active galaxies such as NGC4261 using the Hubble Space Tele-
scope®. We have applied an axisymmetric torus model with a
circular cross-section to the EVN data, in order to determine the
structural boundaries in the nuclear region. The compact molecular
structure surrounding the nucleus is misaligned with the large-scale
molecular disk of the galaxy by 34°. The radius of the inner cavity of
the torus would be about 30 pc, as suggested by the location of the
northwestern interaction region. The outer edge of the torus spans a
diameter of 200 pc, which is based on the 4-mJy contours of the
diffuse radio emission®” and on far-infrared blackbody estimates'®.
This region also serves as a radio background for the OH amplifica-
tion process. These parameters result in a torus structure with a
radius of 65pc and a thickness of 70 pc, which accounts for an
obscuration angle of 60° centred on the plane of the torus and which
is representative of values found for other galaxies®. The orientation
and the shape of the extended radio contours and the symmetry axis
of the velocity field indicate that the torus is tilted upward from the
line of sight by 56°, and is rotated anticlockwise by 35°. This inferred
model for the torus is shown as a wire-structure representation in
Fig. 3c. The nuclear radiation cones with opening angles of 60°,
assumed to be similar to those seen”” in M87, represent the
directions with an unobscured view of the nucleus. The radio
outflow follows a twisted path within these cones, starting at the
nucleus (at PA = 65°) and ending up as a double source aligned
with the symmetry axis of the outer disk (at PA = 8°)'*"*. As a
result, this parameterization indicates that the nuclear accretion
disk, which collimates the jet outflow inside the central cavity, is
actually misaligned by 30° with the plane of the molecular torus.
In reality, the proposed torus structure does not need to have a
circular cross-section. In addition, it will most probably be wrapped
inside a cocoon-like surface region with a higher temperature, and
will have the same outer extent of 460 pc as the diffuse radio
emission and the H1 absorbing gas®. However, the representation
of the inner part of this rotating, dusty and molecular torus in
Mrk231 is consistent with (all) current models of galactic nuclei and
theoretical investigations’, and supports the unification schemes for
AGN. Whether a different orientation of the torus and the nuclear
accretion disk represents a special case or is a general characteristic
of active nuclei needs to be investigated with VLBI observations
of other megamaser galaxies hosting a similar nuclear power
source. 0
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Quantum oscillations in two
coupled charge qubits
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A practical quantum computer’, if built, would consist of a set of
coupled two-level quantum systems (qubits). Among the variety
of qubits implemented?, solid-state qubits are of particular
interest because of their potential suitability for integrated
devices. A variety of qubits based on Josephson junctions™*
have been implemented®®; these exploit the coherence of
Cooper-pair tunnelling in the superconducting state®>'°. Despite
apparent progress in the implementation of individual solid-
state qubits, there have been no experimental reports of multiple
qubit gates—a basic requirement for building a real quantum
computer. Here we demonstrate a Josephson circuit consisting of
two coupled charge qubits. Using a pulse technique, we coher-
ently mix quantum states and observe quantum oscillations, the
spectrum of which reflects interaction between the qubits. Our
results demonstrate the feasibility of coupling multiple solid-
state qubits, and indicate the existence of entangled two-qubit
states.

One of the physical realizations of a solid-state qubit is provided

+ Permanent address: Lebedev Physical Institute, Moscow 117924, Russia.
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by a Cooper-pair box"'. The two charge states of the box, say |0) and
[1), differing by one Cooper pair are coherently mixed by the
Josephson coupling, as has been confirmed experimentally'>".
Quantum state manipulation of such a system can be done by
using a non-adiabatic pulse technique, and read-out can be per-
formed by a properly biased probe electrode’. Here we take one step
further on the way to implementation of quantum logic gates by
integrating two charge qubits and demonstrating their interaction.

The two charge qubits of our circuit are electrostatically coupled
by an on-chip capacitor (Fig. 1). The right qubit has a SQUID
(superconducting quantum interference device) geometry to allow
control of the Josephson coupling to its reservoir. Both qubits have a
common pulse gate but separate d.c. gates, probes and reservoirs.
The pulse gate has nominally equal coupling to each box. The
hamiltonian of the system in the two-qubit charge basis [00), |10),
[01) and |11) reads:

Ew —3En —3Ep 0
—3E1 Ey 0 —1iE
H=1_ B, 0 En —1iE, O
0 _%EJZ _%En En

Reservoir 2 Reservoir 1

Coupling
island

Figure 1 Two capacitively coupled charge qubits. a, Scanning electron micrograph of the
sample. The qubits were fabricated by electron-beam lithography and three-angle
evaporation of Al (light areas) on a SiN, insulating layer (dark) (see ref. 5 for fabrication
details). Two qubits are coupled by an additional coupling island overlapping both Cooper-
pair boxes. Although the coupling island has a finite tunnelling resistance (~10 MQ) to the
boxes, we consider the coupling as purely capacitive (represented by a single capacitor in
the equivalent circuit) because all the tunnelling processes are completely blocked. The
estimated capacitance of the island to the ground is ~1 aF. b, Equivalent circuit of the
device. The parameters (see text for definitions) obtained from the d.c. measurements
are: Cy1 = 620aF, Cp= 460aF, Cy =41 aF, Cpp = 50aF, ng = 0.60aF, ng =
0.61aF, C, = 1aF and Cy, = 34aF, and the corresponding energies are £¢1 =

484 peV (117 GHz in frequency units), Ecp = 628 peV (152 GHz) and £, = 65 peV
(15.7 GHz). Josephson coupling energies, £ ;1 = 55peV (13.4 GHz) and £ j, = 38 peV
(9.1 GHz), were determined from the single qubit measurements described in the text.
Probe junction tunnel resistance is equal to 31.6 MQ (left) and 34.5 MQ (right).
Superconducting energy gap is 210 weV. Black bars denote Cooper-pair boxes. Vertical
rectangles containing a single line represent tunnel junctions without Josephson coupling;
horizontal, crossed rectangles represent Josephson tunnel junctions.
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where  Ejip = Eci(ng1 — n)* + Eo(ng — m)* + Em(ng —n1)X
(ng — my) is the total electrostatic energy of the system (1,
n, =0, 1 is the number of excess Cooper pairs in the first and the
second box), Ey;(Ej,) is the Josephson coupling energy of the first
(second) box and the reservoir, E, = 4e2CEz71/2(C21C22 - Cﬁ])
are the effective Cooper-pair charging energies, and e is the charge
on the electron, Cy, , are the sum of all capacitances connected to
the corresponding island including the coupling capacitance C,,
and ng1, = (Cg12Va12+ C,V,)/2e are the normalized charges
induced on the corresponding qubit by the d.c. and pulse gate
electrodes. The coupling energy E,,, depends not only on C,,, but
also on the total capacitance of the boxes: Ey, = 4¢?Cy,/(CyCx) —
C2). Application of gate voltages allows us to control diagonal
elements of the hamiltonian of equation (1). The circuit was
fabricated to have the following relation between the characteristic
energies: Ey ; = Ep, < E¢1 5. This ensures coherent superposition of
the four charge states |00), [01), |10) and |11) around ng = ngp =
0.5, while other charge states are separated by large energy gaps. The
above condition justifies the use of a four-level approximation for
the description of the system. In our notation |n,n,) of the charge
states used throughout the text, n, and 7, refer to the number of
excess Cooper pairs in the first and the second qubits, respectively.

In the absence of Josephson coupling, the ground-state charging
diagram (n1, n,) (ref. 14; Fig. 2a) consists of hexagonal cells whose
boundaries delimit two neighbouring charge states with degenerate
electrostatic energies. For example, points R and L in Fig. 2a

a A
1t
205
0 L
L A -
0 05 1 >
ng1
b

E/fA

Ng1 (:ngz)

Figure 2 Pulse operation of device. a, Ground-state charging diagram of the coupled
qubits as a function of the normalized gate charges 14 and n g,. The number of Cooper
pairs n4 and n, in the neighbouring cells differs by one. The electrostatic energies £ ;1 ,»
are degenerate at the boundaries. Points R and L correspond to energy degeneracy in the
first and the second qubit, respectively. Point X is doubly degenerate: Eqop = E41 and
E+1o = Egy. Arrows show how pulses shift the system in the experiment. b, Energy
diagram of the system along the line ngy = ngo. Solid lines are the electrostatic energies
of the charge states |00), |10), |01) and |11). Dashed lines are eigenenergies of the
hamiltonian equation (1). Far from co-resonance (point X in a), the system stays in |00).
After the pulse brings the system to the co-resonance (solid arrow), the system starts to
gvolve producing a superposed state | (1)) = ¢1]00) + ¢2[10) + ¢3|01) + c4]11).
The amplitudes |¢ /| (f= 1, 2, 3, 4) remain ‘frozen’ after the pulse termination until the
resulting state decays into the ground state. The decay process indicated by grey arrows
contributes to the probe currents proportional to the probabilities, equation (3).
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correspond to a degeneracy between the states |00) and |10) and the
states |00) and |01) differing by one Cooper pair in the first and the
second Cooper-pair box, respectively. If we choose the d.c. gate
charges 14, and n 4, far from the boundaries but within the (0,0) cell,
then because of large electrostatic energies we can assume that the
system remains in the state |00). As the pulse gate has equal coupling
to each qubit, the application of a pulse shifts the state of the system
on this diagram along a line tilted at 45°, indicated by arrows in
Fig. 2a. The charging diagram remains valid for small Josephson
coupling except on the boundaries where charge states become
superposed. When the system is driven non-adiabatically to point R
or L, it behaves like a single qubit oscillating between the degenerate
states with a frequency w; , = Ej; » /h. Applying arrays of pulses and
measuring oscillations of the probe currents I, and I,, we can
determine the Josephson energies of each qubit. The accuracy of the
measured Ej;, is very high, because the electrostatic coupling
through C, has almost no effect on w,, along the boundaries in
the vicinity of R and L.

At the ‘co-resonance’ point X(ny = 1y, = 0.5), the system has a
double degeneracy, Egp = E 11, E19 = Eo;, and the dynamics of the
quantum evolution become more complex and reflect the coupling
between the qubits. The cross-section of the energy bands through
point X is shown in Fig. 2b. Exactly at the co-resonance, all four
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Figure 3 Quantum oscillations in qubits. a, Probe current oscillations in the first (top) and
the second (bottom) qubit when the system is driven to the points R and L, respectively.
Right panel shows corresponding spectra obtained by Fourier transform. In both cases,
the experimental data (open triangles and open dots) can be fitted to a cosine dependence
(solid lines) with an exponential decay with 2.5 ns time constant. b, Probe current
oscillations in the qubits at the co-resonance point X. Their spectra (right panel) contain
two components. Arrows and dotted lines indicate the position of 2 + &, 2 — & obtained
from equation (3) using £ j; = 13.4GHz, E j, = 9.1 GHz measured in the single qubit
experiments (Fig. 3a) and £, = 15.7 GHz estimated independently from d.c.
measurements. Solid lines are fits obtained from numerical simulation with the
parameters £, = 13.4GHz, £ ;o = 9.1GHz and £, = 14.5 GHz. Finite pulse rise/fall
time and an initial condition that is not pure |00 were taken into account. The introduced
exponential decay time is 0.6 ns.
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charge states are mixed and the state of the system can be expressed
in general as

[V (1)) = ¢1100) + ¢2]10) + ¢3]01) + ¢4]11) (2)
where |¢;|(i=1,2,3,4) are the time- dependent probablhty ampli-
tudes obeying a normahzatlon condition Z, ) lei)* = 1. Using the

hamiltonian of equatlon (1) and initial conditions, we can calculate
the probabilities Ic,I of each charge state. However, in our read-out
scheme, we measure a probe current I;, proportional to the
probability p;,(1) of each qubit having a Cooper pair on it
regardless of the state of the other qublt that is, I < pi(1) =
le,)? + lea]? and I, o py(1) = les)? + leal®. Assuming that the initial
state at t =0 is |00), we can derive the time evolution of these
probabilities for an ideal rectangular pulse shape of length At:

p12(1) = (1/[2 — (1 — x12)cos{(2+ e)At} — (1

+ x1,2)cos{(2 — g)At}] (3)

where X12_(E21 E12+E2 /4)/(4h298) 9—((E]1+EJ2) +
(En /292 2, &= ((Byy — Ep)? + (B /202012 /20,

Unlike the single qubit case, there are two frequencies present in
the oscillation spectrum of the qubits: 24 & and 2— &, both
dependent on Ej;, Ej, and E,,. We can identify these frequencies
with the energy gaps in Fig. 2b. Note that in the uncoupled situation
(Em=0), 2+ e=Ej;,/h and each qubit oscillates with its own
frequency w ,. We stress, however, that the above consideration is
valid only in the ideal case when the pulse has zero rise/fall time, and
the time evolution occurs exactly at the co-resonance point.

The idea of our experiment is shown schematically in Fig. 2b.
From the state [00) (shown as a black dot), the pulse (solid arrow)
brings the system to the co-resonance point, and the system evolves
for the pulse duration time At, producing a superposed state
equation (2) indicated by grey circles. After the pulse termination,
the system remains in the superposed state until it decays (grey
arrows) in the ground state by emitting quasiparticles into the probe
junctions biased at Vi,; , = 600 peV. To accumulate a signal, a pulse
array (~3 X 10° pulses) was applied to the pulse gate. The repetition
time between the pulses was 64 ns, long enough (in comparison to
the quasiparticle relaxation time of ~10ns) to let the system decay
through a Josephson-quasiparticle cycle'® and give rise to a probe
current proportional to p;,. The estimated amplitude of the
applied pulses is V,, = 30mV.

The results obtained in this way are presented in Fig. 3. First, by
tuning 1, and n,,, we do single qubit measurements by bringing
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Figure 4 £ ;; dependence of the spectrum components obtained by Fourier transform of
the oscillations at the co-resonance. Open triangles and open circles show respectively
frequency components measured in the first and second qubit; solid lines, dependence of
2+ e and 2 — & obtained from equation (3) using £y = 9.1Ghz and £, = 14.5GHz
and varying £ j; from zero up to its maximum value of 13.4 GHz; dashed lines,
dependence of the oscillation frequencies of both qubits in the case of zero coupling
(En=0).
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the system to point R or L and thus exciting autonomous oscil-
lations in one of the qubits (Fig. 3a). The spectra of the oscillations
can be fitted to a cosine function with an exponential decay time of
about 2.5 ns. The spectra of the oscillations (right panels of Fig. 3a)
obtained by Fourier transform contain one pronounced component
at 13.4 GHz for the first qubit and at 9.1 GHz for the second qubit.
We identify these values with Ej; and Ej,. Judging from our previous
experiments (see, for example, ref. 13) we conclude that these values
are close to what we expect for the given fabrication parameters
(that is, overlap area and oxidation conditions). Then, by changing
141 and 14, the system is driven to the co-resonance point, and the
induced quantum oscillations are traced using the same technique.
The oscillation pattern becomes more complex (Fig. 3b), and more
frequency components appear in the spectrum. The observed
spectral properties of the oscillations agree with the predictions of
equation (3), in that there are two peaks in the spectrum and the
peak positions are close to the expected frequencies 2+ & and
2 — ¢ for the parameters Ej; =13.4GHz and Ej; =9.1GHz
measured in the single qubit experiments (Fig. 3a), and E,, =
15.7 GHz estimated from independent measurements of d.c. cur-
rent-voltage—gate-voltage characteristics. The positions of the
2+ ¢ and 2 — & peaks expected from equation (3) are indicated
by arrows and dotted lines in Fig. 3. The decay time (~0.6 ns) of the
coupled oscillations is shorter compared to the case of the inde-
pendent oscillations, as is expected because an extra decoherence
channel appears for each qubit after coupling it to its neighbour.
However, the amplitudes of the spectral peaks do not exactly agree
with equation (3). We attribute this to the non-ideal pulse shape
(finite rise/fall time ~35 ps), and the fact that a small shift of 114, and
14, off the co-resonance drastically changes the oscillation pattern.
Also, even far from the co-resonance, we still have a small contri-
bution to the initial state from charge states other than |00)
distorting the oscillations. We have performed numerical simu-
lations of the oscillation pattern, taking into account a realistic pulse
shape and an initial condition of not pure |00), assuming the system
is exactly at the co-resonance. The resulting fits are shown in Fig. 3b
as solid lines. We found that E,, = 14.5GHz, close to the value
estimated from the d.c. measurements, gives better agreement of the
fit with the experimental data.

Finally, we checked the dependence of the oscillation frequencies
on Eyj, controlled by a weak magnetic field (up to 20 G). The results
are shown in Fig. 4. The plot contains the data from both qubits
represented by open triangles (first qubit) and open circles (second
qubit). Without coupling (E,, = 0), the single peaks in each qubit
would follow the dashed lines with an intersection at Ej; = Ej,. The
introduced coupling modifies this dependence by creating a gap,
and shifting the frequencies to higher and lower values; the spacing
between the two branches is equal to E.,/2h when Ej; = Ej,. We
compare the observed dependence with the prediction of equation
(3) (given by solid lines) and find a remarkable agreement.

The observed quantum coherent dynamics of coupled qubits in
the vicinity of the co-resonance (in particular, the double-frequency
structure of the probability oscillations in both qubits, and fre-
quency ‘repulsion’ at Ej; = Ej;—see Figs 3b and 4) indicates that the
two qubits become entangled during the course of coupled oscil-
lations, although direct measurement of the degree of entanglement
was not possible. Simple calculations based on the standard
expression for the entanglement of the pure states'® show that,
with an ideal pulse shape and the |00) initial condition, the
wavefunction shown in equation (2) evolves through a maximally
entangled state in the case of equal Josephson energies. The
numerical simulations confirm that the amount of entanglement
does not decrease significantly when realistic experimental con-
ditions are taken into account. The relatively large observed oscil-
lation amplitude (about 50% of the expected value) also suggests
the existence of entangled states even in our multi-pulse averaged
experiment. (|
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Prohing molecular dynamics with
attosecond resolution using
correlated wave packet pairs
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Spectroscopic measurements with increasingly higher time reso-
lution are generally thought to require increasingly shorter laser
pulses, as illustrated by the recent monitoring of the decay of
core-excited krypton' using attosecond photon pulses™’. How-
ever, an alternative approach to probing ultrafast dynamic
processes might be provided by entanglement, which has
improved the precision*® of quantum optical measurements.
Here we use this approach to observe the motion of a Dy
vibrational wave packet formed during the multiphoton ioniz-
ation of D, over several femtoseconds with a precision of about
200 attoseconds and 0.05 angstroms, by exploiting the corre-
lation between the electronic and nuclear wave packets formed
during the ionization event. An intense infrared laser field drives
the electron wave packet, and electron recollision®"" probes the
nuclear motion. Our results show that laser pulse duration need
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