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Atoms talking to SQUIDs
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We present a scheme to couple trapp&@b atoms to a superconducting flux qubit through a magnetic dipole transition. We plan to trap
atoms on the evanescent wave outside an ultrathin fiber to bring the atoms to less thrarathOve the surface of the superconductor. This

hybrid setup lends itself to probing sources of decoherence in superconducting qubits. Our current plan has the intermediate goal of coupling
the atoms to a superconducting LC resonator.

Keywords: Hybrid quantum processor; neutral atoms; flux qubit.

Presentamos un esquema para acoflamos de®’Rb atrapados a un qubit superconductor de flujo @ésale una transién dipolar
magretica. Planeamos atrapar lasmos en la onda evanescente fuera de una fibra ultra-delgada para ponerlos a menos deli® la
superficie del superconductor. Esta configuradibrida se presta a estudiar las fuentes de decoherencia en qubits semiconductores. Nuestro
plan tiene el fin intermedio de acoplar a Etemos con un circuito superconductor LC resonante.

Descriptores: Procesadores émticos hibridosatomos neutros; qubit de flujo.

PACS: 03.67.-a; 03.67.Lx; 32.10.Fn; 85.25.Dq

1. Introduction of the ease with which these natural ion traps integrate with
SC systems [16]. Recent results demonstrate strong coupling

A hybrid quantum processor exploits the best aspects of itéf an ensemble of NV centers to a stripline resonator [17].

constituent qubits: atomic systems exhibit excellent isolation

from the environment, and conden_sed matter s_yst_ems bene$t The interaction and its realization

from technological developments in microfabrication, lead-

ing to a scalable qubit architecture [1]. No known individ- The flux qubit induces magnetic dipole transitions in the

ual quantum system satisfies all the DiVincenzo criteria forground state hyperfine manifold 8fRb. The coupling oc-

a quantum computer [2]; meeting these requirements is theurs via the interaction Hamiltoniad,, —u,; - B, wherep;

driving force behind developing hybrid systems. is the magnetic dipole moment of thth individual atom,
Here we propose a scheme to couple the ground state hgnd B is the amplitude of the microwave magnetic field from

perfine transition of neutrdl’Rb atoms to a superconduct- the SC qubit at the same atomic frequency. To calculate the

ing (SC) flux qubit. A flux qubit consists of three or more strength of the coupling we must first determine the strength

Josephson junctions in a micrometer-sized superconductingf the magnetic field.

loop [3-5]. The supercurrent forms a superposition of clock-  The average magnetic field associated with a single mi-

wise and anticlockwise flow. Typical designs involve onecrowave photon is:

junction smaller than the others so that its Josephson induc- o

tance dominates the loop inductance. We can use the mi- B= 1/”0 , Q)

crowave magnetic field from this SQUID loop to drive the 2Verr

atomic transition. The flux qubit possesses a long coherendshere w is the frequency of the photory, the perme-

time, on the order of 1@s [6] at the flux degeneracy pointin ability of free space, and.s the effective mode volume.

a four-junction SQUID [7], and a tunability range of over a We take the effective mode volume for a square SQUID

GHz [8]. with 10x10 pym sides and width of Sum to be about

The atomic qubit consists of two magnetic sublevels onl0x10~'® m?, assuming the field is confined within 5 mi-
one of the hyperfine ground state manifold§@®b, between crometers a_b0\_/e an_d below the strip. For_a photon at 6.8 GHz
the[551 »; F = 1) and[55, »; F = 2) states, which are sep- {16 magnetic field is aboutdio * T, which for the typi-
arated by about 6.83 GHz. cal moment ofl.4 x 10'° Hz/T gives a coupling strength of

roughly 100 Hz for one atom.
The field associated with a single quantum flux,

Similar proposals focus on creating a memory of ions
[1,9], neutral atoms [10, 11], or molecules [12-14] to cou-
ple to a SC stripline resonator [15]. Nitrogen-vacancy (NV) _h 15 T2

. . : Dp=o- =210 Tm?,
centers have taken a prominent role in these designs because 2e
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2 FIGURE 3. (Color online) A two color TOF trap hold atoms 10n
above a flux qubit (small green square on the superconducting
chip).

of magnitude. Figure 2 shows that the magnetic field outside
of the SC as the field lines encircle the edges of the mean-
dering inductor. Using HFSS, we integrate the electromag-
netic field over the entire simulation region to find the total
" auuuns .380:“?1 masssasnss energy with a total photon number of,;,= 0.016 photons.

"eS L onssssssasssssssssaases Then scaling the magnetic field located.t above the in-

FIGURE 1. (Color online) Current lumped-element LC resonator. ductor by 1@ npn We obtain the magnetic field produced by

1: microwave transmission line. 2: interdigitated capacitor. 3: me- ONé photon a8.47- 10~ T. We expect the coupling per atom
andering inductor. to be 34.6 Hz.

The resonator operates inside a Triton 200 Cryofree Di-
in a similar device corresponds 2o« 10~ T, a much higher |ution Refrigerator from Oxford Instruments at 12 mK. The
value than the single photon. The coupling of one magneti@00 W cooling power of the final stage and degradation
flux to the atomic magnetic moment would be lowered byof the quality factor of SC resonators in a strong magnetic
some geometric factor determined by the specific shape dfeld present an unusual set of requirements for trapping
the magnetic field obtaining a single flux coupling larger thanatoms. These design constraints make the magneto-optical
100 Hz. Further understanding of the field distribution andtrap (MOT) and dipole trap difficult to implement [18, 19].
the inductance of the SQUID will help narrow the range of We will realize an evanescent wave-based dipole trap out-
this number. side an optical fiber whose diameter is smaller than the wave-

We are working to first couple atoms to a high-Q lumped-length of input light. This trap is now called a tapered optical
element superconducting LC resonator, tuned t6tRb hy-  fiber (TOF) trap [20-22] (see Fig. 3).
perfine splitting.

Figure 1 presents our current lumped-element LC res- .
onator. The niobium resonator consists of a meandering in3- 1 h€ superconducting resonator
ductor and an interdigitated capacitor coupled to a transmis- .
sion line. At a working temperature of 12 mK and on reso—s'l' Tuning scheme

nance at 6.863 GHz, the transmission through the_ microwa\_/ﬁ/e have developed a frequency tuning system for a “lumped-
line decreases_ by 1.5 dB, and the Ioadgd qua“ty factor IBlement” thin-film superconducting Nb microwave resonator
40,000. We simulate the electromagnetic fields of the S n sapphire for coupling to coffRb atoms. The resonator

resonator with the software paCkage’ High E(equency S_tru%ust be tuned in order to match the resonance to the energy
ture Simulator (HFSS), to determine the position of maX|maISplitting of the ground state 6TRb. We employ an Al pin as

magnetic field and uniformity. a frequency tuner by placing it above the inductor and using

The coupllng to the resonatqr depends on the specm(é piezo-electrically driven stage to change the inductance of
geometry but will not reach the single photon value that Wehe resonator

estimate for the SQUID. It will be lower by at least an order

3.2.  Tuning performance

7:5008-4 Figure 4 displays the data for tuning the resonator. The

| GowdPane e present resonator has a large meandering inductor to ease
- 4 . Sasarle alignment issues.

[ Foe The data shows a decrease in the frequency as the tuning
arm approaches the resonator (see Fig. 4). The first design
allowed the pin to float as the piezo stage moves. The un-
grounded pin showed an unexpected shift of 66 MHz over a
290 um range of motion, while lowering the loaded Q from
FIGURE 2. (Color online) HFSS simulation of the H field produced 87,000 to 18,000. Connecting a copper foil from the pin to

by 0.016 photons in the lumped-element LC resonator. the sample box rectifies this grounding issue.
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f(GHZ) FIGURE 6. (Color online) Calculation of the intensity profile for a

500 nm fiber with an input of 980 nm linearly polarized light.
FIGURE 4. (Color online) The shift in the resonance frequency
of the lumped-element resonator as a function of how far the alu- . .
minum pin moves. The blue, red, green, and black lines repre-5- The tapered optical fibers
sent the aluminum tuning arm moving 0, 0.1, 0.2, and 28 ) ] ) )
respectively. These shifts yield resonances of 6.8637, 6.86189-1. Intensity profile and trapping potential

and 6.8571 GHz with loaded Q’s of 87,000, 24,000, 19,600, and ) ) ] )
18,700, respectively. Figure 6 displays the intensity profile of the fundamental

mode of a linearly y-polarized, 980 nm input laser about a
500 nm diameter fiber. Notice the discontinuity of the field
Zﬁﬁi’?{,’"ﬂ?ﬁdge\\ cobsenee WHeN it leaks outside the glass fiber.
The intensity profiles inside and outside the fiber are
[23,24]

|Einl*=gin [ (hr)+uJi (hr)+fJ3 (hr)
: / + (i (hr) = fpJo(hr) J2(hr)) cos [2 (¢—¢o)]] 2
— —/. / f;‘;’]‘;pe’ retaining | Eoutl*=gout [K§ (ar)+wKT (qr)+ K3 (qr)
/ [J—— — (wKF (gr)—fpKo(gr)Ka(gr)) cos 2 (6—¢0)]] ,  (3)

e where J and K, are Bessel functions of the first and second
. § ey kinds of ordem respectlvely,r IS th_e radius from the cen-
ter of the fiber, and is a normalization constant. The terms
FIGURE 5. (Color online) The sample box anchored to the 12 mK h, g, f, f, andw, given explicitly in Ref 23, are functions de-
stage of the dilution refrigerator. pendent on the fiber radius and the propagation constant,
of the input field.
The intensity outside the fiber falls off exponentially with
. a characteristic decay length proportional to the wavelength
4. Experimental apparatus of the laser light (see Fig. 6). We can realize a trapping
potential by sending two color light, red- and blue-detuned
Figure 5 shows the current apparatus to test the LC resonatgiym the D, transition of Rb, through the fiber [20]. The

Nb resonator

and effects of optical fibers on the resonator. corresponding attractive and repulsive potentials combine to
It consists of a copper sample box thermally anchored tereate a trap depth on the order of mK.
the bottom 12 mK stage of the refrigerator. Using linearly-polarized trapping light and coupling the

It contains a piezo-electric driven stage to adjust the posired-detuned laser from both ends of the fiber, we will form
tion of a tuning wire above the LC resonator. We are currentlylD optical lattices along either side of the fiber waist. The
designing the inital cooling scheme necessary to load atonlattice sites admit either zero or one atoms due to collisional
into the TOF trap. The ultrathin fiber would run through the blockade effects, yielding-10,000”Rb atoms within a few
cooled atoms allowing for their transfer to the TOF trap. Thehundred nm from the waist of a 500 nm TOF [25]. Figure 7
TOF trap introduces the atoms into the sample box and is loshows a calculation of the trapping potential for a fiber with
cated 1Qum above the resonator providing for a coupling of a 500 nm diameter. We apply lasers with wavelengths of
about 10 Hz per atom. 730 and 980 nm, and powers of 30 and 13 mW, respectively.
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mK . van der Waals Plank’s constant. Using Casimir-Polder, rather than van der
\ Blue detuned potential Waals, we find a trap depth of 7.43 mK with intensity min-
o Red deuned poend ima located at 138 nm. This results in a shift in trap depth of
20 _ 0.03 mK and atomic trapping sites of 1 nm, so we can neglect
- ;Z:bs‘::f‘e”“a' the Casimir-Polder interaction.

5.2. Advances on the fiber and its realization

The fiber pulling device necessary to construct a TOF re-
quires a hydrogen-oxygen flame to create a local heat zone,
while stepper motors pull the ends of a normal fiber until
achieving the desired fiber waist radius. The TOF consists
of three regions: the unmodified fiber, the taper or transi-

FIGURE 7. Figure caption.(Color online) The trapping potential for . - : .
red- (long-short dashed line) and blue-detuned (dashed line) Iighttlon’ and the fiber waist [31]. How one modifies the length

of 980 and 730 nm with input powers of 30 mW and 13 mW, re- of the hot zone during the pulling process gq\{erns th.e shape
spectively. The short dashed line represents the van der Waals in2f the TOF_ [32]. The geometry of the tranSI_tl_on region af-
teraction and the solid line is the total combined potential. Thesef€cts how light couples between the unmodified region and

parameters yield a trap depth of 7.46 mK, 137 nm from the fiber the fiber waist. Poor coupling leads to scattered light, which
surface. heats the SC. The design of the taper must satisfy an adiabatic

criterion that best transfers light from the propagating mode

These parameters produce a trap depth of 7.46 mK with this the unmodified region, LR, to the HE; mode in the fiber
atoms trapped 137 nm from the fiber surface. The ratio ofvaist [33]. Reference [34] gives the adiabatic condition as
red- to blue-detuned light controls the trap depth and position
of the minimum. Increasing the red-detuned power, deepens O < p(Br = Ba) 4)
the trap, and the atoms approach the fiber surface. 2m 7

The proximity of the atoms to the fiber surface means weyhere() is the angle of the tapep the radius of the fiber
must include the van der Waals interaction in the trappingi|ong the taper, and; » the propagation constants of the
potential. We do not, however, use the exact van der Waalgindamental and first excited modes, respectively. When the
interaction between an atom and a nanowire [26] but insteafight propagates in the unmodified region the core-cladding
treat the system as if the atoms were located next to an infinterface guides the mode, and the core contains a majority
nite dielectric, yielding a g coefficient of 8.46:10~* Jm®  of the light. As the fiber tapers, the core thins, and eventu-
[27,28]. Given the distances of atoms from the fiber surfaceg|ly the mode spreads into the cladding. This radius change
it appears that we may be in a cross-over region between theads to a breaking of the single mode condition, and higher
van der Waals and Casimir-Polder regimes. To reconcile thifnodes may be excited. The radius of the transition region
issue we compare the asymptotic solution of the Casimir andontinues to decrease until the cladding-air interface guides
Polder interaction [29, 30], which accounts for retardation efthe light. When the cladding radius reaches a size that ad-
fects, to the dipole-dipole van der Waals term. mits only a single mode, this acts as a mode filter, and all the

Figure 8 displays the van der Waals and Casimir-Poldehigher modes scatter or reflect. To avoid leaking light and
potentials. For this calculation we assumed a value oheating the superconducting surfaces, the tapered region of
0.0794, Hz-cm?/V2 for the ground state polarizability of Rb, the fiber must have a shape that satisfies the adiabatic condi-
and of 2.04 for the dielectric constant of silica, whérs  tion of Eq. 4.

—10t 1

me 6. Open questions
100 2 300 400 500
We are still investigating options to introduce the atoms to the
0,05 TOF trap in the dilution refrigerator. Currently we plan to an-
chor a hollow copper rod to the 4K stage in the dilution refrig-
— van der Waals erator placed beside the sample box. Inside the rod we will
-0.10 —— Casimir-Polder explore one of three options: a pyramid MOT [35], a diffrac-

tion grating-based pyramid MOT [36], or a trap relying on
optical pumping [37]. The first two MOTSs provide a compact
“0.15 design and require only a single laser. The final option of-
fers a trap without magnetic fields. An electron beam driven

atomic source, which requires only 10 mW of power [38], can
FIGURE 8. The solid line represents the van der Waals potential introduce the atoms to the MOT. The fiber waist runs through
while the dashed line denotes the Casimir-Polder. the center of the trap allowing for the transfer of atoms from

Fiber surface
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the MOT to the TOF trap where an optical conveyor belt canan opportunity to characterize sources of charge noise in the
move the atoms above the flux qubit or the LC resonator [39]decoherence of SC qubits. Specifically, we can probe the
source of charge noise by exploiting the atoms, or use Ryd-
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