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L7z, ZOfEEHETE YN, ZORIBRFHET L =D, WOLIEERREICH
LHEFESND, 2ODFEGINHRZBETE Y NI, BEEMICEMEEHETE YL
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Do
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FW BRSO, BB RS2 N LA & T2y MNE S DO IEE M & -2y ME OFE A
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H—Ua 7V A DT TAE—REDFER LD AZFZZD KREIDPIMNRESHZL - T
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77
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IR DTN A2 FFHIAFIRNE NI T, RSB O & TE v MR T
HEXIBARNCRDEEZLIND, SHICETE YRR O M A/ EHEZFIHL
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AP =TI, ZEDIE A 3T HDHNIEIUTHET 2 51 HENR DRSS T — R E85<
FEEL TS, L LD 1L HRERE—RORIOE G AR | FloR v 7 0%
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RO~ AaEINE B TR FEYNOREEZ AN T HIEEREL, BRETT-> T
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T HZET, HREBH OB I LD N T EIEOZT EBLE | B LA T o TR I
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LE DT EVE R TOEF 7 4 —R A 2T BT 2 EBRIZE b F0iE A CUR, Sl
BB ETRE ESMD) BRIL . ZOEEE T 4 — R+ 52 L TR TR ORI
AT AR A EIS S TUVD, T ECEIOBEE B T U v 04 B Tl BRI 8

-80-



RATHY, ZDORELR BICRERIAXPEENTLEI D, 74— ZITHNDHTE
FIREETH 72, Atk Bi HUICHW O s ERMEE 1R & e & OME B2 B L TR
FBRAUSIE DD HHIRD TN E BT 2 #ESL 35 ZE T LW AT REPE DB I T<H T &
SIS LD,

3.2 BTEyMIA—T AR AT LOEE G (ISTEC HEZV—7)
(OBFFEFENE N Je OVl S
3.2.1 #E1TE YN BEEREEMCM AF— A
BE R By M2 A ) B L O Z L — R &7 (SFQ) BIK 72 & Dt nE
B TITHOV AT AW T, SFQ [HIEE e
EOBIEE RN E B Y M2 DR ED
SR AR DB B MET DL E DB D, - ﬂ chip

-
$7-. BFCy B EEEE L e [ e I-III .
LB ATERT A7-D121E., W& Z R 4 - | PRS-
VBT DM ENDHD, ZNHDIEND, & i “— Bump: InSn
FE Y AR E ] A R T 7 ITAERLL
IO % BB AR A it L 7= FE b B
THrEFEYNBEER K~ LT Ty T
Va—L (MCM) AF— A4 (K 1) 2L, substrate
- ; \ . 7 (0
A (B pe et 1 BEHRTE S | WA
W a2 [ AR 55 - L7 (A 2 B L7 s MO O]
T&ED,

3.2.2 WMEE=A 7 R HLE 7 a2

SFQ [RIE LT SQUID 728 OB mE Al O VERLZIL, ISTEC 23BHRE LI-AEZHE T mt A
I &I D =A 7R R ER 7 e X[ —HEIEL7-b 0% Ve, SFQ [Bl#g4% &
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In the past two years, we theoretically proposed and analyzed:
Controllable-coupling schemes for SC qubits, including:

- Switchable coupling for superconducting qubits using double resonance (PRB
2006, PRB 2007).

- Switchable coupling between charge and flux qubits (PRB 2007)

» Improving parametric inter-qubit coupling (PRB 2008)

- Scaling of errors in many-qubit circuits (PRB 2008)

+ Spectroscopy of superconducting charge qubits coupled by a Josephson
inductance (PRB 2008)

+ One-step generation of multi-qubit entangled states (cond-mat 2008, NJP, in
press)

+ Simulating quantum spin glasses using SC qubits (cond-mat 2008, NJP, in press)
» Coupling a superconducting (SC) JJ qubit to a QED cavity (in 2001, 2003) and
studied it for generating squeezed states (2004, 2005) and as a micromaser

(cond-mat 2005, PRB 2007). Lasing in SC resonators (cond-mat 2008)

In addition, we also theoretically proposed and analyzed:

-+ Generating and using cluster and entangled states for QC in solid-state qubits
(PRL 2006, PRA 2007, PRA 2008)

* Robust quantum gates using rapid adiabatic passage (PRL 2008)

» Cooling qubits and their neighboring components (PRB 2007, PRB 2008, PRL
2008)

- Probing and using Two-Level System (TLS) defects in JJs as qubits (PRL 2006,
NJP 2006). Now being studied experimentally (e.g., UCSB, Maryland, LPS, Delft).

+ Dynamics of a strongly-driven qubit (PRA 2007)

» Quantum versus classical oscillations in SC qubits (NJP 2008)
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+ Quantum meta-materials: Electromagnetic waves in a Josephson qubit line (PRB
2008)

+ Allow-decoherence qubit that uses a large shunt-capacitor in parallel with a JJ
qubit (cond-mat 2004 & 2006, PRB 2006 & 2007). This idea can be applied to
flux or charge qubits.

Abbreviations: PRL = Physical review Letters; PRB = Physical review B; NJP = New
Journal of Physics.

Self-evaluation:

Our team is considered to be among the top teams in the world in the areas of
superconducting qubits (and vortex dynamics in superconductors, among other
related topics). Our results have been repeatedly published in top physics journals,
receiving numerous very positive referee reports.

More detailed description of a few of the obtained results.

Since there are many results, let me choose a few below, and expand on these
selected ones, instead of listing too many. Let us first start with an example of a
collaboration between theorists and experimentalists in both teams.

S. Ashhab, A.O. Niskanen, K. Harrabi, Y. Nakamura, T. Picot, P.C. de Groot, C.J.P.M.
Harmans, J.E. Mooij, F. Nori

Interqubit coupling mediated by a high-excitation-energy quantum object

Phys. Rev. B 77, 014510 (2008)

This is a significant piece of work. In this paper, we consider a system composed of
two qubits and a high excitation energy quantum object used to mediate coupling
between the qubits. We treat the entire system quantum mechanically and analyze
the properties of the eigenvalues and eigenstates of the total Hamiltonian. After
reproducing well-known results concerning the leading term in the mediated coupling,
we obtain an expression for the residual coupling between the qubits in the off state.
We also analyze the entanglement between the three objects, i.e., the two qubits and
the coupler, in the eigenstates of the total Hamiltonian. Although we focus on the
application of our results to the recently realized parametric-coupling scheme with two
qubits, we also discuss extensions of our results to harmonic-oscillator couplers,
couplers that are near resonance with the qubits and multiqubit systems. In particular,
we find that certain errors that are absent for a two-qubit system arise when dealing
with multiqubit systems.

Another example of a very fruitful collaboration between the theory and experimental
teams is presented in this (also very recent) paper:

T. Yamamoto, M. Watanabe, J.Q. You, Yu.A. Pashkin, O. Astafiev, Y. Nakamura, F.
Nori, J.S. Tsai

Spectroscopy of superconducting charge qubits coupled by a Josephson inductance
Phys. Rev. B 77, 064505 (2008)

In this work, we have designed and experimentally implemented a circuit of
inductively coupled superconducting charge qubits, where a Josephson junction is
used as an inductance, and the coupling between the qubits is controlled by an
applied magnetic flux. Spectroscopic measurements on the circuit are in good
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agreement with theoretical calculations. We observed anti-crossings which originate
from the coupling between the qubit and the plasma mode of the Josephson junction.
Moreover, the size of the anti-crossing depends on the external magnetic flux, which
demonstrates the controllability of the coupling.

Another example of the excellent collaborative effort between RIKEN and NEC is
presented in this work:

Y.X. Liu, L.F. Wei, J.R. Johansson, J.S. Tsai, F. Nori
Superconducting qubits can be coupled and addressed as trapped ions
Phys. Rev. B 76, 144518 (2007)

Exploiting the intrinsic nonlinearity of superconducting Josephson junctions, we
propose a scalable circuit with superconducting qubits (SCQs) which is very similar to
the successful one now being used for trapped ions. The SCQs are coupled to the
“vibrational” mode provided by a superconducting LC circuit or its equivalent (e.g., a
superconducting quantum interference device). Both single-qubit rotations and
qubit-L C-circuit couplings and/or decouplings can be controlled by the frequencies of
the time-dependent magnetic fluxes. The circuit is scalable since the qubit-qubit
interactions, mediated by the LC circuit, can be selectively performed, and the
information transfer can be realized in a controllable way

Another significant result, obtained under this CREST program, is the following:

Y.X. Liu, C.P. Sun, F. Nori
Scalable superconducting qubit circuits using dressed states
Phys. Rev. A 74, 052321 (2006)

We study a coupling (decoupling) method between a superconducting qubit and a
data bus that uses a controllable time-dependent electromagnetic field (TDEF). As in
recent experiments, the data bus can be either an LC circuit or a cavity field. When
the qubit and the data bus are initially fabricated, their detuning should be made far
larger than their coupling constant, so these can be treated as two independent
subsystems. However, ifa TDEF is applied to the qubit, then a "dressed qubit" (i.e.,
qubit plus the electromagnetic field) can be formed. By choosing appropriate
parameters for the TDEF, the dressed qubit can be coupled to the data bus and, thus,
the qubit and the data bus can exchange information with the assistance of the TDEF.
This mechanism allows the scalability of the circuit to many qubits. With the help of
the TDEF, any two qubits can be selectively coupled to (and decoupled from) a
common data bus. Therefore, quantum information can be transferred from one qubit
to another.

Even though the paper mentioned right above is a theoretical paper, it has been
prominently cited by an experimental paper by the group of Per Delsing, who found
our theoretical work to be significant for their experiment.

The following paper, right below, has been described by several people to be “a
classic”. It is deep, thoughtful, very well-written, and provides clear results in the field
of quantum heat engines and quantum thermodynamics:

H.T. Quan, Y.X. Liu, C.P. Sun, F. Nori
Quantum thermodynamic cycles and quantum heat engines
Phys. Rev. E 76, 031105 (2006)
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In order to describe quantum heat engines, here we systematically study isothermal
and isochoric processes for quantum thermodynamic cycles. Based on these results
the quantum versions of both the Carnot heat engine and the Otto heat engine are
defined without ambiguities. We also study the properties of quantum Carnot and
Otto heat engines in comparison with their classical counterparts. Relations and
mappings between these two quantum heat engines are also investigated by
considering their respective quantum thermodynamic processes. In addition, we
discuss the role of Maxwell's demon in quantum thermodynamic cycles. We find that
there is no violation of the second law, even in the existence of such a demon, when
the demon is included correctly as part of the working substance of the heat engine.

This is the extended version of the following summary paper:

H.T. Quan, Y.D. Wang, Y.X. Liu, C.P. Sun, F. Nori
Maxwell's demon assisted thermodynamic cycle in superconducting quantum circuits
Phys. Rev. Lett. 97, 180402 (2006)

This work also relates to this one:

K. Maruyama, F. Nori, V. Vedral
Physics of Maxwell's demon and information
Rev. Mod. Phys., in press (2008)

Cluster states are promising in quantum optics, where measurements are fast, and
less promising in solid-state qubits, where measurements are slow (for the time being,
but these could become fast in the future, so better study these). We have several
results along this direction. These are:

T. Tanamoto, Y.X. Liu, S. Fujita, X. Hu, F. Nori
Producing cluster states in charge qubits and flux qubits
Phys. Rev. Lett. 97, 230501 (2006)

We propose a method to efficiently generate cluster states in charge qubits, both
semiconducting and superconducting, as well as flux qubits. We show that highly
entangled cluster states can be realized by a “one-touch” entanglement operation by
tuning gate bias voltages for charge qubits. We also investigate the robustness of
these cluster states for nonuniform qubits, which are unavoidable in solid-state
systems. We find that quantum computation based on cluster states is a promising
approach for solid-state qubits.

J.Q. You, X.-B. Wang, T. Tanamoto, F. Nori
Efficient one-step generation of large cluster states with solid-state circuits
Phys. Rev. A 75, 052319 (2007)

Highly entangled states called cluster states are a universal resource for
measurement-based quantum computing (QC). Here we propose an efficient method
for producing large cluster states using superconducting quantum circuits. We show
that a large cluster state can be efficiently generated in just one step by turning on the
interqubit coupling for a short time. Because the interqubit coupling is only switched
on during the time interval for generating the cluster state, our approach is also
convenient for preparing the initial state for each qubit and for implementing one-way
QC via single-qubit measurements. Moreover, the cluster state is robust against
parameter variations.
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X.-B. Wang, J.Q. You, F. Nori
Quantum entanglement via two-qubit quantum Zeno dynamics
Phys. Rev. A 77, 062339 (2008)

We study the two-particle quantum Zeno dynamics with a type of nondeterministic
collective measurement whose outcome indicates whether the two-particle state has
been collapsed to |11>. Such a threshold detection, when used continuously, can lead
to nontrivial quantum dynamics. We show that such type of dynamics can be used to
produce quantum entanglement almost deterministically. We then numerically show
the robustness of the method and we find that the operational errors of the
small-angle rotations do not accumulate. We also propose a possible implementation
using superconducting flux qubits.

Recent exciting results obtained by our team also include the following:

J.Q. You, Y.X. Liu, F. Nori
Simultaneous cooling of an artificial atom and its neighboring quantum system
Phys. Rev. Lett. 100, 047001 (2008)

M. Grajcar, S. Ashhab, J.R. Johansson, F. Nori
Lower limit on the achievable temperature in resonator-based sideband cooling
Phys. Rev. B 78, 035406 (2008)

L.F. Wei, J.R. Johansson, L.X. Cen, S. Ashhab, F. Nori

Controllable coherent population transfers in superconducting qubits for quantum
computing

Phys. Rev. Lett. 100, 113601 (2008)

This team has also obtained many other results, in other related problems on
superconducting qubits. These can be easily accessed anytime, online at dml.riken.jp,
where PDF files of all of our papers are readily available.

QM ERRDSEYPFINIDR
We plan to continue these studies, including:

» Proposing and studying controllable coupling schemes for scalable circuits using
SC JJ qubits.

- Studying various properties of scalable circuit proposals (e.g., Rabi oscillations,
entanglement, cluster states, coupling with QED cavities, lasing, tomography, and
decoherence).

3. 6 EFEVIASFQRGE R, BEEREEE (Z1—3I—VMIKE)
(DHAEXRENETRUVRR

We have showed previously that reversible nSQUID circuits can in principle operate
in both classical and quantum modes. Here we present the first circuit that is fully
operational classically. The circuit contains two shift registers (i.e., cells that transfer
the input data to the outputs) with a common clock ring. We estimate that the
dissipated power is within factor of two or three of the thermodynamic threshold of
kyT In2 per switching. We also present new arguments that after a proper scaling

nSQUID circuits could operate in the quantum mode. In this case the unique
advantage of nSQUID circuits is their ability to transfer quantum data freely along the
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chip and therefore form complex multi-qubit circuits bypassing the problem of
controllable couplers.

The first realistic reversible classical circuits nSQUIDs, i.e., dc SQUIDs with negative
mutual inductance between the arms of the SQUID loop, were introduced four years
ago at ASC 2004 [1] and were further improved at ASC 2006 [2]. The two main goals
of our nSQUID effort were to demonstrate reversible medium-scale computations in
the classical regime, and to suggest an alternative approach to quantum computation
(QC) with superconducting qubits. The principal advantages of the nSQUID circuits in
the QC context originate from the two circumstances. (1) These circuits do not
require controllable keys to switch on and off the interaction between the qubits. Such
keys are critically important for other types of superconducting qubits in order to
organize them into larger QC structures. (2) The quantum (qubits) and classical
(support) parts of the nSQUID circuits can be naturally integrated into uniform and
scalable in the practical sense structure. We believe that the suggested approach or
at least its main ideas will prove very useful for the further development of
superconducting quantum circuits in the near future.

The other aspect of the nSQUID circuits is that they can be usefully operated in the
classical mode [1]. In this capacity, they are positioned as the digital circuits with
extremely low energy dissipation that can approach or even cross the important

thermodynamic threshold k,7'In2 per logic operation. This energy dissipation is

about 4 orders of magnitude smaller that the energy dissipation in RSFQ circuits.
Below we remind the readers the basic principal of their operation, present and
discuss the results of measurement of the first fully operational classical circuits.
Then we return to a discussion of their advantages for prospective QC applications.
Comparison of RSFQ and nSQUID circuits

As was already mentioned in the introduction, nSQUID circuits dissipate dramatically
less power than their RSFQ counterparts. To see this, one can look at a “primitive”
RSFQ cell shown in Fig. 1: two similar pieces of Josephson Transmission Lines
(JTLs) that transfer the SFQ pulses (or vortices) which represent clock and data
signals from JTL inputs to their outputs. Josephson junctions in JTLs are critically
dumped by shunt resistors and relatively large bias currents are applied to the
junctions to compensate for the viscous friction between vortices and shunt resistors.
The bias currents for many junctions are delivered via a single power line and are
distributed between the junctions using the corresponding bias resistors Rb.
Unfortunately most of the energy is dissipated in those bias resistors rather than in
the “active” circuitry. This drawback is caused by the two factors. First, the required
bias voltage Vb is too low to keep it constant by means of semiconductor electronics.
As a result, a constant current rather than voltage is provided by the power source.
The second factor is the Josephson voltage-to-frequency relationship which means
that the average voltage across the JTL (shown as Vj in Fig. 1) fluctuates following
the variable rate of data vortices. As a result, the distribution of the total bias current
between the clock and data lines depends on the data pattern. This parasitic effect is
reduced to an acceptable level if the effective value of bias voltage is dramatically

higher than the variations of the voltage Vj.
Ib

" ! 0 e 0 0
AR =
i 0 0w 0

ST =

Fig. 1. Data flow in a typical RSFQ cell (Clock and Data JTLs)
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A string of nSQUIDs (Fig. 2) is similar to a JTL but with Josephson junctions replaced
by nSQUIDs (Fig. 2a, b). Each nSQUID [1, 2] is a 2-junction SQUID with a negative
mutual inductance between its inductive arms. This negative mutual inductance
resolves the two conflicting requirements for the “two degrees of freedom” of the
system [1, 2]. In a common mode, one would like to keep the low effective inductance

(f, ~0.2) and therefore a simple dynamics of this mode (with current flow via the
Clock line). For the differential current circulating along the SQUID arms, one needs
to provide a larger effective inductance ( 3, ~1.4) so that there are two stable state
possible in this degree of freedom.

T
—_—C
Clock
line
Differential
data lines
-M
L), —CL  1c=0.1 mA
L=26 pH

-M=-20 pH

Fig. 2. Data flow in a string of nSQUIDs.

The low ( 4, <1) inductance for the common mode means that properties of vortices

moving along the string are close to the well-known properties of vortices in the long
Josephson junctions. The main difference between the two situations is that the
nSQUIDs located near the current centers of the moving vortices experience

approximately @ /2 or m magnetic (clock) bias and therefore find themselves in

one of the two stable states that can be distinguished by the sign of the current
circulating along the nSQUID [1, 2]. As shown in Fig. 2c, the nearest-neighbor
nSQUIDs are magnetically coupled and, as a result, all nSQUIDs belonging to one
vortex share the same logic state. This state can be naturally used to carry one bit
(“0” and “1”) of logic (digital) data.

The described new data presentation has two advantages. First, average voltage on
clock line Vcl is proportional to the frequency of clock vortices and does not depend
on data pattern. This independence of the data flow should allow to dramatically
reduce the bias resistors and the bias voltage, if biasing scheme shown in Fig. 1 is
used. However, as we will show later, the total bias current is so low that it could be
applied directly to the clock line.

Second, the data domain is automatically “synchronized” with the clock vortex. This
means that a relative time jitter between the clock and the data is essentially
suppressed. This, in turn allows to reduce the critical currents of the Josephson
junctions. Finally, the dynamics of the circuit is quite simple. In fact, it is nothing more
than a motion with a constant speed of a clock vortex coupled with data domain. In
this case, the shunt resistors can be completely eliminated.

In circuit shown in Fig. 2 we eliminated the dissipation of energy in the bias resistors
by replacing it with a bias capacitor. However, there is still a considerable energy flow

- 103 -



associated with clock vortices. This energy is not necessary dissipated. The vortices
and therefore their energy could be “recycled”, for example, in circuit containing two
shift registers with clock lines connected to provide a ring (Fig. 3). Ideally, without
dissipation in Josephson junctions, such circuit should not dissipate any energy at all.

el v

I I I

Circulating Clock Vertices

(b)
Fig. 3. Equivalent circuit (a) and microphotograph (b) of two shift registers with a
common clock ring. Length of one cell 170 um, length of the ring is about 1.4 mm.
Only 6 of 8 cells are shown on the equivalent circuit.

However, this is not true in a real life. Let us first discuss how energy is dissipated in a
Josephson junction. An unshunted Josephson junction usually has a sufficiently large
capacitance C to keep voltage drop at a constant value. As a result current flowing via
the junction is purely harmonic:
I, =lIc-sin(2n- f 1) (1)

with zero average value. However, hysteresis of |-V curve makes it difficult to
maintain this mode of operation at relatively low, say around 1 GHz, value of f . The
problem is eliminated, if we use an external voltage source with a low internal
impedance and controllable output voltage Vcl. In the simplest case it could be a
small resistor Rv biased by current Iv (left side in Fig. 4). We think it is absolutely
“legal” to exclude the dissipation in the voltage source from our energy balance.

lcompy sqlIF
@ @( ! Josephson

i junction

éLvC

Fig.4. Setup for the measurement of energy dissipated in unshunted Josephson
junctions.
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Above we discussed regular (infinite) string of nSQUIDs. Of course short strings
should be properly terminated, for example, by cells shown in Fig. 5a. The cell fulfils
two functions. A SQUID shown in the lower part of the cell allows to measure
differential magnetic flux (or logic data) stored in the corresponding nSQUID. In fact,
these two SQUIDs are coupled rather weakly (k~0.02) to avoid their undesirable
interaction. But at the same time this coupling is sufficient for our purposes due to
high sensitivity of the readout SQUID (see Fig. 5b).

The data could be written by applying a differential dc magnetic bias created by
current lin. Let us remind one more time that we should write data on one edge of the
shift register and measure data on its other edge. Figure 8 shows typical results of
such measurements.

Clock | Vel i Regular cells
Infout T ;

lin/out

+ s
¢ n: n
ANN eese

Data ng Ena

In/Out

Vdig
S
b é Readout
SQUID
(@) (b)
45
40
35
30
= 25
3@ 20
>.6 15
10
5
0
5

50 [) 150
Magn Bias [uA]

(c)
Fig. 5. Universal Write/Read circuit that terminate both edges of both shift register.
(Vertically flip either picture or equivalent circuit.)

0.14

RCO7A

I = 3uA.
0.13f < f=0.8GHz 1
0.12 ‘JW
0.11F < f=3.3GHz E

o1t < {=5.0GHz ]
009t < =6.6GHz ]
008\_%%

-1 6 1
Input [®

Readout [CI>O]

]

0

Fig. 6. Digitization and propagation of the digitized data along the shift register.
Analog input magnetic flux (Analog Input) is created by current lin, Digitized output is
extracted from Readout SQUID (for notations see Fig. 5a).
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It is easy to see digitization effect: at lower values of analog input signal the digital
output shows constant (digital) output corresponding a negative differential state
(logical “0”), while at higher input signal the differential state is positive (logical “1”).
This calculation result is rather simple. It involves 3 primitive functions: writing data
into a shift register, propagation of these data on about 2 mm distance and reading
them. But the novel feature of this demonstration is extremely low energy dissipation.
We already discuss the measurement procedure (see, Fig.4 and related text). Figure
7 shows one of measured dependences of Idc on Iv. It is easy to see that until Iv is
below the critical current of our circuit all bias current flows via the circuit. However,
after Iv crosses its critical value (about 4 uA) current Idc decreases. For comparison
(dashed lines) we shown this dependence for the simple model discussed earlier.
Unfortunately the curves fit each other rather poorly. This is because of parasitic
coupling between current Iv and the SQIF. As a result, at the moment we can make
only estimation for the dissipated energy.

As we discussed earlier, the main dissipation sources are sub-gap resistances of
unshunted Josephson junctions in nSQUIDs. Total critical current of junctions in one
shift register is about 0.16 mA that being combined with reported by HYPRES subgap
voltage about 70 mV gives about 420 Ohm resistance. Current via this resistance is
proportional to applied voltage and therefore the operation frequency (Fig. 7). It
reminds below the thermodynamic threshold at frequencies below 4 GHz. The energy
of Josephson generation dissipated mostly in voltage source resistance Rv that should
be detected by SQIF as we discussed earlier is reduced with frequency. But it looks
that within 0.4 GHz and 4 GHz frequency range our circuit should demonstrate the
dissipation of energy below the thermodynamic threshold. Unfortunately these figures
are still not supported experimentally and we would like to modestly state that the
dissipated energy might be close to the thermodynamic threshold.

20

RCO7A — 1600

lcomp [MA]

0 10 20 30 40
lpias [MA]

bias

Fig. 7. Measurements and estimation of the energy dissipated in the nSQUID shift register.
QORERRDSEIAFEINDIHR

Earlier [2] we introduced the “Flying Qubit Logic” (FQL) that could be built using the
nSQUID arrays. It has two unique advantages: it allows to transfer quantum data
along the chip and to bypass the problem of controllable keys. Let us explain the
latter feature in greater details. Any two-qubit quantum logic operation can be
described as a rotation in the appropriate part of the Hilbert space. The rotation angle
depends only on the relevant interaction energy E of the two qubits and the time
duration T of the operation:
$=Q2/h)-E-T (2)

Examples of this are the rotation by $ =7 (180 degree) which underlies negation, i.e.
inversion of the qubit state in the computational basis. Another, even more frequently
encountered case is the m/2-rotation (by 90 degrees). To implement this rotation,
one needs to have know that
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E-T=h/8 3)
where h is the Plank’s constant. The last equation gives the relation between the
coupling energy and the time necessary to complete the quantum rotation. The
interaction of qubits necessary for the rotation (and therefore for the logic operation)
could be provided by the two strings of nSQUIDs coupled as shown in Fig. 8.
Interaction energy E is estimated then as (®, —®,)*/Lg, where ® and @, are
the differential fluxes in the first and the second nSQUID strings, which have rather
limited ranges, say, from 0.1®, to 0.001®, while any desirable value of Lg could
be implemented rather easily. Time of interaction T is inversely proportional to the
speed of moving qubits. Of course the practical time dependence of the interaction
would not have a rectangular shape but it still could be presented as a pulse (Fig. 8b).

I I I

I
Clock :

Data A
Out

0.1

0.08

0.06

Energy

0.04

0.02

Area=19.9057

0 . .
3000 3200 3400 3600 3800 4000
Time [arbitrary units]

(b)

Fig. 8. A two-input quantum logic gate. (a) — equivalent circuit and notation, (b) —
dependence of the interaction energy of two moving qubits on time.

In fact, the cell we discussed right now is to a large extent all that is need to build a
complex multi-qubit circuit of nSQUIDs. Figure 9 shows the sketch of the general
structure of such a circuit, where the strings of nNSQUIDs are shown by solid lines and
the two-input gates are shown by the double-sided arrows. This kind of structure is

very convenient for at least a simple set of experiments. Its main advantage is the
ability to “adjust” the interaction parameters by changing the speed of flying qubits.

] I
] I
I I

Fig. 9. General structure of nSQUID network operating in a quantum mode.

Inputs
Outputs
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RIKEN

2008: July 28: Superconductor Week (page 6), RIKEN Proposes Method to Improve
Quantum Coherence. Featured our paper on "Simultaneous Cooling of an Artificial
Atom and Its Neighboring Quantum System", Phys. Rev. Lett. 100, 047001 (2008)

2008: Optical Society of America (OSA) workshop on Entanglement and Quantum
Decoherence (EQD). Nara, Japan. January 2008. F. Nori was a co-organizer and its
USA-Japan liason. Six collaborators presented results here.

2008: The research done in the group of Prof. Nori is prominently featured in an article
(published January 31, 2008) in "Il Sole 24 Ore", the most important economic/financial
newspaper in ltaly.

2007: Prof. F. Nori elected fellow of the American Association for the Advancement of
Science (AAAS). Ten from University (of Michigan) chosen as AAAS Fellows, AAAS
Members Elected as Fellows, Honors to physicists at RIKEN

2007: News coverage on our research, in Russian.

2007: News coverage on our research, in Russian, “Physicists have created a model of
biological nanomotors”

2007: Riken Research News, Profile of Prof. Franco Nori, “Taming Quantum
Fluxes”2007: Riken Research News, “Driving for smaller engines”
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