramsey fringe in an Al superconducting phase qubit.

Il. MECHANICAL CONSTRUCTION

Figure 1(a) shows the front view of our system with
the DR200 refrigerator installed on an aluminum-alloy frame
near the center. The refrigerator can reach its base tempera-
ture of 8§ mK and temperatures below 20 mK, respectively,
before and after all electronic components and measurement
lines described below are installed. It has a prolonged ver-
sion compared to the Oxford’s standard design and has a large
sample space of 25 cm in diameter and 28 c¢m in height. To
reduce vibrations coupled from the floor, the aluminum-alloy
frame is placed on four 0.8 cm thick rubber stands. The re-
frigerator can be attached to the frame via an air-spring sys-
tem to provide further vibration isolation. The turbo pump,
originally placed on the top of the refrigerator, is moved to
the other side of the wall in the next room and is connected
to the fridge by a stainless steel pipe and a 1 m long bellows
as can be seen in Fig. 1(b). Both the pipe and the bellows
have the same diameter as that of the inlet of the turbo pump.
This setup proves significantly reducing the vibrations from
the turbo pump. Furthermore, the rotary valve is separated

© 2012 American Institute of Physics
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FIG. 1. Photos of the cryogen-free DR200 dilution refrigerator system suitable for qubit quantum-state measurements. (a) Front view. (b) Top view. The fridge
is installed on an aluminum-alloy frame with double acoustic isolation from the ground using rubber stands and air springs. The turbo pump and rotary valve are
mechanically decoupled from the fridge. The fridge is also electrically isolated from the pumps, the control instruments, and the gas lines. The thick red arrow
in (b) indicates where an accelerometer sensor is placed for vibration measurement.

from the insert and securely attached to the wall, as can also
be seen in Fig. 1(b). Soft plastic hoses are used for the connec-
tions to the DR unit wherever needed. Other equipments, in-
cluding the forepump, the compressor (dry pump), the pulse-
tube refrigerator (PTR) compressor, and a water cooler are all
located in the next room. The overall arrangements of the sys-
tem are schematically shown and further explained in Fig. 2.
Vibration levels of the system are measured using an ac-
celerometer in three cases: Namely, the whole system is off,
only the turbo pump is on, and both the turbo pump and the
PTR are on. The results are shown in Fig. 3. The accelerom-
eter is manufactured by Wilcoxon Research (Model 731) and
its sensor is placed on the top of the refrigerator, as indicated
by a thick red arrow in Fig. 1(b), which measures the verti-
cal acceleration of the system. The sensor is connected to a
preamplifier with a 450-Hz low-pass filter. The output volt-
age signal of the preamplifier (1 kV corresponds to 9.8 m/s?)

Room B

Room A

HI*

FIG. 2. Schematic overall arrangement of the cryogen-free DR200 dilution
refrigerator measurement system. (1) Aluminum-alloy frame; (2) PTR cold-
head; (3) and (4) pumping line; (5) bellows assembly; (6) turbo pump; (7)
rotary valve; (8) compressor; (9) forepump; (10) LN2 coldtrap; (11) PTR
compressor; (12) and (13) electrically isolated gas line and connecters; (14)
rubber stands; (15) air-spring system (optional); (16) sand bag; (17) trilayer
p-metal shielding. Thin blue lines represent the gas lines.

He/*He

is then measured by a spectrum analyzer. In its power spec-
tral density mode, we directly obtain the acceleration “power”
spectral density, which has the unit (m/s?)?/Hz, or the corre-
sponding data presented in unit (m/s?)/v/Hz, which we call
acceleration spectral density. The velocity spectral density
shown in Fig. 3 in unit (m/s)/+/Hz are the latter data divided
by w and averaged over 400 measurements in each case.

The baseline in Fig. 3 (bottom line) decreases mono-
tonically from 107° (m/s)/~/Hz at low frequency (<5 Hz)
to 107 (m/s)/v/Hz at high frequency (>200 Hz), which
is comparable to the data recorded in several scanning
tunneling microscopy (STM) labs around the world.> As
a result of the separation of the turbo pump from the
main body of the refrigerator, we see that the veloc-
ity spectral density increases only slightly when the turbo
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FIG. 3. Velocity spectral density of the dilution refrigerator system measured
under three conditions: The whole system is off (bottom line), only the turbo
pump is on (middle line), and both the turbo pump and the PTR are on (top
line), respectively. See text for measurement details. Peaks at 50 Hz and its
harmonics and subharmonics are due to power line interference (not due to
mechanical vibrations).
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FIG. 4. Diagram of the electronic measurement system. Typical three kinds of the measurement lines are shown starting from the left side of the diagram: The
qubit flux bias and SQUID-detector current lines, the SQUID-detector voltage lines, and the microwave/fast-pulse lines.

pump is switched on (middle line). On the other hand, it
increases significantly, especially above about 100 Hz, when
the PTR is also running (top line). This is unavoidable since
the PTR is mechanically integrated to the body of the fridge.
At f > 200 Hz, the data are approximately two orders of
magnitude higher than the baseline. The results presented in
Sec. IV below show that this level of vibration has negligible
effect on the control and measurement of the coherent quan-
tum dynamics of superconducting phase qubits.

lll. ELECTRONIC SETUP

The electrical measurement circuit includes three types
of lines: The current bias lines, the voltage sensing lines, and
the microwave/fast-pulse lines, which are shown schemat-
ically in Fig. 4. The current and voltage lines from room
temperature to low temperature, which are used for the
qubit flux bias or superconducting quantum interference
device (SQUID)-detector current bias and the SQUID-
detector voltage measurement, are composed of flexible coax-
ial cables, electromagnetic interference (EMI) filters, resis-
tance/capacitance (RC) filters, and copper powder filters®’
down to the sample platform. Flexible coaxial cables man-
ufactured by GVL Cryoengineering with a bandwidth of dc
to 300 MHz are used. The cables have ¢ 0.65 mm CuNi outer
conductor, teflon dielectric, and central conductors made of
ultra-low-temperature-coefficient ¢ 0.1 mm brass Ms63 (used
above the 4 K plate) and of ¢ 0.1 mm superconducting NbTi
(used below the 4 K plate). EMI filters placed outside the
fridge at the room temperature are VLFX-470 (VLFX) low-
pass filters manufactured by MiniCircuits, which are used to
filtering out high frequency noises from room temperature
lines. The characteristic impedance of the coaxial filter VLFX
is 50 € and the passing band of the filter is dc to 470 MHz
with attenuation greater than 40 dB between 2 and 20 GHz.
RC filters are inserted into the coaxial cables and are ther-
mally anchored to the 4 K plate. All RC filters have a 3 dB
cutoff frequency of 100 kHz. To reduce joule heating R (C) is
chosen to be 1 k2 (2040 pF) and 10 k€2 (204 pF) for the cur-
rent and voltage leads, respectively. The copper powder filters

are made following the technique developed by Lukashenko
and Ustinov.” Their 3 dB cutoff frequency is around 80 MHz
and has more than 60 dB attenuation at 1 GHz. Their typ-
ical characteristic and final appearance of these filters are
shown in Fig. 5 and the inset. These copper powder filters are
mounted next to the sample platform which is at the mixing
chamber temperature.

Low-noise preamplifiers are used in the voltage lines of
the detector SQUIDs. These preamplifiers, with a gain of
1000, are made using two “analog devices” AD624 instru-
mentation amplifiers (gains set to 10 and 100, respectively) in
series. The bandwidth of these preamps is 100 kHz and the
noise characteristic is shown in Fig. 6. Finally, the microwave
lines, shown schematically in Fig. 4, are composed of 2.2 mm
diameter semirigid coaxial cables manufactured by Keycom
with non-magnetic stainless steel inner/outer conductors with
MiniCircuits attenuators (frequency range 0—18 GHz) to in-
crease signal-to-noise ratio. The total attenuation coefficient
in each line is typically 40 dB.

T
gl oo

Attenuation ( dBm)
&

-80 1
10

10

10
f(Hz)
FIG. 5. Typical attenuation versus frequency characteristic of the copper

powder filters. The attenuation at 120 MHz is about 3 dB, and is more than
60 dB above 1 GHz. The length of filter is 7 cm as is shown in the inset.
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FIG. 6. Noise characteristic of a voltage preamplifier with gain of 1000 made
from two AD624 instrumentation amplifiers in series. The noise spectrum
density is less than 10 nV rms/+/Hz (refer to input) above ~10 Hz up to
100 kHz (flat part above 1.6 kHz not shown). The inset shows the final as-
sembly (the longer one) together with that of an isolation amplifier with unity
gain (the shorter one).

All coaxial cables and attenuators are thermally anchored
to various temperature stages (namely, on the 70 K, 4 K, still,
100 mK, and mixing chamber plates). The thermal anchors for
the flexible coaxial cables are made by two copper plates with
a 3.5 cm section of coaxial cables clamped between them. As
can be seen in Figs. 1(a) and 1(b), a smaller EM shielding
box (Faraday cage) made of cold-rolled steel sheet is placed
near the top of the fridge, in which EMI filters and pream-
plifiers are located. A trilayer p-metal magnetic shield, also
illustrated in Fig. 2, is used to reduce the ambient static field
to about 20 nT. The sample holder has twelve 50 €2 coplanar
waveguides (CPWs) allowing signals with frequencies up to
18 GHz to pass through with minimal reflections. The fridge
is galvanically isolated from the vacuum pumps, the control
instruments, and gas lines so that the system can be electri-
cally connected to a dedicated ground post. We also use an
optical coupler in the control line to achieve galvanic isola-
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tion between the refrigerator and the control rack (see Fig.
1). Our tests showed that this setup is adequate for measur-
ing coherent quantum dynamics of Josephson qubit circuits
as described in detail below.

IV. QUANTUM COHERENT-STATE MEASUREMENTS

In order to qualify our system for qubit experiments, we
chose to measure coherent dynamics of a superconducting
phase qubit, which is extremely sensitive to its EM environ-
ment. As an initial characterization of the electronic system,
we measured the switching current distribution P(I) of a Nb
dc-SQUID with the loop inductance much smaller than the
Josephson inductance of the junctions so that the SQUID be-
haves as a single junction with critical current /. tunable by
applying a magnetic field.® From the measured width o of
P(I) versus temperature, we found that o continuously de-
crease to as low as 4 nA at 20 mK by reducing /. and as low as
1 nA near 1 K due to phase diffusion”'° indicating a current
noise level below 1 nA in our measurement circuit.

The flux biased phase qubit had similar layout and pa-
rameters as that described in Ref. 11 and was coupled to an
asymmetric dc-SQUID to readout its quantum state. A current
bias line was used to apply an external magnetic flux to the
qubit loop which controls the shape of the potential energy
landscape and the level separation Ejy between the ground
and first excited states of the qubit. For a given E|, a short res-
onant microwave pulse of variable length with frequency fiq
= Ejo/h was applied, which coherently transfers population
between the ground state and the first excited state. Conse-
quently, we observed Rabi oscillations by keeping the ampli-
tude of the microwave field constant while varying the dura-
tion of the modulation pulses. Data obtained with microwave
frequency of about 16 GHz are shown in Fig. 7(a) as symbols.
A simple fit to an exponentially damped sinusoidal function
yields a decay time of 70 ns. In Fig. 7(b), the Rabi frequency
versus microwave amplitude, which shows the expected linear
dependence, is displayed.
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FIG. 7. (a) Rabi oscillation measured from an rf-SQUID type phase qubit made of Al Josephson junction (symbols). The applied microwave frequency is
~16 GHz and a decay time of 70 ns is obtained from the exponentially damped sinusoidal oscillation fit (line). (b) Rabi frequency versus microwave amplitude

(symbols). The line is a guide to the eye.
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FIG. 8. (a) Ramsey fringe measured from an rf-SQUID type phase qubit made of Al Josephson junction (symbols). The applied microwave frequency is
~16 GHz and a decay time of 38 ns is obtained from the exponentially damped sinusoidal oscillation fit (line). (b) Ramsey frequency versus detuning (symbols).

The line is a guide to the eye.

Ramsey interference was also observed in the phase qubit
by applying two m/2 pulses, separated by a time delay t.
Manipulation of the qubit state for Ramsey pulse sequence
can be explained in terms of the Bloch sphere and Bloch
vectors.> The first /2 pulse rotates the qubit state vector
to the x-y plane, where it is allowed to evolve around the z
axis freely for a duration of . Subsequently, the second /2
pulse is applied which is followed immediately by qubit state
readout. When the microwave frequency is detuned slightly
by a mount §f away from fjo, the final state of the qubit at
the end of the second 7/2 pulse will be a superposition of
the ground (the first excited) state with probability ampli-
tude cos 27 §ft (sin 2w §ft). The sinusoidal dependence of the
state probabilities on time can then be obtained by varying .
Figure 8(a) shows the measured Ramsey fringe with a period
of 1/8f for §f = 100 MHz. Fitting the data to exponentially
damped sinusoidal oscillation leads to a decay (dephasing)
time of T, = 38 ns. The linear dependence of the Ramsey
frequency on detuning can be seen in Fig. 8(b).

These results are comparable to those obtained from
the same phase qubit using a qubit-experiment-qualified
wet dilution refrigerator and thus clearly demonstrate that
our cryogen-free dilution refrigerator provides a good low-
temperature, low-noise platform for delicate experiments
such as measuring the coherent quantum dynamics of
Josephson phase qubit described above. What is worthy to
mention is that the overall design and construction of our sys-
tem, built in a laboratory which is not electromagnetically
shielded, are relatively easy to achieve with minimal addi-
tional cost. The realization of the present system should be
useful also for the quantum-state measurements at low tem-
peratures of many other physical systems whose properties

and dynamics are very sensitive to fluctuations in their envi-
ronment.
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