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Backaction Effects of a SSET Measuring a Qubit
Spectroscopy and Ground State Measurement
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Abstract—We investigate the backaction of superconduct- but not always [2], [4] observed in SSET measurements of the
ing single-electron transistor (SSET) continuously measuring a pox, but its origin is not well understood. Second, even if there
Cooper-pair box. Due to the minimized backaction of the SSET, r6 g quasiparticles present, the SSET can excite the qubit.
we observe a 2 periodic Coulomb staircase according to the two- Now the box is still described by a two-level Hamiltonian
level system Hamiltonian of the Cooper-pair box. We demonstrate . N
that we can control the quantum broadening of the ground state however the system does not stay in the ground state but s in a
in-situ. We perform spectroscopy measurements and demonstrate mixture of ground and excited state. Third, SSET's backaction
that we have full control over the Cooper-pair box Hamiltonian.  can cause increased relaxation. After the box has been brought
The ability to reduce the backaction is a necessary condition 10 4, he first excited state, the noise of the SSET can destroy the
use the SSET as a quantum state readout for the CPB as a qubit. . o

state of the box by extracting energy and bringing the system
_ _ _ back to the ground state. The fourth category is the dephasing
Index Terms— Superconducting devices, Quantum computing ., sed by the measurement process [10]. By the fundamental
laws of quantum mechanics, measuring a system perturbs its
state, and specifically destroys the phase of a superposition.
|. INTRODUCTION Therefore this form of backaction is the fundamental limit.
N interesting question in solid-state quantum computa- The purpose of this article is to investigate the first two
tion is how to measure a qubit and how the measuremén@nifestations of backaction and to demonstrate that we were
process influences the qubit. Recently there has been congidle to reduce them to observe the box in thep@riodic
erable experimental progress using superconducting circuitgtound state. Furthermore, we show that the box obeys a
realize the qubit and the meter that measures the qubit. Meple spin-1/2 Hamiltonian in which both terms can be
of the these devices are based on the single-Cooper-pair 6eRtrolled in-situ. We perform continuous-wave spectroscopy
[1], [2]. Coherent oscillations in such a Cooper-pair box hawen the box, measuring the energy level separation and the
been observed [3], [4], [5] as well as Rabi oscillations [6] an@voided crossing of the charge states. We find that the quantum
Ramsey oscillation [7]. Despite these encouraging results, f@adening of the Coulomb staircase is consistent with the
measuring device and the influence of the measurement on Il repulsion observed in spectroscopy.
gubit are not yet completely understood.
In this article we report measurements where the Cooper- [1. THE COOPERPAIR BOX

pair k_)ox is measured using a superconducting single—electro_nl—he Cooper-pair box consists of a superconducting island
transistor (SSET). The SSET can be operated such thaiyfich is connected to a superconducting lead via a Josephson
continuously and weakly measures the charge of the CoOpgfiction (Fig. 1). Another gate lead allows one to change
pair box. However, it also couples noise to the CoOper-paife electrostatic potential of the island with the application
box. This effect is called backaction and influences the statgs 5 voltageV,, through the capacitanc€,,. The state of
of the box in different ways. One can divide this influence ifye jsland is described by the number of Cooper-pairs on the
four categories, in order of decreasing severity, as follows: jsjand. Because the Josephson endrgyis smaller than four
First, the SSET can create non-equilibrium quasiparticles §ijhes the charging energy, = ¢2/2Cs, , one has to consider

the box. Therefore the states of the box are not described &y two charging states. The Cooper-pair box is described by
Cooper-pair tunneling alone, and the box is no longer a simp|gs following Hamiltonian
two-level system. Quasiparticle poisoning is often [8], [9], [5], E B
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e btis Ly Fig. 2. The Coulomb staircase, i.e. Box charge vs induced gate charge

ngp, Without (circular symbols) and with (square symbols) magnetic field
applied. The magnetic field affects the superconducting gap and removes the
quasiparticle poisoning.

E; gets, the broader the step function. The charge of the box
in the excited state is given bly)... =2 — (¢)gpa.-

exc.

Ill. M EASUREMENTS

The charge of the box is measured with a SSET placed
nearby (Fig. 1). Via the capacito€-, a small fraction
(Cc/Cx=2.5%) of the charge of the box island couples to

Fig. 1. (a) A scanning electron micrograph (SEM) of the device. The deviége SSET island. The SSET is operated as an radio-frequency

is fabricated using shadow evaporation technique [11]. (b) The circuit diagr&tngle-electron transistor (RF-SET)[12], which is an outstand-
for the Cooper-pair box coupled witf'c to the superconducting-single- ing electrometer. The sensitivity of the electrometer as well

electron transistor. as the backaction noise [13] depend strongly on the operation
point of the SSET, which can be tuned with the drain-source
n\éoltageVDS and the SSET gate voltagé,..

First we biased the the SSET on the gap rise. The measured
l%ox charge as a function of the applied gate voltagg is
cgmpletely ® periodic, similar to the observations byavinik
gfiéal. [9]. At this bias point {;s = 4A /e = 1 mV), the current
ethrough the SSET breaks many pairs in the drain and source

lead of the SSET, though the power dissipated is only 1-10 pW.
AE = \/E?, + (4E:)* (ngp — 1)2 (2) This apparently induces non-equilibrium quasiparticles in the
i box, though there is no direct connection between them and
Far away from the degeneracy poirfif, — 1| > 0) the ha mechanism is not known. This backaction noise is of the
eigenstates are given by pure charge states. However in thg \ind as described above.
vicinity of the degeneracy pointi{,, — 1| ~ E;/4E) the  \ye then bias the SSET on the double Josephson quasipar-
eigenstates are superposmon_s of charge states and the engry process (DJQP) [14], [13], which occurs at lower SSET
levels show an avoided crossing. o drain-source voltage. Figure 2 shows with triangular symbols
The charge of the box in the ground state |sAg|v_en by t'?ﬁe measured Coulomb staircase. The Coulomb staircase is 2
expectation value of the charge operajor ¢(1+5.) in the  perindic, however at odd number of electrons an intermediate
ground state: step occurs due to quasiparticle poisoning. However after
applying a magnetic field of 20 mT perpendicular to the
Ngh substrate, the small step disappears. The Coulomb staircase
(Qarowna =€ | 1+ \/( (3) follows exactly the theoretical prediction (Eq. (3)). Applying

Hamiltonian (1), where both terms can be controlled duri
the experiment.

The states and the energy levels of the system can
found by diagonalizing the Hamiltonian (Eqg. (1)). The energ
difference between the ground state and the excited stat
given by

e %)2 + (ngy — 1)2 a .magnetic field lowers the superco.nducting gap in the alu-

minum, and could reduce the gap in the larger leads more
Without any Josephson couplingZ{ = 0) the box charge than in the thin island [15]. The quasiparticle states in the
versus applied gate voltage (i.e. Coulomb staircase) is justeads would have a lower energy than on the island and
simple step function, which is 0 for,, < 1 and 2 forng, > 1.  therefore the quasiparticles can not tunnel on the island and
However with a finite Josephson energy;, a superposition poison the Coulomb staircase, as observed in SSETs [16].
of charge states exists in the region whéte ~ E. and A similar method has been used by Duwy al. [4] where

therefore the step becomes broadened. The larger the valua darge magnetic field parallel to the device is applied. In
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Fig. 3. Coulomb staircase for different magnetic field values. The staircese Ngp = Cgb ng /e

is is periodically broadened and sharpened as a function of the applied flux.
For integer flux quanta, i.e. large;, the staircase is maximally broadened
and for half integer flux quanta, i.e. smdll;, step-like.
Fig. 4. Microwave spectroscopy results. Obtained by measuring the Coulomb
staircase with microwaves applied and subtracting the staircase without
. . microwaves. (a) Spectroscopy versus microwave frequency. From the fit with
contrast to previous experiments by Lehretrel. [8] the boX the hyperbola (Eq. (2)) we obtaift; = 14.9 GHz andE. = 18.9 GHz.

measured here has a smaller charging energy and thereforeth8pectroscopy versus magnetic field. The peak and and dip oscillate as a

: : ; tion of the applied flux. For integer flux quanta, i.e. lafgg, the avoided
quaSIpartlde states are more separated. In conclusion, u%ﬁggy level crossing large and the resonances move inwards, towards the

the optimal bias point of the SSET, applying a magnetic fielégeneracy pointr(,;, = 1). Note: each plot is 10 hours of data without any
and reducing the charging energy of the box allows us effset charge jump.
measure a full Coulomb staircase that is not quasiparticle
poisoned. Hence, we can avoid the backaction of the first
category. excited state at two discrete points in gate charge where the
We measured the Coulomb staircase as function of thgcitation is resonant. This microwave response appears as an
applied magnetic field (Fig. 3). One observes that the Coulorektra peak and dip in the Coulomb staircase. We measured
staircase periodically sharpens and broadens. The periodhie Coulomb staircase with and without microwave signal
consistent with the number of flux quanta in the split boand subtracted them to separate out the microwave induced
junction. At integer flux quanta the Josephson energy figsponse. Figure 4.a shows the microwave peak and dip as a
maximal and the Coulomb staircase is maximally broadenddnction of the applied microwave frequency. The position of
At half integer flux, the Josephson energy is suppressed grehk and dip follow the expected hyperbolic behavior with
the Coulomb staircase approaches a step-like function. Wedfit avoided crossing of about 15 GHz. By fitting the the
the theoretical expression (Eq. (3)) to the staircases, whipbsitions with the expression for the energy level difference
allows us to extract the energy ratio between Josephson &Bd. (2)) we can extract the Josephson energy= 14.9 GHz
charging energy K;/4E.). This ratio as a function of gate and the charging energi. = 18.9 GHz. This measurement
charge is plotted in figure 5. was performed at integer flux quanta applied and therefore
The shape of the Coulomb staircase in figure 3 is nowaximal E;. One observes that the peak and dip height
generic. In order to observe these curves the SSET hasdigappear towards the degeneracy point. This is due to the fact
be biased slightly below the DJQP resonance. At this bitlsat the eigenstates are superposition of charge states and the
point theory [13] predicts that the backaction noise is primariljifference of the box charge between the ground state and the
relaxing the box, i.e. backaction noise of the third categorgxcited state becomes small and disappears at the degeneracy
The box is therefore forced into the ground state by the noigeint. The fact that our Coulomb staircase is not quasiparticle
of the SSET. poisoned is very important, because it allows us to observe
To observe the excited state and the energy spectrumtla@ spectroscopy signal down to the degeneracy point.
the box, we perform spectroscopy by applying a continuousWe also performed spectroscopy for a constant frequency
microwave signal to the gate of the Cooper-pair box. When thed varying magnetic fields (Fig. 4.b). One observes that the
microwave energyv (whereh is Planck’s constant) matchespeak and dip positions oscillate periodically with the applied
the energy difference between the ground and excited state, tthe flux. As the £; becomes larger, the avoided crossing
microwaves induce a transition from the ground state to tie larger and therefore the energy levels are more rounded.
excited state. The system can be put in a mixture of ground addnce the position, where the microwave frequency is in
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In these experiments we demonstrate that we are able to
eliminate the two most severe forms of backaction on the
Cooper-pair box: The backaction that creates non-equilibrium
guasiparticles on the Cooper-pair box and the backaction noise
that excites the box from the ground to the excited state. With
biasing the SSET at the optimal position and applying a small
field, we are able to observe the ground state of the Cooper-
pair box without quasiparticle poisoning. Spectroscopy and
ground state measurements demonstrate that the Cooper-pair
box is behaving according to the simple two-level Hamiltonian
(Eg. (1)) and that we are able to control both terms in-situ.
The good agreement between spectroscopy and ground state
results shows that we are indeed observing the ground state
of the system.
However, as discussed above, the SSET may still be relaxing
the box, i.e. backaction of the third category. Further measure-
ments will address the backaction induced contribution to the
relaxation.



