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The electron signals from the field ionization of two closely spaced Rydberg states of rubidium-85 are
separated using quantum control. In selective field ionization, the state distribution of a collection of Rydberg
atoms is measured by ionizing the atoms with a ramped electric field. Generally, atoms in higher energy states
ionize at lower fields, so ionized electrons which are detected earlier in time can be correlated with higher energy
Rydberg states. However, the resolution of this technique is limited by the Stark effect. As the electric field is
increased, the electron encounters numerous avoided Stark level crossings which split the amplitude among
many states, thus broadening the time-resolved ionization signal. Previously, a genetic algorithm has been used
to control the signal shape of a single Rydberg state. The present work extends this technique to separate the
signals from the 34s and 33 p states of rubidium-85, which are overlapped when using a simple field ramp as in

selective field ionization.

DOI: 10.1103/PhysRevA.98.063404

I. INTRODUCTION

The nearly macroscopic size of highly excited Rydberg
atoms has inspired a variety of experiments that explore
quantum-classical correspondence. These include excitation
of wave packets with varying degrees of localization [1-6],
creation of a Schrodinger cat-like state [7,8], and studies in
combined electric and magnetic fields, where an equivalent
classical system would exhibit chaos [9-12]. The large cou-
pling between neighboring Rydberg states allows pairs of
atoms to exchange energy in a dipole-dipole interaction [13].
For an ultracold highly excited sample, many-body effects
play an important role in this energy exchange [14—-16]. An
excitation blockade resulting from this strong coupling has
also been exploited to entangle atoms and build quantum gates
[17-21]. The large polarizability of Rydberg atoms make
them useful for precision measurements of electromagnetic
fields [22-24] as well as the quantum state of a nanomechan-
ical oscillator [25].

In many experiments, population is spread among several
Rydberg states, either during excitation or by subsequent in-
teractions. Understanding the dynamics of these Rydberg sys-
tems typically requires accurate measurement of the electron’s
state distribution. Selective field ionization (SFI) is often
used for this purpose [26]. In this technique, an electric field
ramp is applied to a sample of Rydberg atoms. As the field
increases, more tightly bound states are ionized. Therefore,
the time-resolved electron signal provides a measure of the
distribution of population among Rydberg states, with earlier
arrival corresponding to a high principal quantum number
and later arrival to more tightly bound states. While this
simple picture provides a reasonable qualitative understanding
of SFI, the details of the field ionization process compli-
cate the signal, often making neighboring states difficult to
resolve.
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A modification to SFI was recently developed in which the
electron is directed through the many Stark states it encounters
on the way to ionization, thus controlling the shape of the
time-resolved signal [27]. This is done by perturbing the
electric field ramp with a continuous series of small fluctu-
ations in the electric field. These perturbations manipulate the
phase evolution of the Stark states, thus controlling the output
amplitudes at each avoided crossing. A genetic algorithm
(GA) is used to optimize the perturbation to manipulate the
time-resolved signal.

In this work, we present the results of an experiment in
which we use this directed field ionization to separate the
signals from two nearby states, 33 p3 /2, m;1=1/2 and 34s, whose
time-resolved signals are almost completely indistinguishable
when obtained using traditional SFI. Our choice of states
is motivated by the np3;, +np3p — (n + 1)s + ns dipole-
dipole interaction. Since the 34s and 33s signals are difficult
to resolve from the 33p3/, state, this dipole-dipole energy
exchange is challenging to measure.

Figures 1(a) and 1(c) show the calculated path to ionization
using the unperturbed SFI ramp for the 34s and 33p states,
respectively. This field rises to 600 V/cm in 1500 ns, resulting
in a slew rate of 0.4 (V/cm)/ns. We refer to the Stark states
by the label of the zero-field state to which they are adiabat-
ically connected. The population in each state is indicated
by its color. As the field increases, each state encounters
many avoided crossings. This leads to a spreading of pop-
ulation across many states as the ionization threshold is ap-
proached, resulting in an ionization signal that is spread out in
time.

It is interesting to note that while the population that was
initially in the 34s and 33p states both spread across many
states during field ionization, there is not much overlap in
the set of states that each populate near threshold. Despite
this, the time-resolved signals for field ionization of the 34s
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FIG. 1. Calculated paths to ionization, population ionized from each state, and time-resolved field ionization signals for the unperturbed
SFI ramp for |m ;| = 1/2. The calculation was performed by constructing the time-evolution operator using a basis including the Stark states
from n = 26 to n = 36 with a time resolution of 0.01 ns, following the method previously described in Ref. [28]. The paths to ionization for
the 34s and 33 p initial states are shown in panels (a) and (c), respectively. Each line is colored according to the population remaining in that
state using the legend in panel (a). Note that there is very little overlap among the states populated by the 34s path and the 33 p path. This can
be seen by following the 32d state. At around 70 V/cm, where the n = 30 and » = 31 manifolds collide, the 32d state is in between the 34s
and 33 p states, neither of which couple significantly to the 324 state until past 200 V /cm. The population ionized from each state in each 50-ns
time interval for the initially populated 34s and 33 p states is shown in panels (b) and (d), respectively, with each line colored by the legend in
panel (b). Note that in panels (b) and (d) the color refers to the population leaving the state, in contrast to panels (a) and (c) which show the
population remaining in each state. Even though the 34s and 33 p paths spread across a different, and nearly nonoverlapping, set of states, they
ionize at roughly the same fields. This is seen clearly in the calculated time-resolved field ionization signal shown in panel (e), where the 34s
(red, solid line) and 33 p (blue, dashed line) signals have a significant overlap of 73.2%.

and 33 p states are almost completely overlapped. This can be the states do not overlap, much of the population ionizes over
understood by considering Figs. 1(b) and 1(d), which show the same range of fields, thus producing the well-overlapped
how much population has ionized from each state in each calculated ionization signal in Fig. 1(e), which compares
50-ns time interval. Here, the color indicates the population favorably to the experimental signals shown in Figs. 3(a)-3(c).
that is ionizing rather than the population remaining. While In Figs. 1(b) and 1(d) we also see that neighboring states
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FIG. 2. Electrode geometry. The MOT sits on the axis of a set
of coaxial cylinders. Two cylinders, labeled inner and outer, are
on one side of the MOT and a third, labeled detector-side, is on
the opposite side. The field ionization ramp is applied to the inner and
outer cylinders and the perturbing field is applied to the detector-side
cylinder.

ionize with dramatically different rates. This is due to the rel-
ative orientation of the electron wave function and the electric
field, providing the GA with opportunities near threshold to
control the timing of ionization.

II. EXPERIMENT

To experimentally achieve state separation of the 34s and
33 p states, we first confine about a million rubidium-85 atoms
in a magneto-optical trap (MOT), which cools the atoms
to approximately 200 wK. Homemade external cavity diode
lasers of wavelengths 780, 776, and 1022 nm are used to
excite the trapped atoms to the 34s state [29]; for the 33p
state, a 1270-nm laser is used in place of the 1022-nm laser
[30]. To alternate between exciting the 34s and 33p states
on subsequent shots of the experiment, we tune the 1270-
and 1022-nm lasers in and out of resonance by adjusting the
acoustic frequency of two acousto-optic modulators. After
excitation, the Rydberg atoms are field ionized and the time-
resolved ionization signal is recorded. This experimental cycle
is repeated at a 60-Hz rate.

The electric field experienced by the atoms is controlled
by three coaxial cylindrical electrodes as shown in Fig. 2.
Two concentric cylinders on one end of the trap can be
independently biased to control the homogeneity of the elec-
tric field. A sufficiently homogeneous field is achieved when
equal voltages are applied to these two cylinders. A static dc
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FIG. 3. GA scans to separate the 34s (red, solid line) and 33p (blue, dashed line) states. The unperturbed traces are shown in panels
(a)—(c), while the best results from the last generation are shown in panels (d)—(f). In panels (g)—(i), the overlap between the two states is
plotted vs generation for each member of the GA population; the large, open circles represent the unperturbed overlap, while the large, solid
circles show the minimum overlap achieved in the last generation. The left and center columns correspond to GAs using the weighted-shift and
minimum-overlap fitness scores, respectively. For the right column, a weighted-shift fitness score was used for the first 40 generations before
switching to the minimum-overlap fitness score for the remainder of the optimization.
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voltage is applied to these cylinders, producing an electric
field of 13 V /cm which allows us to resolve the different ||
sublevels so that we can selectively excite the 33 ps J2.mj|=1/2
state. The ionizing field ramp is also applied to these elec-
trodes using a trigger transformer circuit controlled by a
MOSFET switch. The perturbing electric field to be optimized
by the GA is applied to a third electrode on the opposite end of
the trap. The arbitrary wave-form generator used to produce
this perturbing field has 14-bit resolution, a sample rate of
1 GS/s, and can switch from 410 to —10 V (corresponding to
electric fields of 3.8 V/cm) in 3.3 ns. This results in possible
slew rates for the combined electric field ranging from —1.6
to +3.0 (V/cm)/ns.

The GA starts by generating a population of 120 random
electric field perturbations. Each pulse is assigned a fitness
score based on how well it achieves the desired outcome; €i-
ther by moving the arrival times of the 34s and 33 p ionization
signals in opposite directions or by reducing the overlap of
the two ionization signals. The next generation is populated
with the top eight best-scoring members of the population
along with offspring that are created by mixing the genes, in
this case the field values of the perturbation, from the more
successful parents. Tournament selection with a tournament
size of four is use to select the parents. Each gene is subjected
to a 1% chance of mutating; if a gene mutates, it is reset to
a random value. For a fuller description of our algorithm, see
Ref. [27].

The performance of a GA is highly dependent on how the
fitness score is calculated, since this determines which genetic
material is passed down to future generations. We have tested
several different methods for calculating fitness scores in the
case of two-state separation. One example is a “weighted-
shift” fitness score, in which the normalized signals from each
state are multiplied by a linear weighting function. To shift
the 34s state to the left or to earlier electron arrival times, this
linear weight has a value of 1 on the left of the total signal
gate and a value of 0 on the right side of the gate. For shifting
the 33p state to the right or to later electron arrival times,
the weighting function is reflected horizontally (rising linearly
from O on the left side of the gate to 1 on the right side).
The total fitness score is the geometric mean of the weighted
signals.

We have used this fitness score to separate the 34s and
33 p states, as shown in the left column of Fig. 3. The initial
(unperturbed) signals for the 34s state (red, solid line) and the
33p state (blue, dashed line) are shown in Fig. 3(a), while
the traces for the best result in the final generation are shown
in Fig. 3(d). For these traces, the total area under each curve
is normalized to 1. The overlap between the 34s and 33p
states is plotted in Fig. 3(g) as a function of generation for
each perturbation tested. The large open and solid circles mark
the overlap for the unperturbed case and the best result in the
final generation, respectively. Using the weighted-shift fitness
score, we were able to decrease the overlap between the 34s
and 33 p states from 77.0% to 37.9%.

While the weighted-shift fitness score was able to signifi-
cantly reduce the state overlap, we have made more progress
by directly including the overlap into the fitness score calcula-
tion. Specifically, we define this fitness score as the difference
between 1 and the overlap integral of the 34s and 33 p signals,

500 pr——
(2) 999
L 215
400
g [ 210
§ 205
Z 3001 9
E L
L.% [ 620 625 630 635 640 645
o 200 C ]
— K 4
g bed i
< 100 [ unperturbed ramp — - — - ]
i evolved ramp
O0 200 400 600 800 1000

time (ns)

FIG. 4. (a) The unperturbed electric field ramp (dashed blue line)
and the optimized ramp (solid red line) for the fitness score shown in
Fig. 3(i). Since the perturbations are quite small on the scale of the
whole ramp, a typical region is shown in panel (b). The perturbations
extend through ionization, which is completed by about 400 V/cm
for the 34s and 33 p states studied here, and each perturbation is a
few volts per centimeter.

so that a smaller overlap corresponds to higher fitness. We
calculate the overlap integral of two discrete signal traces
by taking the dot product. Our “minimum-overlap” fitness
score is normalized by dividing the overlap integral by the
norms of the signal vectors. The results of running a GA using
this fitness score are shown in the center column of Fig. 3,
following the same conventions used for the left column.
Compared to the weighted-shift fitness score, the minimum-
overlap fitness score performs significantly better, decreasing
the overlap from 76.8% to 22.8% over the course of the GA.

One potential issue with the minimum-overlap fitness score
is that it can result in signals which alternate in time between
the 34s and 33p states, such as the interleaved signals in
Fig 3(e). To avoid this, we have also tested a hybrid “shift then
overlap” GA, which initially uses the weighted-shift fitness
score for a fixed number of generations before switching to
the minimum-overlap fitness score for the remainder of the
optimization. This hybrid GA, shown in the right column of
Fig. 3, outperforms both of the previous data sets, decreasing
the overlap from 76.6% to 15.4% while avoiding interleaved
signals. Note the repeated pattern of decrease and then plateau
in the overlap for the hybrid GA in Fig. 3(i); this is a result of
switching the fitness score from weighted shift to minimum
overlap at generation 40.

The unperturbed electric field ramp is shown along with
one of the optimized ramps in Fig. 4. While the perturbations
are small compared to the size of the ramp, they are sufficient
to control the phase along the path to ionization through
many avoided crossings. Given the complexity of the Stark
map along with the uncertainty in completely characterizing
the experimental conditions, it is difficult to correlate the
individual fluctuations in the optimized field with particular
avoided crossings.

One way to gain some physical insight into the GA op-
timization process is to probe different regions of the Stark
map by altering the duration of the field perturbations between
otherwise identical GA scans. We have explored this by taking
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FIG. 5. Calculated paths to ionization, population ionized from each state, and time-resolved field ionization signals for an evolved ramp
for |m;| = 1/2. The ramp was evolved using the same hybrid fitness score as in Fig. 3(i), but limited to only 30 total generations due to
computational time constraints. The calculation was performed in the same way as for the unevolved paths shown in Fig. 1. The evolved paths
to ionization for the 34s and 33 p initial states are shown in panels (a) and (c), respectively. Each line is colored according to the population
remaining in that state using the legend in panel (a), which is the same scale as that used in Fig. 1(a). The population ionized from each state in
each 50-ns time interval for the initially populated 34s and 33 p states is shown in panels (b) and (d), respectively, with each line colored by the
legend in panel (b), which is the same scale as that used in Fig. 1(b). Note that in panels (b) and (d) the color refers to the population leaving
the state, in contrast to panels (a) and (c) which show the population remaining in each state. In comparing these evolved paths to Fig. 1, it is
clear that the GA has made some effort to push the amplitudes to higher and generally earlier ionizing states for the 34s state and to lower and
generally later ionizing states for the 33 p state. However, the local variation in ionization rates among neighboring states is as important as the
general trend of higher ionization rates at higher energies. Even though the set of states from which the 33 p and 34s states finally ionize do
not significantly overlap, there is still an overlap in the field ionization signals as seen in panel (e). The simulated GA successfully reduces the
overlap from 73.2% in Fig. 1(e) to 41.0%.

several data sets using the weighted-shift fitness score. In  between data sets. For GA runs where the perturbation ends
each data set, we begin the perturbation at an electric field  before either state hits a manifold, no change is observed in the
of 9 V/cm which is before both the 34s and 33p states hit ionization signals, as expected. If the perturbation is extended
the high-¢ manifolds. The perturbation end time is varied past 17 V/cm, corresponding to the point at which the 34s
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state hits the » = 31 manifold, the GA is then able to shift the
34s state signal to the left. However, the GA is not able to shift
the 33p state to the right unless the perturbation is extended
nearly to the ionization threshold, well past the point at which
the 33p state hits the n = 30 manifold at 45 V/cm. This
matches the computational analysis of the paths to ionization
presented in Fig. 1. The 34s state takes a mix of the adiabatic
and diabatic pathways through the first few avoided crossings
with the n = 31 manifold, allowing our perturbations to shift
this behavior toward either extreme. For the 33 p state, how-
ever, the pathway is strongly adiabatic until ~200 V/cm. As a
result, our perturbations are not large enough to significantly
shift the 33p state’s ionization pathway toward the diabatic
regime during these early crossings.

III. DISCUSSION

A significant fraction of the success of the GA is due to the
details of the ionization process near threshold. The addition
of the ionizing ramp potential to the Coulomb potential creates
a saddle point in the total potential. For electrons of sufficient
energy, ionization is classically allowed at the saddle point,
while electrons of lower energies can tunnel to ionization [31].
Each state can be characterized by the spatial distribution of
its wave function. Higher energy states, in which the electron
is on the opposite side of the atom from the saddle point,
are harder to ionize and typically referred to as “blue” states.
Lower energy states, in which the electron is localized to the
same side of the atom as the saddle point, are easier to ionize
and typically referred to as “red” states.

In nonhydrogenic atoms like rubidium, the red and the blue
states are coupled by their interaction with the core. Rather
than crossing as they do in hydrogen, red and blue states
from neighboring n will exhibit avoided crossings [32]. In
the region of the Stark map near ionization, coupled states
can have dramatically different ionization rates; our calculated
ionization rates (using the method of Ref. [33]) show that
it is easy to find examples of neighboring Stark states with
ionization rates differing by more than 5 orders of magnitude.
Adjacent states in Na around n = 13 have been shown to
reach a threshold ionization rate of 107 s~! at fields differing
by more than 10 kV/cm [31]. The ionization rates can also
change due to interference between the decay channels at
an avoided crossing, an effect studied in the photoionization
peaks of Rb [34] and line narrowing in the photoionization
spectrum of Na [35]. These widely varying ionization rates
provide an ideal landscape for the GA, which can choose per-
turbations that move population into either rapidly or slowly
ionizing states, depending on whether it is desired to move the
ionization signal earlier or later in time.

We have also simulated the GA by repeating the same
calculation as shown in Fig. 1 in parallel for a population
of 48 electric field ramps over 30 generations. The final
evolved paths to ionization are shown in Fig. 5 along with the
simulated time-resolved signal. The simulated GA reduced
the overlap of the 34s and 33 p states from 73.2% in Fig. 1(e)
to 41.0% in Fig. 5(e). While the states from which the electron
amplitude ionizes do not overlap, as shown in Figs. 5(b) and
5(d), some overlap still remains in the time-resolved signal.

This is because the local variation in ionization rates among
neighboring states is significant compared to the general trend
of higher ionization rates at higher energies.

Our simulations show that the GA transfers amplitude
between slow- and fast-ionizing states near threshold. We
have run simulations to compare perturbations that end much
earlier than the ionization region to perturbations that are only
present around the ionization region. Similar to the experi-
mental data sets with varying perturbation length discussed
above, the perturbations that are present only around the
ionization region perform better. We have determined that
about two-thirds of the improvement in fitness score is due
to the portion of the perturbations just before and during
ionization.

While our model is successful in accounting for many of
the observed experimental features and yields information
not accessible in the experiment, it cannot be used for more
than general guidance for three primary reasons. First, the
model is incomplete in the sense that its limited basis in-
cludes only bound states. We calculate ionization rates using a
semiempirical formula rather than directly from the couplings
to free states. In Feynman et al. [28], essentially the same
model was unable to correctly account for the phase evolution
near ionization. Second, a significant advantage of the GA
is that it automatically takes into account uncharacterized
experimental conditions, such as electric and magnetic field
inhomogeneity. Both the model and the experiment reveal that
small changes in the electric field can have large effects. Since
it is not feasible to measure all of the particular experimental
conditions, the model cannot calculate a path to ionization
that precisely captures the experiment. Finally, the simulated
optimization of Fig. 5 takes about 10 days to run on a
modern supercomputer. The experiment is far more efficient,
completing a similar optimization in only about 1 h.

IV. CONCLUSION

We have demonstrated the ability of our GA to separate the
overlapped ionization signals from the 34s and 33 p states of
rubidium. By changing the fitness score calculation partway
through the GA, we have been able to decrease the state
overlap while avoiding interleaved signals. This technique
will be useful in experiments requiring differentiation be-
tween the 34s and 33p states. Specifically, we plan to use
the results of this work to study the dipole-dipole interaction
np +np — ns + (n + 1)s. It should be straightforward to
use this technique to separate the signals from other states
whose ionizations signals are overlapped when traditional
SFI is used. This optimization technique may be useful for
other goals as well. For example, the production of high-
brightness, monochromatic electron beams using field-ionized
Rydberg atoms may benefit from the addition of an optimized
perturbation to the ionizing field [36-38].

ACKNOWLEDGMENT

This work was supported by the National Science Founda-
tion under Grants No. 1607335 and No. 1607377.

063404-6



IMPROVING THE STATE SELECTIVITY OF FIELD ...

PHYSICAL REVIEW A 98, 063404 (2018)

[1] A. ten Wolde, L. D. Noordam, A. Lagendijk, and H. B. van
Linden van den Heuvell, Observation of Radially Localized
Atomic Electron Wave Packets, Phys. Rev. Lett. 61, 2099
(1988).

[2] J. A. Yeazell, M. Mallalieu, J. Parker, and C. R. Stroud, Classi-
cal periodic motion of atomic-electron wave packets, Phys. Rev.
A 40, 5040 (1989).

[3] M. L. Naudeau, C. I. Sukenik, and P. H. Bucksbaum, Core
scattering of Stark wave packets, Phys. Rev. A 56, 636 (1997).

[4] M. B. Campbell, T. J. Bensky, and R. R. Jones, Complete view
of Stark wave-packet evolution, Phys. Rev. A 59, R4117 (1999).

[5] J. J. Mestayer, B. Wyker, J. C. Lancaster, F. B. Dunning,
C. O. Reinhold, S. Yoshida, and J. Burgdorfer, Realization
of Localized Bohr-Like Wave Packets, Phys. Rev. Lett. 100,
243004 (2008).

[6] F. B. Dunning, J. J. Mestayer, C. O. Reinhold, S. Yoshida, and
J. Burgdorfer, Engineering atomic Rydberg states with pulsed
electric fields, J. Phys. B 42, 022001 (2009).

[7] M. W. Noel and C. R. Stroud, Excitation of an Atomic Electron
to a Coherent Superposition of Macroscopically Distinct States,
Phys. Rev. Lett. 77, 1913 (1996).

[8] X. Chen and J. A. Yeazell, Dynamics of interfering wave
packets, Phys. Rev. A 55, 3264 (1997).

[9] G. Raithel, M. Fauth, and H. Walther, Quasi-Landau resonances
in the spectra of rubidium Rydberg atoms in crossed electric and
magnetic fields, Phys. Rev. A 44, 1898 (1991).

[10] C.-h. Iu, G. R. Welch, M. M. Kash, D. Kleppner, D. Delande,
and J. C. Gay, Diamagnetic Rydberg Atom: Confrontation of
Calculated and Observed Spectra, Phys. Rev. Lett. 66, 145
(1991).

[11] J. A. Yeazell, G. Raithel, L. Marmet, H. Held, and H. Walther,
Observation of Wave Packet Motion along Quasi-Landau Or-
bits, Phys. Rev. Lett. 70, 2884 (1993).

[12] S. Freund, R. Ubert, E. Flothmann, K. Welge, D. M. Wang, and
J. B. Delos, Absorption and recurrence spectra of hydrogen in
crossed electric and magnetic fields, Phys. Rev. A 65, 053408
(2002).

[13] T. F. Gallagher, Resonant collisional energy transfer between
Rydberg atoms, Phys. Rep. 210, 319 (1992).

[14] W. R. Anderson, J. R. Veale, and T. F. Gallagher, Resonant
Dipole-Dipole Energy Transfer in a Nearly Frozen Rydberg
Gas, Phys. Rev. Lett. 80, 249 (1998).

[15] I. Mourachko, D. Comparat, F. de Tomasi, A. Fioretti, P.
Nosbaum, V. M. Akulin, and P. Pillet, Many-Body Effects in
a Frozen Rydberg Gas, Phys. Rev. Lett. 80, 253 (1998).

[16] T. J. Carroll, S. Sunder, and M. W. Noel, Many-body inter-
actions in a sample of ultracold Rydberg atoms with varying
dimensions and densities, Phys. Rev. A 73, 032725 (2006).

[17] D. Jaksch, J. I. Cirac, P. Zoller, S. L. Rolston, R. Coté, and
M. D. Lukin, Fast Quantum Gates for Neutral Atoms, Phys.
Rev. Lett. 85, 2208 (2000).

[18] T. Wilk, A. Gaétan, C. Evellin, J. Wolters, Y. Miroshnychenko,
P. Grangier, and A. Browaeys, Entanglement of Two Individual
Neutral Atoms Using Rydberg Blockade, Phys. Rev. Lett. 104,
010502 (2010).

[19] M. Saffman, T. G. Walker, and K. Mglmer, Quantum informa-
tion with Rydberg atoms, Rev. Mod. Phys. 82, 2313 (2010).

[20] K. M. Maller, M. T. Lichtman, T. Xia, Y. Sun, M. J. Piotrowicz,
A. W. Carr, L. Isenhower, and M. Saffman, Rydberg-blockade
controlled-NOT gate and entanglement in a two-dimensional

array of neutral-atom qubits, Phys. Rev. A 92, 022336
(2015).

[21] M. Saffman, Quantum computing with atomic qubits and Ry-
dberg interactions: Progress and challenges, J. Phys. B 49,
202001 (2016).

[22] A. Osterwalder and F. Merkt, Using High Rydberg States as
Electric Field Sensors, Phys. Rev. Lett. 82, 1831 (1999).

[23] J. D. Carter, O. Cherry, and J. D. D. Martin, Electric-field
sensing near the surface microstructure of an atom chip using
cold Rydberg atoms, Phys. Rev. A 86, 053401 (2012).

[24] A. Facon, E.-K. Dietsche, D. Grosso, S. Haroche, J.-M.
Raimond, M. Brune, and S. Gleyzes, A sensitive electrometer
based on a Rydberg atom in a Schrodinger-cat state, Nature
(London) 535, 262 (2016).

[25] A. Sanz-Mora, S. Wiister, and J.-M. Rost, On-chip quantum
tomography of mechanical nanoscale oscillators with guided
Rydberg atoms, Phys. Rev. A 96, 013855 (2017).

[26] T. F. Gallagher, L. M. Humphrey, W. E. Cooke, R. M. Hill,
and S. A. Edelstein, Field ionization of highly excited states of
sodium, Phys. Rev. A 16, 1098 (1977).

[27] V. C. Gregoric, X. Kang, Z. C. Liu, Z. A. Rowley, T. J. Carroll,
and M. W. Noel, Quantum control via a genetic algorithm of
the field ionization pathway of a Rydberg electron, Phys. Rev.
A 96, 023403 (2017).

[28] R. Feynman, J. Hollingsworth, M. Vennettilli, T. Budner, R.
Zmiewski, D. P. Fahey, T. J. Carroll, and M. W. Noel, Quantum
interference in the field ionization of Rydberg atoms, Phys. Rev.
A 92, 043412 (2015).

[29] D. P. Fahey and M. W. Noel, Excitation of Rydberg states
in rubidium with near infrared diode lasers, Opt. Express 19,
17002 (2011).

[30] D. P. Fahey, T. J. Carroll, and M. W. Noel, Imaging the dipole-
dipole energy exchange between ultracold rubidium Rydberg
atoms, Phys. Rev. A 91, 062702 (2015).

[31] M. G. Littman, M. L. Zimmerman, and D. Kleppner, Tunneling
Rates for Excited States of Sodium in a Static Electric Field,
Phys. Rev. Lett. 37, 486 (1976).

[32] T. F. Gallagher, Rydberg Atoms (Cambridge University Press,
Cambridge, England, 1994).

[33] R.J. Damburg and V. V. Kolosov, A hydrogen atom in a uniform
electric field. 111, J. Phys. B 12, 2637 (1979).

[34] S. Feneuille, S. Liberman, E. Luc-Koenig, J. Pinard, and A.
Taleb, Field-induced stabilisation of Stark states in the rubidium
atom, J. Phys. B 15, 1205 (1982).

[35] J.-Y. Liu, P. McNicholl, D. A. Harmin, J. Ivri, T. Bergeman, and
H. J. Metcalf, Interference Narrowing at Crossings of Sodium
Stark Resonances, Phys. Rev. Lett. 55, 189 (1985).

[36] L. Kime, A. Fioretti, Y. Bruneau, N. Porfido, F. Fuso, M. Viteau,
G. Khalili, N. Santi¢, A. Gloter, B. Rasser, P. Sudraud, P. Pillet,
and D. Comparat, High-flux monochromatic ion and electron
beams based on laser-cooled atoms, Phys. Rev. A 88, 033424
(2013).

[37] A. J. McCulloch, R. W. Speirs, J. Grimmel, B. M. Sparkes,
D. Comparat, and R. E. Scholten, Field ionization of Rydberg
atoms for high-brightness electron and ion beams, Phys. Rev. A
95, 063845 (2017).

[38] E. Moufarej, M. Vielle-Grosjean, G. Khalili, A. J. McCulloch,
F. Robicheaux, Y. J. Picard, and D. Comparat, Forced field ion-
ization of Rydberg states for the production of monochromatic
beams, Phys. Rev. A 95, 043409 (2017).

063404-7


https://doi.org/10.1103/PhysRevLett.61.2099
https://doi.org/10.1103/PhysRevLett.61.2099
https://doi.org/10.1103/PhysRevLett.61.2099
https://doi.org/10.1103/PhysRevLett.61.2099
https://doi.org/10.1103/PhysRevA.40.5040
https://doi.org/10.1103/PhysRevA.40.5040
https://doi.org/10.1103/PhysRevA.40.5040
https://doi.org/10.1103/PhysRevA.40.5040
https://doi.org/10.1103/PhysRevA.56.636
https://doi.org/10.1103/PhysRevA.56.636
https://doi.org/10.1103/PhysRevA.56.636
https://doi.org/10.1103/PhysRevA.56.636
https://doi.org/10.1103/PhysRevA.59.R4117
https://doi.org/10.1103/PhysRevA.59.R4117
https://doi.org/10.1103/PhysRevA.59.R4117
https://doi.org/10.1103/PhysRevA.59.R4117
https://doi.org/10.1103/PhysRevLett.100.243004
https://doi.org/10.1103/PhysRevLett.100.243004
https://doi.org/10.1103/PhysRevLett.100.243004
https://doi.org/10.1103/PhysRevLett.100.243004
https://doi.org/10.1088/0953-4075/42/2/022001
https://doi.org/10.1088/0953-4075/42/2/022001
https://doi.org/10.1088/0953-4075/42/2/022001
https://doi.org/10.1088/0953-4075/42/2/022001
https://doi.org/10.1103/PhysRevLett.77.1913
https://doi.org/10.1103/PhysRevLett.77.1913
https://doi.org/10.1103/PhysRevLett.77.1913
https://doi.org/10.1103/PhysRevLett.77.1913
https://doi.org/10.1103/PhysRevA.55.3264
https://doi.org/10.1103/PhysRevA.55.3264
https://doi.org/10.1103/PhysRevA.55.3264
https://doi.org/10.1103/PhysRevA.55.3264
https://doi.org/10.1103/PhysRevA.44.1898
https://doi.org/10.1103/PhysRevA.44.1898
https://doi.org/10.1103/PhysRevA.44.1898
https://doi.org/10.1103/PhysRevA.44.1898
https://doi.org/10.1103/PhysRevLett.66.145
https://doi.org/10.1103/PhysRevLett.66.145
https://doi.org/10.1103/PhysRevLett.66.145
https://doi.org/10.1103/PhysRevLett.66.145
https://doi.org/10.1103/PhysRevLett.70.2884
https://doi.org/10.1103/PhysRevLett.70.2884
https://doi.org/10.1103/PhysRevLett.70.2884
https://doi.org/10.1103/PhysRevLett.70.2884
https://doi.org/10.1103/PhysRevA.65.053408
https://doi.org/10.1103/PhysRevA.65.053408
https://doi.org/10.1103/PhysRevA.65.053408
https://doi.org/10.1103/PhysRevA.65.053408
https://doi.org/10.1016/0370-1573(92)90154-R
https://doi.org/10.1016/0370-1573(92)90154-R
https://doi.org/10.1016/0370-1573(92)90154-R
https://doi.org/10.1016/0370-1573(92)90154-R
https://doi.org/10.1103/PhysRevLett.80.249
https://doi.org/10.1103/PhysRevLett.80.249
https://doi.org/10.1103/PhysRevLett.80.249
https://doi.org/10.1103/PhysRevLett.80.249
https://doi.org/10.1103/PhysRevLett.80.253
https://doi.org/10.1103/PhysRevLett.80.253
https://doi.org/10.1103/PhysRevLett.80.253
https://doi.org/10.1103/PhysRevLett.80.253
https://doi.org/10.1103/PhysRevA.73.032725
https://doi.org/10.1103/PhysRevA.73.032725
https://doi.org/10.1103/PhysRevA.73.032725
https://doi.org/10.1103/PhysRevA.73.032725
https://doi.org/10.1103/PhysRevLett.85.2208
https://doi.org/10.1103/PhysRevLett.85.2208
https://doi.org/10.1103/PhysRevLett.85.2208
https://doi.org/10.1103/PhysRevLett.85.2208
https://doi.org/10.1103/PhysRevLett.104.010502
https://doi.org/10.1103/PhysRevLett.104.010502
https://doi.org/10.1103/PhysRevLett.104.010502
https://doi.org/10.1103/PhysRevLett.104.010502
https://doi.org/10.1103/RevModPhys.82.2313
https://doi.org/10.1103/RevModPhys.82.2313
https://doi.org/10.1103/RevModPhys.82.2313
https://doi.org/10.1103/RevModPhys.82.2313
https://doi.org/10.1103/PhysRevA.92.022336
https://doi.org/10.1103/PhysRevA.92.022336
https://doi.org/10.1103/PhysRevA.92.022336
https://doi.org/10.1103/PhysRevA.92.022336
https://doi.org/10.1088/0953-4075/49/20/202001
https://doi.org/10.1088/0953-4075/49/20/202001
https://doi.org/10.1088/0953-4075/49/20/202001
https://doi.org/10.1088/0953-4075/49/20/202001
https://doi.org/10.1103/PhysRevLett.82.1831
https://doi.org/10.1103/PhysRevLett.82.1831
https://doi.org/10.1103/PhysRevLett.82.1831
https://doi.org/10.1103/PhysRevLett.82.1831
https://doi.org/10.1103/PhysRevA.86.053401
https://doi.org/10.1103/PhysRevA.86.053401
https://doi.org/10.1103/PhysRevA.86.053401
https://doi.org/10.1103/PhysRevA.86.053401
https://doi.org/10.1038/nature18327
https://doi.org/10.1038/nature18327
https://doi.org/10.1038/nature18327
https://doi.org/10.1038/nature18327
https://doi.org/10.1103/PhysRevA.96.013855
https://doi.org/10.1103/PhysRevA.96.013855
https://doi.org/10.1103/PhysRevA.96.013855
https://doi.org/10.1103/PhysRevA.96.013855
https://doi.org/10.1103/PhysRevA.16.1098
https://doi.org/10.1103/PhysRevA.16.1098
https://doi.org/10.1103/PhysRevA.16.1098
https://doi.org/10.1103/PhysRevA.16.1098
https://doi.org/10.1103/PhysRevA.96.023403
https://doi.org/10.1103/PhysRevA.96.023403
https://doi.org/10.1103/PhysRevA.96.023403
https://doi.org/10.1103/PhysRevA.96.023403
https://doi.org/10.1103/PhysRevA.92.043412
https://doi.org/10.1103/PhysRevA.92.043412
https://doi.org/10.1103/PhysRevA.92.043412
https://doi.org/10.1103/PhysRevA.92.043412
https://doi.org/10.1364/OE.19.017002
https://doi.org/10.1364/OE.19.017002
https://doi.org/10.1364/OE.19.017002
https://doi.org/10.1364/OE.19.017002
https://doi.org/10.1103/PhysRevA.91.062702
https://doi.org/10.1103/PhysRevA.91.062702
https://doi.org/10.1103/PhysRevA.91.062702
https://doi.org/10.1103/PhysRevA.91.062702
https://doi.org/10.1103/PhysRevLett.37.486
https://doi.org/10.1103/PhysRevLett.37.486
https://doi.org/10.1103/PhysRevLett.37.486
https://doi.org/10.1103/PhysRevLett.37.486
https://doi.org/10.1088/0022-3700/12/16/011
https://doi.org/10.1088/0022-3700/12/16/011
https://doi.org/10.1088/0022-3700/12/16/011
https://doi.org/10.1088/0022-3700/12/16/011
https://doi.org/10.1088/0022-3700/15/8/013
https://doi.org/10.1088/0022-3700/15/8/013
https://doi.org/10.1088/0022-3700/15/8/013
https://doi.org/10.1088/0022-3700/15/8/013
https://doi.org/10.1103/PhysRevLett.55.189
https://doi.org/10.1103/PhysRevLett.55.189
https://doi.org/10.1103/PhysRevLett.55.189
https://doi.org/10.1103/PhysRevLett.55.189
https://doi.org/10.1103/PhysRevA.88.033424
https://doi.org/10.1103/PhysRevA.88.033424
https://doi.org/10.1103/PhysRevA.88.033424
https://doi.org/10.1103/PhysRevA.88.033424
https://doi.org/10.1103/PhysRevA.95.063845
https://doi.org/10.1103/PhysRevA.95.063845
https://doi.org/10.1103/PhysRevA.95.063845
https://doi.org/10.1103/PhysRevA.95.063845
https://doi.org/10.1103/PhysRevA.95.043409
https://doi.org/10.1103/PhysRevA.95.043409
https://doi.org/10.1103/PhysRevA.95.043409
https://doi.org/10.1103/PhysRevA.95.043409

