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Highly state-selective, weakly dissipative population transfer is used to irreversibly move the
population of one ground state qubit level of an atomic ion to an effectively stable excited manifold
with high fidelity. Subsequent laser interrogation accurately distinguishes these electronic manifolds,
and we demonstrate a total qubit state preparation and measurement (SPAM) inaccuracy εSPAM <
1.7× 10−4 (−38 dB), limited by imperfect population transfer between qubit eigenstates. We show
experimentally that full transfer would yield an inaccuracy less than 8.0 × 10−5 (−41 dB). The
high precision of this method revealed a rare (≈ 10−4) magnetic dipole decay induced error that
we demonstrate can be corrected by driving an additional transition. Since this technique allows
fluorescence collection for effectively unlimited periods, high fidelity qubit SPAM is achievable even
with limited optical access and low quantum efficiency.

Recent progress in quantum device fidelity has focused
primarily on improving unitary operations, i.e. single and
multi qubit gates, with some small systems achieving gate
infidelities below thresholds necessary for fault tolerant
encodings [1–3]. Despite these improvements, current
systems lack the capacity to encode a computationally
useful number of fault tolerant logical qubits. As such,
current devices fall in the noisy intermediate scale quan-
tum (NISQ) category [4], where operations are performed
without fault tolerance and the measurement fidelity of
an N qubit register will typically decrease exponentially
with size as (FSPAM)N .

Using strong dissipation (γ/2π = O(MHz)) to “shelve”
an electron to a metastable state [5], the state prepa-
ration and measurement of a single qubit has recently
been demonstrated with an infidelity εSPAM < 3.2×10−4

(−35 dB) [6]. The ultimate fidelity of this technique is
limited by off-resonant coupling to strong electric dipole
(E1) transition error channels during the shelving pro-
cess and the finite lifetimes of the metastable states. As
an alternative to using strong transitions for population
transfer, weak dissipative channels can also be used as a
pathway to metastable states with a high degree of cer-
tainty [7, 8]. This can afford both highly selective transfer
and high quality readout of the final qubit state [7].

In this Letter, we demonstrate and characterize the
use of a weak dissipative channel in 171Yb+ hyperfine
qubits to perform qubit state preparation and measure-
ment with inaccuracy approaching 10−4. An electric
quadrupole (E2) transition is driven by a laser to irre-
versibly transfer population from one qubit state to the
effectively stable 2Fo7/2 state in O(100 ms) [7, 9, 10]. The

long lifetime of this state (≈2 years [11]) allows for laser-
induced fluorescence to be collected for essentially un-
limited duration without metastable decay, and we are
able to distinguish the ground state from the metastable
manifold with an inaccuracy <−57 dB without high effi-
ciency imaging. The increased precision allotted by this
technique revealed a qubit mixing error caused by a rare

magnetic dipole (M1) decay (AM1 = 2π × 4.1+2.3
−1.5 mHz)

during population transfer, which we demonstrate can
be corrected by introducing another laser beam. We
achieve a ground state hyperfine qubit SPAM inaccuracy
εSPAM = −39(1) dB, limited by the fidelity of unitary
population transfer required to prepare one of the qubit
states. While narrowband optical pumping requires a
longer duration (here, O(100 ms)) than a typical gate
O(100 µs), it is on par with the total algorithm times in
current quantum systems [12], and is appropriate for ini-
tialization and readout of NISQ devices for which faulty
SPAM will require the algorithm to be rerun.

The weak dissipation scheme we present here requires
a transition that is both narrow (for high state selec-
tivity) and leaky (for robust, irreversible transfer). The
E2 transition in Yb+ at 411 nm connecting the ground
2S1/2 state to 2D5/2 has a γ = 2π × 22 Hz linewidth,
decays primarily to the 2Fo7/2 state, and has been inves-

tigated as a potential frequency standard [13, 14] and as
a probe for physics beyond the standard model [15]. The
extremely long lifetime of the 2Fo7/2 state and its optical

isolation from the 171Yb+ cooling cycle makes it an ideal
location to store qubit population during laser-induced
fluorescence for state detection, and we use the 411 nm
transition as the weakly open channel to this state, as
shown in Figure 1.

Selection rules allow for a quasi-cycling E2 transition
on 2S1/2(F = 1) ↔ 2D5/2(F = 3) to state selectively op-

tically pump one 171Yb+ hyperfine level to 2Fo7/2 with
E2-decay-induced mixing. The large hyperfine splitting
of the intermediate 2D5/2 state (191 MHz [14]) relative
to γ/2π minimizes the likelihood of off-resonant scat-
tering, and the stability of the metastable state makes
state misidentification due to spontaneous emission of
the now hidden population a nonissue. Following nar-
rowband population transfer, subsequent laser interroga-
tion reveals any population remaining in the 2S1/2 state
with a high degree of certainty.
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FIG. 1. Electron shelving of the |1〉 state via weak dissipa-
tion for high fidelity readout. The M1 fine structure decay
shown can induce a SPAM error due to its potential eventual
decay to |0〉. Each transition is labeled with its leading order
identification as an electric dipole (E1), electric quadrupole
(E2), or magnetic dipole (M1) process.

The ground state qubit is defined on the zero-field hy-
perfine clock states in 171Yb+,

∣∣2S1/2;F = 0,MF = 0
〉
≡

|0〉 and
∣∣2S1/2;F = 1,MF = 0

〉
≡ |1〉, with operating

frequency ωq = 2π × 12.64 GHz. The ion is trapped
in an oblate Paul trap driven at ΩRF = 2π × 49 MHz
with typical secular frequencies of (ωx, ωy, ωz) ≈ 2π ×
(540, 550, 1170) kHz [16]. Light emitted by the ion in
the +z direction is focused by an off-the-shelf objective
through an iris directly onto a PMT yielding a modest
overall photon detection efficiency of ≈ 0.16%. A mag-
netic field of 4.4 G is applied in the +z direction to lift
the degeneracy of magnetically sensitive states. All lasers
propagate in the xy plane, perpendicular to the applied
magnetic field. Qubit rotations are performed by mi-
crowave radiation delivered by an ex vacuo standard gain
horn antenna.

To evaluate the effectiveness of weak dissipative trans-
fer of the |1〉 state to 2Fo7/2 for qubit measurement,
we determine the fidelity of state preparation and elec-
tron shelving measurement of a single qubit by repeat-
ing SPAM attempts for each qubit basis state. Each
experiment begins by Doppler cooling a single ion, af-
ter which laser light resonant with the 2S1/2(F = 1) ↔
2Po1/2(F = 1) transition is applied to prepare the |0〉 state

with high fidelity [17]. After preparation of |0〉, resonant
microwaves can used to transfer population to |1〉 for |1〉
state SPAM. This transition frequency is calibrated pe-
riodically by performing Ramsey spectroscopy, and we
find that the relative qubit-oscillator frequency drift is
typically less than 20 Hz over 24 hours. The microwave
interrogation times are calibrated every 2000 experiments

by fitting Rabi flops.

Once state preparation is complete, 2 mW of 411 nm
laser light is directed onto the ion at a spot size of 80 µm
in order to transfer population in the |1〉 state to the
2Fo7/2 states through the 2D5/2(F = 3) manifold. Light
at 935 nm is also applied to repump any population in
the 2D3/2 state. The 411 nm and 935 nm light is applied
for 200 ms, long enough to ensure a population trans-
fer infidelity of < −50 dB out of 2S1/2(F = 1). The
polarization of the 411 nm light is chosen to maximize
the transition strengths of the |∆MF | = 2 transitions
(k ⊥ ε̂ ⊥ B). We transfer using the ∆MF = −2 transi-
tion due to its larger detuning from 2D5/2(F = 2). Since
the g-factors of the 2S1/2(F = 1) and 2D5/2(F = 3) man-
ifolds are neary equal (∆gF ≈ 10−3), all magnetic sub-
levels in 2S1/2(F = 1) are coupled to 2D5/2(F = 3) with
a single laser frequency.

After electron shelving, we detect any remaining 2S1/2

population by laser-induced fluorescence for 17 ms. Any
fluorescence photons collected from the ion are counted
and timetagged with 10 ns precision by a custom FPGA-
based pulse sequencer [18]. Population that has been
shelved to the 2Fo7/2 manifold does not produce laser-
induced fluorescence.

Following state detection, population in 2Fo7/2 is

“deshelved” by driving the E2 transition to 1[3/2]o3/2 at
760 nm for 35 ms. Due to the hyperfine structure in the
2Fo7/2 and the excited 1[3/2]o3/2 states, two 760 nm tones
separated by 5.257 GHz are applied for quick depopula-
tion [19]. To ensure efficient return to the ground state
during deshelving, lasers at 976 nm and 935 nm are used
to depopulate the 2D5/2 and 2D3/2 states via 1[3/2]o3/2
and 3[3/2]o1/2, respectively. Population is returned to the

ground state manifold with a 1/e time of τ ≈ 350 µs.
During deshelving, the lasers used for Doppler cooling
are also applied.

Data is collected by interleaving sets of 50 SPAM at-
tempts for each qubit state. A single experiment consists
of preparing the |0〉 (|1〉) qubit state, shelving population
in the 2S1/2(F = 1) level, querying fluorescence from the
2S1/2 manifold, and then deshelving the population in
the 2Fo7/2 manifold.

Throughout the experimental run we monitor the num-
ber of photons collected during Doppler cooling and use
a threshold to restart experiments where an ion was not
properly cooled prior to a state preparation and mea-
surement attempt. Experiments where only the Doppler
cooling counts following the SPAM attempt fall below
the threshold are identified as ion storage errors. We
reserve the use of the term “infidelity” to include stor-
age errors, as those events are clear failures to perform
what was intended and can only be identified as failures
after the fact. However, since these storage errors are
flagged by low Doppler cooling counts after the SPAM
attempt, they do not result in a misidentification of the
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FIG. 2. Fluorescence detection count histograms for at-
tempted SPAM of the |1〉 (blue) and |0〉 (gray) ground state
hyperfine qubit states in 171Yb+. The inset shows the same
data on a linear scale. The predetermined state detection
threshold is shown as a dashed purple line, and gives an av-
erage SPAM inaccuracy of −39(1) dB.

qubit state, and we use the term “inaccuracy” to refer to
SPAM errors other than ion storage errors.

To experimentally measure the SPAM inaccuracy, we
adhered to a blinded data analysis to avoid introducing
bias when choosing the thresholds for Doppler cooling
and state discrimination. Prior to the measurement of
the final data set, ∼ 104 experiments per qubit state were
performed, and appropriate thresholds for state discrim-
ination and Doppler cooling were set and fixed based on
those calibration data. The state discrimination thresh-
old is chosen such that a successful preparation of the
|1〉 state would produce an error with probability ≤ 10−7

based on the |1〉 state distribution mean of the calibration
data. The Doppler cooling threshold is similarly chosen
such that a properly cooled ion would fail the threshold-
ing with probability ≤ 10−6 based on Doppler cooling
count rate. Once these thresholds were fixed, the final
data set was then unblinded and analyzed, resulting in
5× 104 data points per state after removing ion storage
errors.

Following this procedure, we observe a total state
preparation and measurement inaccuracy εSPAM =
−39(1) dB (1.3+0.4

−0.3 × 10−4), where the uncertainty is
a one sigma Wilson score interval. (The SPAM infi-
delity, which counts ion storage errors as failures, is
1 − FSPAM = −37(1) dB.) These results are consistent
with the prediction of the error budget sown in Table
I. The photon count histograms are shown in Figure 2
and show clear separation of the two distributions, illus-
trating that the SPAM accuracy is not limited by the
ability to distinguish the 2S1/2 manifold from the 2Fo7/2
manifold. Figure 3 shows the high contrast of qubit Rabi
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FIG. 3. High contrast readout of microwave rotations of a
171Yb+ ground state hyperfine qubit measured via electron
shelving with ≈ 400 measurements per point.

flopping that can be detected using this method.

The sources of the SPAM inaccuracy are asymmetric
between the two qubit states. The SPAM inaccuracy of
the |0〉 state is found be −47(4) dB, roughly 10× lower
than that of the |1〉 state, −36(1) dB. The asymmetry
comes from two sources: imperfect microwave transfer
on |0〉 → |1〉 causing preparation of the |1〉 state to
fail, and spontaneous M1 decay during shelving from
2D5/2(F = 3) to 2D3/2(F = 2) that subsequently decays
to |0〉, causing shelving to fail.

We quantified the quality of our microwave rotations
by performing single qubit gate randomized benchmark-
ing [20], finding that the infidelity of our randomized sin-
gle computational gates is επ = −41.3(6) dB [21]. In the
final data set, by subtracting the amount of shelving er-
ror we expect to be contributed from the M1 decay and
the finite shelving time, we find that the remaining error
is −39(2) dB, which we attribute to imperfections in this
transfer.

With higher fidelity state preparation of the |1〉 state,
the state detection error from the fine structure M1 tran-
sition becomes the dominant source of SPAM inaccuracy
for transfer times longer than 150 ms. The 2S1/2(F = 1)
manifold can be prepared with higher probability than
just its |MF = 0〉 quantum state by performing a series
of three π-rotations from |0〉 to the three 2S1/2(F = 1)
magnetic sublevels. When illuminated by 411 nm laser
light, the entire 2S1/2(F = 1) manifold will be shelved
since the 2D5/2(F = 3) manifold has an equal Landé
g-factor. Figure 4 shows the measured probability of
finding an unshelved ion, if it is first prepared in the
2S1/2(F = 1) manifold, as a function of the shelving il-
lumination time. The green circles show the measured
error with the 935 nm repump light on during shelving
(which only partially protects against decay to |0〉 during
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Error Source
Predicted Error (×10−4)

|1〉 State |0〉 State

|0〉 state preparation < 0.02

Unflagged storage error — 0.1+0.2
−0.06

|0〉 → |1〉 transfer 0.74(10) —

Finite shelving time 0.06(3) —

M1 decay 0.82(3) —

Predicted average inaccuracy 0.9+0.2
−0.1

Flagged storage error — 2.9+0.6
−0.5

Predicted average infidelity 2.4+0.4
−0.3

TABLE I. Error budget for SPAM measurement determined
from theoretical estimates and auxiliary measurements. |0〉
state preparation errors are common to both the |0〉 state
and the |1〉 state, while the other sources of error apply only
to either the |1〉 or the |0〉 state.

the shelving of a |1〉 ion). The shelving error with this
scheme is given approximately by

εs(t) =
τDAM1

3ζ
+

(
1− ζ

2

)
exp

(
− tζ

2τD

)
, (1)

which assumes τDAM1 � 1 and that all of the 2DJ pop-
ulation has decayed before fluorescence querying. Here,
ζ = 0.824(4) is the branching ratio to the 2Fo7/2 manifold

[22], and τD = 7.2(3) ms is the lifetime of the 2D5/2 state
[13]. Using a calculated value for AM1 = 2π × 4.5 mHz
[21] yields a predicted error contribution of εM1 = εs(t→
∞) = −40.8(2) dB, where the uncertainty comes from
the uncertainty in τD. The presence of this underappre-
ciated decay channel highlights the importance of mea-
suring and including the shelving error when reporting
state detection errors, as it is not possible to achieve
qubit state detection error lower than ≈ −40 dB with
this scheme without somehow addressing this source of
infidelity.

The magnetic transition dipole moment between the
2DJ levels can be measured by counting shelving errors
caused by this decay using the same procedure, and the
infidelity can be traced entirely to the M1 decay pathway
at a shelving time of 300 ms. This measured error yields
an M1 transition rate of AM1 = 2π×4.1+2.3

−1.5 mHz, consis-
tent with the theoretical prediction of 2π× 4.5 mHz [21].
This corresponds to a branching ratio of 1.8+1.0

−0.7 × 10−4

for the 2D5/2 → 2D3/2 decay channel.
This error channel does not set a fundamental limit

to this method, and can be further suppressed with the
addition of light that repumps this population via a
higher angular momentum state. Laser light at 861 nm
or 1.35 µm can be used to state-selectively depopulate
the 2D3/2(F = 2) level through 1[3/2]o3/2(F = 2) or
2Po3/2(F = 2) respectively, both of which decay via E1

transitions quickly and predominantly to the 2S1/2(F =
1) manifold. The blue diamond in Fig. 4 shows the mea-
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FIG. 4. Error in electron shelving of an ion prepared ini-
tially in the 2S1/2(F = 1) manifold as a function of 411 nm
illumination times. The green trace and circles show the er-
ror with only the 935 nm light repumping population from
the 2D3/2 states, while the blue trace and diamond shows
the error with the 935 nm light replaced by the 861 nm re-
pump scheme. Dashed lines are the theoretical prediction of
Eq. (1), with bands indicating the uncertainty in the model
due to uncertainty in the 2D5/2 lifetime and E1-E2 branching
ratio. The prediction with the 861 nm repump (blue) is just
the second term in Eq. (1).

sured effect on manifold readout of adding an 861 nm
laser (and removing the 935 nm light) to mitigate the M1
decay error for a shelving time of 175 ms. We find that
the measured shelving error is reduced by about 4 dB by
this repump scheme. A binomial test applied to these
two data points confirms this as a statistically significant
suppression of the error mode (p = 0.0038).

We also measure how well we can distinguish ions in
the 2S1/2 manifold from ions in the 2Fo7/2 manifold. This
is by far the most straightforward part of this technique
and should not be confused with qubit SPAM fidelity,
which must include all of the error sources described
above. We perform this measurement by laser cooling
and counting photons produced by two ions that are ei-
ther both prepared in the 2S1/2 manifold or with precisely
one excited to the 2Fo7/2 manifold. Photons are counted
in 10 ms bins, with every even bin taken as a detection
bin, and the complementary odd bins taken as a check
for a properly cooled ion crystal before and after a de-
tection bin to check for and eliminate storage errors from
the data set. We find that we can distinguish an ion in
the metastable manifold from an ion in the ground state
with an inaccuracy εS/F < −57 dB.

One of the attractive features of the 411 nm electron
shelving qubit readout scheme in 171Yb+ [7] is the prac-
tically unlimited number of fluorescence photons that
bright ions can emit. This capability can boost statistical
rejection of fluorescence cross-talk due to the overlap of
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an imaging system’s point spread functions from neigh-
boring ions in a Coulomb crystal. However, care must be
taken to ensure that the single λ = 3.4 µm photon that
must be spontaneously emitted by each ion being shelved
does not de-shelve neighboring ions, as the resonant ab-
sorption cross section (O(λ2)) spans a length scale that
may be similar to the inter-ion spacing. In this case, it
should be possible to utilize the AC Stark shift from con-
tinuous 411 nm illumination to make each ion’s 3.4 µm
resonance frequency unique to avoid superradiant and
reabsorption effects

Improving the speed at which qubit population can
be state selectively transferred to the 2Fo7/2 and reducing

the required laser intensity required to return 2Fo7/2 state
population to the laser cooling cycle are two important
areas in which this scheme can be improved. To improve
shelving speed, qubit population can be coherently trans-
ferred to the metastable state instead of relying on the
relatively slow E1 decay at 3.4 µm. This can be done
either directly at 467 nm [23], or using both 411 nm and
3.4 µm light, as was recently demonstrated along with
high speed, low intensity depopulation of the 2Fo7/2 state

with 3.4 µm and 976 nm light [10].
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and V. Vuletić, Phys. Rev. Lett. 125, 123002 (2020).

[16] B. Yoshimura, M. Stork, D. Dadic, W. C. Campbell, and
J. K. Freericks, EPJ Quantum Technology 2, 2 (2015).

[17] S. Olmschenk, K. C. Younge, D. L. Moehring, D. N. Mat-
sukevich, P. Maunz, and C. Monroe, Phys. Rev. A 76,
052314 (2007).

[18] T. Pruttivarasin and H. Katori, Rev. Sci. Instrum. 86,
115106 (2015).

[19] S. Mulholland, H. A. Klein, G. P. Barwood, S. Donnellan,
P. B. R. Nisbet-Jones, G. Huang, G. Walsh, P. E. G.
Baird, and P. Gill, Review of Scientific Instruments 90,
033105 (2019).

[20] E. Knill, D. Leibfried, R. Reichle, J. Britton, R. B.
Blakestad, J. D. Jost, C. Langer, R. Ozeri, S. Seidelin,
and D. J. Wineland, Phys. Rev. A 77, 012307 (2008).

[21] A. Ransford, C. Roman, T. Dellaert, P. McMillin, and
W. C. Campbell, ibid., Supplemental Materials (2021).

[22] T. R. Tan, C. L. Edmunds, A. R. Milne, M. J. Biercuk,
and C. Hempel, Phys. Rev. A 104, L010802 (2021).

[23] R. Lange, N. Huntemann, J. M. Rahm, C. Sanner,
H. Shao, B. Lipphardt, C. Tamm, S. Weyers, and
E. Peik, Phys. Rev. Lett. 126, 011102 (2021).

mailto:ransfordanthony@gmail.com
http://dx.doi.org/10.22331/q-2018-08-06-79
http://dx.doi.org/10.1038/s41534-020-0265-5
http://dx.doi.org/ 10.1088/1367-2630/ab9982
http://dx.doi.org/ 10.1103/PhysRevLett.124.170501
http://dx.doi.org/ 10.1103/PhysRevLett.124.170501
http://dx.doi.org/ 10.1103/PhysRevA.104.012606
http://dx.doi.org/ 10.1103/PhysRevA.104.012606
http://arxiv.org/abs/2106.14906
http://arxiv.org/abs/2106.14906
http://arxiv.org/abs/2107.11229
http://dx.doi.org/ 10.1103/PhysRevA.56.2699
http://dx.doi.org/ 10.1103/PhysRevA.60.2867
http://dx.doi.org/ 10.1103/PhysRevA.60.2867
http://dx.doi.org/10.1103/PhysRevLett.125.123002
http://dx.doi.org/10.1103/PhysRevA.76.052314
http://dx.doi.org/10.1103/PhysRevA.76.052314
http://dx.doi.org/10.1063/1.5082703
http://dx.doi.org/10.1063/1.5082703
http://dx.doi.org/ 10.1103/PhysRevA.77.012307
http://dx.doi.org/ 10.1103/PhysRevA.104.L010802
http://dx.doi.org/10.1103/PhysRevLett.126.011102

	Weak dissipation for high fidelity qubit state preparation and measurement
	Abstract
	 Acknowledgments
	 References


