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Qubit Implementation with Josephson Junctions

With the advent of Shor’s algorithm, quantum computing has been lifted from its purely theoretical roots to the status of a research science. Many schemes have been presented for the implementation of quantum circuits with the eventual goal being a complete quantum computer. Our report focuses on the implementation of superconduction for implementing quantum computers. The main circuit element of a superconducting scheme for quantum computation is the Josephson Junction. By using Josephson Junctions as qubits we can exploit and utilize our already vast knowledge of this common circuit device. The physics and implementation behind the Josephson Junction deals mostly with the use of superconductors as well as circuit design. This physics, though quite complex, has been studied exhaustively for over 30 years and can be readily translated to quantum circuit design. In fact three implementation schemes are already being utilized across the world with the hope of creating a quantum computer capable of manipulating qubits with the same dexterity as modern, classical computers. 


This report will be divided into three main parts. The first of these sections focuses on the physics behind superconduction, Josephson Junctions, circuit implementation, with emphasis placed on the differences between the three main quantum circuits: Cooper Pair Boxes, RF SQUID devices, and Current-biased Junction, as well as implementation of gates in Superconducting circuits. The Second part of this report focuses on the advantages and disadvantages inherent in the use of Superconducting Circuits relative to other popular quantum schema. The third part will then focus of breakthrough areas of this technology as well as the state of current research. Emphasis will be placed on the promise that this technology holds for future development into a full quantum computer. 

Super-Conduction and the Josephson Junction:
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The Josephson Junction is based entirely upon the quantum mechanical phenomenon of super-conduction. The simplest model for a Josephson Junction is a ring of super-conducting material broken in two places by wires. (Figure A.) The defining characteristic of a superconductor is the fact that it is a material with zero resistance. The implication of this is that once a current is begun in a superconductor there is no dissipation of energy due to collisions. The material used for super-conductors is either Niobium or Aluminum.
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We must use BCS theory to account for the superconduction of electrons at low temperatures. In certain superconductors, namely Niobium and Aluminum, at a critical temperature the electrons in the metal pair up to form Cooper pairs. These cooper pairs then form a current just like normal electrons. The pairs follow each other through the loop and in the same manner that professional bikers draft to reduce drag effects due to wind, the electrons end up traveling without resistance through the metal, due to the energy gap between electrons in a bound state and free electrons.


For superconduction to be a reality we must first lower our laboratory temperature. Typically Niobium and Aluminum become superconductors at 9.3K and 1.2K respectively. At these temperatures there are few devices that can operate as a circuit element. In fact the only circuit element that can operate non-dissipatively is the superconducting Josephson Junction. It turns out we can use Josephson Junctions as two level systems if we make use of the Cooper pairs discussed in the next section. And in order for us to use Josephson Junctions as qubits we must somehow be able to implement a two level system with which to create a superposition of eigenstates (|0> and |1>.) The most obvious way is to use the eigenenergies of the electrons in the superconductors. Because of the energy due to thermal oscillations (kT) we must limit our temperature to a range such that kT < ω0ħ. Typically the frequency of superconducting qubit oscillations is between 5 and 20 GHz, which forces us to implement these qubits at a temperature of about 20 mK. This low temperature is realizable using current laboratory techniques. Once we have reached this low temperature we are free to use Josephson Junctions in combination with capacitors and resistors for the creation of quantum computers. 

Cooper Pairs, Quantum Currents and the Josephson Junction:


In classical E&M a changing flux through a conducting loop generates a current through the loop. This phenomenon is mirrored in superconducting case with the Josephson Junction. However when we are dealing with the quantum regime we can no longer treat currents as real quantities, but rather as wave functions of probability distributions. Through this view of charge and current, we can have a case where the current in a loop is moving in both directions at the same time, because the wave function can be a superposition of multiple current states, each with a varying probability of being measured at a given time. 


The creation of super pairs is due to the phenomenon that at low temperatures, electrons in superconductors exchange phonons with each other. This exchange causes the two electrons to bond into a Cooper pair. When the electrons are bound together they become a particle of spin 0, i.e. a boson instead of two fermions. From quantum field theory we know that Bosons can all be located in the ground state of a metal, as opposed to fermions, which have to obey the Pauli exclusion principle. This is the genesis of superconduction because electrons in the Cooper pair have an energy gap in the bound state, they do not have enough energy to activate with the metal lattice, and thus they do not experience any resistance when traveling through the metal. Thus we can have quantum currents that travel without energy dissipation, a key criteria for maintenance of quantum qubit coherence.

Quantum Integrated Circuits and the DiVincenzo Criteria:


In order to create a quantum integrated circuit we must use the Josephson Tunneling Junction. The reason for this is that the Josephson Junction accomplishes one thing that no other non-linear low-temperature device can: non-dissipation. This factor is essential for implementation of quantum qubits because non-dissipation means that the wave function is conserved throughout the loop. This means that any induced superposition of states (critical for use of any quantum circuit) will not decay in time. This is extremely important and makes the Josephson Junction the focus of quantum computing involving superconductors. 


In addition to non-dissipation, there are four criteria established by DiVincenzo in order for a quantum circuit to be realizable. The first of these is the non-linearity of the quantum device. The second of these criteria is that of initialization. For almost any quantum algorithm or circuit we must be able to initialize the quantum state. This initial state, e.g. |0>, can easily be realized by lowering the temperature of the qubit, by removing the excess thermal energy of the qubit we are forcing it into the ground state and thus initializing it. The last two criteria: gate operation and readout, are accomplished through efficient coupling. The definition of coupling is merely communication between two different parts of a circuit. The methods commonly used to communicate between two elements of a circuit are magnetic inductances, electric fields, and wires. Because of the good conductivity and relatively low noise of wires they are used for efficient coupling and allow us to communicate between parts of the circuit without loss. 

Three Major Superconducting Qubit Devices:
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There are several ways in which we can utilize superconduction to create a qubit, or superposition of two eigenstates. The first of these exploits the Cooper Pair ‘charge qubits’ and can be seen as an equivalent of the Hydrogen atom for quantum circuits. We can easily use the non-degenerate lowest states as a “charge” qubit.
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The second device that uses superconduction to implement qubits is the Radio Frequency Superconducting Quantum Interference Device. As the name implies it is used fairly heavily in applications of Radio Astronomy, and as such its properties are fairly well known. It uses a pair of inductors to detect and introduce flux through the loop (Fig C), this flux creates a current in the circuit which can then be used to create a quantum bit. This circuit is characterized by the existence of a degenerate ground state. By simply changing the bias current across the junction we can adjust the energy splitting
g between the two degenerate ground states and use this split level as a qubit. 
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The final superconducting device in development is the Current-biased Josephson Junction. This device is extremely useful for the fact that the energy splitting within the potential wells is non-degenerate. This non-degenerate splitting combined with the fact that the potential vs. bias current is a “tilted washboard” shape means that if we treat the ground state of the wells as |0> and the first excited state as |1>, then by sending in a microwave pulse we can reliably determine the electron’s state, if we are unsure whether or not it is in |0> or |1>. If we are in the |1> state we are 500 times more likely to induce barrier penetration than if we are in |0>. Additionally, due to the washboard potential shape, an electron that tunnels through the barrier will then continue down the potential eventually manifesting itself as a current spike through the Josephson Junction. Thus if our pulse results in a voltage then we know that we have excited an electron from the |1> state and not the |0>. 

Entanglement and Gates in Josephson Junctions:
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In order for any potential qubit system to be considered viable for the creation of a quantum computer, we need to be able to implement one and two qubit gates. For any single qubit we can fully span the 2x2 Hilbert Space with the four Pauli operations ơx, ơy. ơz, and I. The methods for these operations vary for each type of Josephson Junction qubit, with the most advanced technique being the Current-biased Josephson Junction, or a so-called “phase-qubit.” A block diagram of the a typical single qubit circuit is visible in Fig. E. From this simple set-up we can see that we have a capacitively coupled JJ, across which we can apply a bias current. Now using microwave pulses of bias current:
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we are able to manipulate the qubit fully, using a purely DC current, a time varying DC current, a microwave cosine current, and a microwave sine current. If we make sure that the time variance of each of these currents is slower than about a nanosecond, the current will not be excited to any states other than the ground state and the first excited state, thus we have created a qubit. By pulsing the qubit with microwaves at the proper ω we can induce a transition from the ground state to the first excited state. By varying the time of this pulse we are changing the probability distribution into one that we desire. This is a complete qubit manipulation gate, and is all that we require for a single qubit. 
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The difficulty inherent in any qubit device is one of scalability and especially the creation of entangled states and multi-qubit gates. For the current-biased junction we use two single-qubit JJ’s that are capacitively coupled together. This coupling scheme has the benefit of easily tunable energy levels as well as an adjustable coupling between the two qubits. As you can see from Fig. F b), the parameter ε is a measure of the coupling of the two qubits. As we increase ε through an increase in bias currents we create an entangled state εb. Now that we can generate an entanglement through the combination of wavefunctions via bias currents, we can create two-qubit gates. We can create a controlled-phase operation gate by observing that the time evolution of the two qubit wavefunction with both qubits in the first excited state is oscillatory. By allowing the state to evolve for τ1 we oscillate our state by 2π while picking up a controlled phase, where the energies are simply energy eigenvalues of the true eigenstates of the quantum device. The individual qubits themselves also obtain a phase shift which can be removed by using the methods described above. This rotation however is determined by manufacturing parameters as well as energy spacings which are controlled by bias currents. Thus by carefully creating these junctions we can implement a controlled phase gate. So with proper parameters we have a controlled Z two-qubit gate. This time if we let the qubit state evolve for a time given above only with E4 replaced with E3. Then we actually cause the eigenstate created from |01> and |10> to oscillate. When the phases from the individual qubits are removed we are left with a swap gate, with a variable swap angle given by our eigenenergy splitting. These two gates when combined with the single qubit gates give us a universal set of gates, which we can use to compute any quantum mechanical algorithm. 


In a similar manner to that used by current-biased JJ’s, the RF-SQUID device and the Cooper Pair box can be easily manipulated by microwave perturbation probes. These can be used to force the electron Cooper pairs into a different state. This is made particularly easy because both systems have easily distinguishable and ready-made split energy levels. 

Josephson Junctions in Comparison


Many methods of qubit implementation demonstrate interesting physics, but turn out to be unfeasible as practical methods of computation. Although there are problems with using Josephson Junctions as well, several advantages make it an attractive method for researchers pursuing quantum computation implementations. According to Devoret et al., a Josephson Junction is the only “non-linear non-dissipative circuit element” that exists at low temperatures. The combination of its theoretical feasibility within a circuit and its practical reality in implementation make it a promising method of computation with some hurdles to overcome.

 
A wide variety of qubit implementations exist, but most can be distinguished as microscopic or macroscopic methods.  Microscopic implementations include using electron spins, nuclei spins, transition dipoles of atoms and other discrete microscopic properties to represent the distinct states of the system. These methods are usually good for implementing individual qubits because the state of a qubit can be preserved for a long time without being affected by the environment or decohering and techniques exist for precisely manipulating individual ions. However you run into problems when you try to manipulate and measure many ions at once, it is too complicated and it would be hard to implement such a schema in connection to a real physical device to actually store information.


The problem of scaling leads to a different approach of advancing quantum computation science. The discretization/quantization of macroscopic properties is a standard alternative approach.  Macroscopic implementations that exist are based on macroscopic quantities and use solid-state devices to create “quantum integrated circuits.” A Josephson Junction is a perfect example of a solid-state device that can act as a quantum integrated circuit element. Quantum dots and single donor systems are also examples of macroscopic implementations, but make use of semiconductors rather than superconductors. The use of Josephson Junctions has had more advances and progress so far in terms of control. Experimental qubits using Josephson Junctions have remained coherent for 500 nanoseconds to 4 microseconds. Pulsed operations can take 1 nanosecond, so current capabilities allow for thousands of operations before decoherence.  Although a quantum computer would need to be able to perform a hundred thousand operations before decoherence, the current ability reflects progress in the right direction. In comparison, most semiconductor implementations tend to have lower values. For example, Hasegawa and Mitsumori had decoherence times of about 1 nanosecond, and Steel obtained times of 10 nanoseconds. Some semi-conductor methods have found as long of decoherence times as with the Josephson Junctions, but Josephson Junction findings have been more repeatable and consistent. 


The Josephson Junction has several physical features that are inherently beneficial to implementing a qubit system. Although the low temperatures required may be considered a disadvantage because it reduces the practicality of using these junctions in individual quantum computers (you must immerse in liquid helium to use), if ever such a thing is to exist, it is this property that allows the device to be useful. That is, because of the low temperature, as mentioned earlier, the superconductor is non-dissipative so qubits do not decay quickly when left isolated. The low temperatures needed also mean that environmental noise and inherent noise in a circuit implementation involving a Josephson Junction should be relatively low. As seen later, the noise still causes problems, but the low temperatures allow it to be a low enough order of magnitude that under the right conditions qubit information can usually be distinguished from the noise with some accuracy. 


Another benefit to using Josephson Junctions is that unlike most microscopic implementations, it is scalable to many qubits. Physically building arrays of Josephson Junctions is feasible using existing microfabrication technology. Josephson Junctions are inherently practical because implementing them within a circuit involves using existing integrated circuit fabrication technology. Although the circuits have to be viewed from a quantum mechanical perspective, the actual elements making up a circuit will be the same as in today’s classical circuit boards, and just include the Josephson Junctions. Josephson Junctions are used in medical instruments that sense brain waves, and thus it is not unreasonable that they might be used in a circuit to compute information. Josephson junctions employing superconducting electrodes and native-oxide tunnel barriers are typically fabricated using sputter deposition onto thermally oxidized silicon wafers. It would be an efficient use of existing resources to approach quantum computation via Josephson Junctions. 
The scalability applies to the circuit analysis and theory as well. Because of its simplicity, it fits into circuit theory easily as a nonlinear circuit element. The use of these junctions as qubits by quantum computation research is similar to having a classical circuit with very dense parallel processing.  Analysis of circuits with many qubits in them does not require coming up with a new set of rules and properties, but rather existing algorithms and analysis can be used, making scaling simple. 

Circuit Considerations/Problems 


Despite all the advantages to using Josephson Junctions to implement qubits, problems arise when trying to couple qubits with a circuit for information manipulation. The biggest disadvantage of a circuit implementation has to do with decoherence of qubits and the transfer of information between qubits and the electrical circuit. The implementation of read, write and control lines entangled with a qubit is necessary to be able to write to and retrieve information from qubits. But qubits also need to be isolated from external environmental influence and coupling the qubit with the circuit introduces noise to the qubit. The stronger the coupling, the better control you have of the qubit, but the more noise you get when reading it as well.


The main cause of the decoherence of a qubit is largely unknown, but noise explains a portion of it. Decoherence times need to be lengthened for the superconductor implementation of qubits to be applied on a larger scale. A formed qubit will be affected by both time independent and timed dependent noise due to the entanglement with a circuit. The time independent part, the static part, is intrinsic decoherence and is a product of the fabrication process.  Statistical variation in fabrication will cause varying intrinsic decoherence times. This kind of noise, however, can be accounted for in quantum algorithms by predetermining transition frequencies and the coupling strength of the qubit to the circuit. 


Time dependent noise is a larger problem. Irreversible interaction with the environment destroys the superposition of states. Environmental noise is introduced to the qubit and can cause both decoherence and relaxation of the qubit. Noise with low frequency parts to it will cause resonance to wobble, resulting in diphase oscillation in the circuit, which leads to a dephasing of the qubit. This is what is known as decoherence and on a bloch sphere representation of a qubit is seen as a change in (, rotating the qubit vector about the “z” axis”. The decoherence rate is directly proportional to the total spectral power density at the qubit Larmor frequency  of the quasi-zero frequency noise that is causing the decoherence.  

Noise that happens to be at the frequency of a state transition will cause transition between states. This is also known as relaxation. On a bloch sphere this is seen as a change in ( for the qubit vector. This breaks the original superposition and can bring the qubit to the ground state or some undesirable state in between. Like decoherence, relaxation is proportional to the total spectral power density at the qubit Larmor frequency of the noise, but in the field perpendicular to the “z” axis of the qubit. 


Beside noise, another problem is that although we are creating a two level system with the Cooper pairs, a superconductor will always have more levels in the system. In one box there can be two or three additional Cooper pairs, leading to additional possible phase differences in a flux qubits. States besides the ones you care about can exist. Although this is addressed by engineering the energy difference between |0> and |1> states to be large enough to avoid this “quantum leak” of information. 


Josephson junctions have other issues as well, most of which are topics of current research, such as measurement crosstalk. This is addressed in the next section. Josephson Junctions are advantageous as qubit implementations because of their scalability and simple connection to circuitry, but many issues mostly involving decoherence times and problems with environmental noise are challenges to be faced. 

Current Research


Advancements in the study of Josephson junction qubits have led researchers to believe that the idea of their implementation as a quantum computer is both feasible and promising. The realization of this goal, however, can only come through improving the performance of the schemes with which we manipulate these qubits.  Specifically, coherence times of these qubits are not sufficiently longer than the time required by current readout mechanisms. One facet by which we can attack this problem, then, is by identifying sources of decoherence and subsequently reducing their effects.  This is an important front by which to attack the problem of superconducting qubits, as major sources of decoherence remain unknown.  Another is to improve the efficiency by which we measure these qubits, thereby avoiding the effects of short coherence times altogether.  What follows is an investigation of current studies on the improvement of Josephson junction qubits, and their implications for the future of superconducting qubits.


One source of decoherence in these superconducting qubits can be found within the junction’s tunnel barrier. These junction resonators are microscopic two-level systems that propagate decoherence by coupling to the qubit’s states at certain bias points.  Though the existence of these resonators has been known for some time, their full effects are only recently coming to light. Researchers originally focused on how these resonators interfered with the timing of Rabi oscillations within the qubit, and found only insignificant variations.  Recently, though, these resonators have been shown to affect the amplitude of Rabi oscillations rather than timing.  The diagram below shows their effects on these oscillations.  Red and blue areas indicate peaks and troughs, and dotted lines indicate those bias points affected by the junction resonators.  Away from the bias points, we see a smooth flow from peak to trough, indicating regular oscillations.  Near the dotted lines, however, we see disruptions.  We no longer see the blue-red oscillations, which is an indication that either they are not reaching their full amplitude, or they are not oscillating altogether.  Altered oscillation amplitudes lead to decreased fidelity in the qubit. A peak or trough corresponds to the qubit occupying one state or another with 100% probability.  When the oscillations do not reach their full amplitude, the qubit will no longer exhibit the desired superposition of states.  


A more comprehensive view of how these Rabi oscillations are disrupted by the junction resonators can be seen in the graph to the left.  The six curves labeled a-f correspond to the six bias currents with the same labels above.  The probability of occupying state [image: image20.png]


 was plotted against the Rabi pulse time, which expresses different ways the resonators affect oscillations.  Measurements are offset for purposes of discernibility.  Current b shows the effect of beating.  This causes the oscillation to fluctuate in amplitude while maintaining a steady frequency.  It is clear that the first few oscillations have amplitude that varies widely from that of the next group of oscillations.  Current c displays a loss and eventual recovery of oscillations with time.  It is worth noting that for a full 30ns, the pulse remains relatively flat, negating any fidelity the qubit once had.  Current f shows the worst effect of all: complete loss of coherence.  The pulse flat lines, so that all notions of superposition are now gone.  The study of these resonators led researchers to conclude that any improvements in the coherence of Josephson junction qubits will require redistribution, reduction, or removal of these resonators.


Moving on to advancements in the manipulation of superconducting qubits, the concept of simultaneous state measurements of coupled qubits has, until now, haunted researchers. Previous schemes relied on separate measurements of individual qubits, which had disastrous results.  Measuring qubits separately fails to establish correlations between qubit states in the case of entanglement.  It has been shown that the only way to convey entanglement is through simultaneous measurements of the qubits.  There is, however, a major obstacle to overcome when attempting to measure these qubits at the same time: the concept of crosstalk.  Crosstalk is the idea that measuring one qubit may perturb the state of the other.  Superfast readout schemes can be used to counteract the effects of crosstalk, an idea which will be discussed later.  For now, we will describe how simultaneous measurements can be modeled in the lab.  


A pair of coupled qubits is initialized to the state[image: image2.emf], and then allowed to evolve in time, which is governed by the following wavefunction.  It is clear that this space is spanned by the states [image: image3.emf] and[image: image4.emf], so that an anti-correlation should exist between qubits 1 and 2.  Experiments indicate that this anti-correlation can be reproduced in the two qubits as long as the delay between the two measurements does not exceed ~2ns.  The following graph shows the probability of reading each of the four possible output states after repeated trials.  It is clear that for a given coherence time, we see P01 and P10 oscillate opposite each other, indicating anti-correlation.  Repeating this experiment with a measurement delay of 4ns, researchers were able to portray the effects of crosstalk.  P01 and P10 were no longer anti-correlated, and in fact strange correlations resulted.  Measuring qubit 1 4ns before qubit 2 yielded a correlation between P11 and P10.  Meanwhile, measuring the two in the opposite order yielded a different correlation, namely P11 and P01.   Across all measurements, reading [image: image5.png]


in qubit 1 yielded a false measurement of [image: image6.png]


 in qubit 2 with probability 70%.  


In general, readout times must be much shorter than qubit coherence times (~10-100ns).  Further, they are required to implement error correction algorithms.  

Simultaneous state measurements depend on fast readout times, made possible by schemes such as the following one.  This proposal offers a readout time of 2-4ns, an order of magnitude faster than previous schemes, which is precisely what simultaneous state measurements necessitate.  It works by applying a short bias current pulse to reduce the depth of one of the wells.  The result is that state [image: image7.png]


lies very near the top of the well.  When the peak of the pulse hits, it will rapidly tunnel to the right hand well, yielding a much faster readout time.   


Finally, I will introduce a new design for a Josephson junction qubit that has several benefits over older ones.  The structure is comprised of four superconducting islands arranged as a tetrahedron.  This arrangement allows for a higher degree of frustration in the tetrahedron, which enhances quantum fluctuations.  Junctions of higher capacitances can then be utilized, which relaxes necessary constraints governing junction fabrication.  Another major benefit of the tetrahedron comes from its mere quadratic susceptibility to flux and charge noise. This comes from the lack of polarization charges and currents in the qubit’s ground state.  The result is long coherence times and a variety of manipulation schemes using magnetic or electric biases.  Collectively, these benefits outweigh the disadvantages associated with the increased complexity of the device.
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Figure A: This is a diagram of a simple Josephson Junction.





Fig. B: A simple Cooper pair Box diagram.





Fig. C: Diagram of a SQUID device, the inductor induces a current in the second loop.





Fig. D: Current-Biased Josephson Junction.





Figure F: a). A diagram of a two-qubit Current-biased Josephson Junction. b). A time vs. entanglement plot, εb represents the entangled state.





Figure E: Circuit diagram of a Current-biased Josephson Junction.








