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Abstract We demonstrate a system for intensity sta- 1 Introduction
bilisation of optical pulse sequences used in laser-driven

quantum control of trapped ions. Intensity instability is

L ) o Scalable quantum computation requires not only logi-
minimised by active stabilisation of the power (over a dy-

) . cal qubits, but also many physical qubits and gates for
namic range of > 10%) and position of the focused beam

) ) o ) the purpose of error-correction. The number of physical
at the ion. The fractional Allan deviations in power were

ubits per logical qubit depends strongly on the accu-
found to be < 2.2 x 10~* for averaging times from 1 s 4 P & 4 P &y

o ] racy of controlling the latter [1]; this number diverges
to 16384 s. Over similar times, the absolute Allan de-

o o as the error probability per logic gate (EPG) increases
viation of the beam position is < 0.1 pm for a 45 pm

) ) ) . to a limiting threshold. Device capabilities, error models
beam diameter. Using these residual power and position

) L ] ) o and associated assumptions determine the exact thresh-
instabilities, we estimate the associated contributions to

old for the EPG, which can range from 1072 to 1076 [2,
infidelity in example qubit logic gates to be below 10~° 8 [

3]. The consequence of tolerating a high EPG threshold
per gate.

is a requirement for a much larger number of physical

qubits. To achieve fault-tolerance without an excessive
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For two decades, much research has been conducted
into the use of trapped atomic ions for quantum infor-
mation processing [5]. A number of landmark ion trap
experiments have demonstrated laser-driven two-qubit
gates, with infidelities reducing by over two orders of
magnitude during this period [6-10]. Trapped ions are at
the forefront of high-fidelity quantum gates [4,11], where
one of the present challenges is routine achievement of
the EPG below a 107* threshold [12,13]. Therefore, all
effects which contribute ~ 10~* or more to the overall

gate error will need to be minimised further.

In coherent control schemes for trapped ions, several
noise sources and imperfections are known to introduce
errors to qubit operations. These encompass instabili-
ties in the trapping potential, motional heating of the
ions, off-resonant excitations and ac-Stark shifts, state
preparation and measurement errors, as well as insta-
bilities in the phase and frequency of the coherent driv-
ing field. Depending on the choice of species and qubit,
magnetic field fluctuations and spontaneous scattering
may be additional limitations. Considering laser-driven
qubit transitions, instability in the Rabi frequency which
characterises the ion-laser interaction [14] will likewise
contribute to the overall error. Consequently, the insta-
bility of laser intensity experienced by the ions is crit-
ical to laser-driven qubits; this is true for both optical
transitions as well as hyperfine transitions driven by a
stimulated Raman process. In the case of single-qubit

gates using hyperfine transitions, lower errors have been
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achieved by driving the transition directly with a mi-
crowave source [15,16]. Nevertheless, there remains con-
siderable interest in laser-driven two-qubit gates based
on such transitions. The work described here focuses ex-
clusively on methods to minimise intensity instability in
optical pulse sequences for coherent control of trapped
ions.

Laser intensity fluctuations are considered as a con-
tribution to overall quantum gate error in recent works
using hyperfine qubits in 9Be™ [4] and 43Ca* [11]. Both
works report laser power stabilisation as part of the ap-
paratus, with the latter achieving ~ 10~2 power instabil-
ity, which contributed 1 x 10~ to the gate error budget.
Similar considerations are made in the report of a two-
element logic gate of “Bet and ?*Mg™* [17], as well as in
earlier work with Be™ [18,19]. In work with “°Ca™ opti-
cal qubits [10], average laser intensity noise of ~ 4 x 1073
was quantified through Ramsey experiments [20]. Fur-
thermore, active stabilisation of laser intensity has been
mentioned in the context of the ¥Sr* optical qubit tran-
sition at 674 nm [21,22].

In this work we present a laser system with a high
degree of intensity agility, while still achieving stabil-
ity in power and beam pointing over the short and long
term (~1 s and ~1 day respectively). This system was
developed for pulsed-probe, coherent control of trapped
ions. The parameters of the laser beam are sensed by
photodiodes. This approach is preferable to using the

response of trapped ions, since it provides for superior
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Intensity stabilisation of optical pulse sequences for coherent control of laser-driven qubits 3

signal-to-noise. With the pulse power and beam posi-
tions stabilised independently, the respective Allan de-
viations were measured to quantify short- and long-term
instabilities. We demonstrate an out-of-loop power insta-
bility an order of magnitude lower than reported else-
where [4,11]. The optical method used in this work is
not subject to the systematic drifts (e.g. micromotion)
which may be present when relying on the ion response
as the sole discriminant for quantifying intensity insta-
bility. Nevertheless, in the system’s intended application
to trapped ions, it will still be necessary to initialise the
exact intensity set-point via calibration of the Rabi fre-
quency using the ion response. Upon correction of sys-
tematic drifts in this response (at intervals dependent on
the individual apparatus), the long-term intensity stabil-
ity will enable restoration of the initial Rabi frequency;

otherwise, a recalibration will be required.

Additionally, the system can operate over a range of
four orders of magnitude in intensity. Higher intensities
enable fast qubit rotations, whereas the lowest intensi-
ties are used in Rabi and Ramsey spectroscopy to enable
high resolution and measurement accuracy. The system
builds on our earlier techniques for agility in pulse shape,
phase and frequency detuning [23]. While the principle
of the system is demonstrated at a wavelength of 674 nm
for the optical qubit transition in 88Srt, it is straight-
forwardly applicable to laser-driven transitions in other

atomic species.

The experimental data presented here was used to
estimate the contribution of laser intensity instability
(through Rabi frequency fluctuations) to the infidelity
in two examples of laser-driven quantum gates. Our es-
timates show that this specific source of infidelity can
be rendered insignificant with respect to the generally-
accepted EPG threshold of 107 [2,4]. Tt is advantageous
to minimise all error sources well below this threshold,
since the error of a computation grows rapidly with num-
ber of gate operations [10] and the total error determines

the magnitude of resources required for error correction

[1].

2 Pulse power calibration and stabilisation

Here we present the principle of a pulse-intensity sta-
bilisation scheme, which is designed for high-fidelity co-
herent control of the 5s 231/2 - 4d 2D5/2 quadrupole
transition at 674 nm in 33Sr*. In such an experiment,
using the ion response as a discriminant is problematic
at short times due to the quantum projection noise limit,
and at long times due to drifts in other parameters which
influence the Rabi frequency. Therefore it is essential to
employ a method independent of ions, to stabilise the
intensity and to quantify the instability achieved. The
system described here uses a cascaded series of avalanche
photodiodes (APDs) to measure indirectly the power of
laser pulses incident on the position of a trapped ion,

over a power range of four orders of magnitude. We
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demonstrate long-term stabilisation over the full range

of available intensities.

2.1 Power stabilisation system - experimental setup

A 674 nm titanium-sapphire laser (M Squared Lasers
SolsTiS) is attenuated to 110 mW. This output is cou-
pled into a polarisation-maintaining (PM) fibre, which
delivers the light to a pair of acousto-optic modulators
(AOMs) in series (see Fig. 1). AOM1 is used in a double-
pass configuration and is driven by the amplified signal
from a direct digital synthesis (DDS) source (Toptica
Photonics VFG150); this precisely controls the tempo-
ral shape, phase, and frequency detuning of the opti-
cal pulses, as well as setting the initial power of each
pulse over a large dynamic range. An analogue signal
generator, in line with a variable attenuator (Minicir-
cuits ZX73-2500-S+) and an amplifier, drives AOM2 in
single pass configuration. This permits fine control of
the applied RF power, thus enabling precise laser power
stabilisation. In the ‘off’ state, each AOM has the RF
extinguished by an 80 dB switch (Minicircuits ZASWA-
2-50DR+).

A second PM fibre delivers light to the ion, as well
as to a series of detectors for optical response calibra-
tion and pulse power stabilisation (see Fig. 1). Light
from the fibre is collimated by a multi-element achro-
matic lens (L1, f = 29 mm); then, a Glan-Taylor po-
lariser produces a vertical linear polarisation of high pu-

rity (10°:1 extinction ratio). An achromatic doublet lens

Joseph Thom et al.

(L2, f = 200 mm) focuses the beam to a spot diame-
ter 2wy = 45 pm at the position of the ion. This beam
is split into two separate paths using a non-polarising
50:50 beamsplitter (Thorlabs BSW10). While the re-
flected beam is directed to the ion trap, the transmit-
ted beam (of power Py o0p) is directed towards a cas-
caded arrangement of APDs (Hamamatsu C10508-01).
Samples of signals from APD1, APD2 or APD3 during
optical pulses are used to generate a stabilising feedback
signal; these APDs are referred to as the ‘in-loop’ detec-
tors. APD1 measures the transmitted beam through the
wedged optic (0.942 Py io0p), APD2 measures the first
reflection (3.79x10~2 Pinioop) and APD3 measures the

second reflection (1.25%1072 Py 100p)-

When used for coherent control of trapped ions, the
reflection from the beamsplitter (power P) is directed
through the ion trap and onward to the position stabili-
sation system. For the purposes of measuring the efficacy
of the power stabilisation system, this beam is directed
to a second detection setup to provide an independent,
‘out-of-loop” measurement of the pulse powers. In the
case where samples of APD1, APD2, or APD3 are used
to generate feedback, APDO (also Hamamatsu C10508-
01) monitors the beam in position A, B or C respectively.
As the setup is similar to that used for the in-loop detec-
tors, the optical powers incident on the in- and out-of-
loop detectors are approximately equal. Therefore, for
a pulse of a given power P at the ion in the range

300 nW < P < 5.2 mW, at least one of APD1, APD2
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Low-pass filter

Lab Computer

Define pulse
pattern

Record pulse
powers

J/

Calculate feedback
from in-loop APD

Y

[USB] [Digital output] [Analogue output

J

Multiplexer

|--&-:

J]AOM2 - Single pass
PN

] AOMI - Double pass

I. Fibre from
Ti:Sapph laser

Fig. 1 Schematic of hardware used to stabilise the pulse powers. Measurements on APDs 1-3 are used to calculate the

feedback. APDO measures the power of the transmitted beam (position A), the first reflected beam (position B) or second

reflected beam (position C) arising from a second wedged optic. In each position, APDO measures approximately the same

power as the corresponding in-loop APD. In coherent control experiments, the mirror highlighted in red (M) is removed and

the beam with power P is incident on the ion. GT; Glan-Taylor polariser, BS; non-polarising 50:50 beam splitter. Lens L1

collimates light from the fibre and lens L2 focuses the beam to a waist at the ion trap center.

or APD3 and APDO, has a signal-to-noise ratio > 100
and is not saturated. These extremes of power cover the
range of Rabi frequencies required for coherent control
as well as for spectroscopy at the highest resolution.
High powers are principally for coherent control of the
ion’s motional states, but are also used for state prepa-
ration via resolved sideband cooling. Although the latter
is less sensitive to intensity fluctuations, stable operation

is advantageous for minimising state preparation errors

[11]. Mid-range powers are required for carrier transi-
tion spectroscopy and electronic state control. The low-
est powers are for the longest pulse durations necessary
to realise high spectroscopic resolution and measurement
accuracy. In both Rabi and Ramsey spectroscopy, pulses
of longer duration result in a spectrally narrower enve-
lope, thus minimising errors associated with off-resonant
excitation of nearby transitions. Additionally, long du-

ration pulses of low intensity minimise the ac-Stark shift
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of the qubit transition caused by the interaction of the

laser with off-resonant transitions.

The Hamamatsu C10508-01 APDs were chosen for
their high bandwidth (10 MHz) to measure short (~ 10 us)
pulses, as well as for their radiometric stability. When
operated at the lowest gain setting, we find the measured
performance of this APD is comparable to Hamamatsu
S-1337 PIN photodiodes which are commonly used for
radiometric applications [24]. As the APDs are used for
accurate scaling of Rabi frequencies (via optical power),
it is required that the linearity of the detectors them-
selves is well known. This was assessed using the method
of Theocharous [25,26], with a minimum linearity fac-
tor of 0.998 measured across the dynamic range of the
detector. The spatial uniformity of the APDs was also
measured [27], with maximum variations in quantum ef-
ficiency of 2 % across the full active area (1 mm diam-
eter) of the detector, when measured on 20 um? pix-
els. Minimising the sensitivity of the detected signal to
beam drift is a compromise between averaging over effi-
ciency variations and minimising signal loss at the edge
of the beam. A beam diameter of 100 ym on the detec-
tor surface was chosen. A 100 pm spatial drift of this
beam across the surface during a measurement would
cause relative fluctuations in the measured signal with a
standard deviation of < 10~4. An optical bandpass fil-
ter (Semrock FF02-675/67-25) at the input of each APD

eliminates ambient light, and any residual 1064 nm and

Joseph Thom et al.

532 nm emanating from the titanium-sapphire laser, to

well below the noise floor of the detector.

The entire pulse sequence, as measured on each APD,
is sampled at 400 kHz using a high speed analogue in-
put card (NI PXI-6254, 16 bit resolution). To prevent
noise above the sampling frequency being down-sampled
and projected onto the error signal, the APD signals
are electronically filtered. Passive low-pass RC filters
have an insufficiently steep roll-off, so each APD chan-
nel contains an active fourth-order Bessel filter (Maxim
MAX275ACPP+) with a 3 dB cut-off frequency of 200 kHz,
thus enabling detection of pulses down to 10 us. We note
that in the case of bichromatic laser fields for entangle-
ment [10,28], the power incident on the photodiodes os-
cillates at > 10 times the filter cut-off frequency; hence
the mean power of the amplitude-modulated light field
will be recorded in the sampling process. To avoid in-
stabilities arising in that case, the pulse duration should
be matched precisely to an integer number of the bichro-
matic beat period, which is feasible with the DDS source.
Independent correction signals that stabilise the pulse
powers are generated by an analogue output card (NI
PXI-6733) and are applied to the variable attenuator
via a multiplexer switch. The TTL signals used to con-
trol this switch, as well as ones used to control the RF
switches, are generated by a high speed digital I/O card
(NI-PXIe-6537). Opto-couplers in each TTL line provide
electronic isolation between the instrumentation and the

digital I/O card. Instrumentation amplifiers provide iso-
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lation from ground noise on the analogue output card

through common-mode rejection.

2.2 Power calibration

The optical power P of each pulse may be set in the
range 300 nW < P < 5.2 mW. For a given detector, the
absolute Rabi frequency (2, achieved with power P at
an APD stabilisation setpoint V, can be measured di-
rectly with the ion. Relying on the detector’s linearity,
an arbitrary Rabi frequency (2,,, can be set accurately
and precisely via a scaled setpoint V,,;, for power P,
(within the range of the detector), without the need to
measure {2, directly. The AOM system’s response is
calibrated to permit simple and rapid initialisation of
the power to within 2 % of the desired power P, so
that the feedback locks on to the setpoint V,; in a min-
imum number of measurement cycles. The use of three
cascaded APDs increases the range of applied RF pow-
ers, and subsequent optical powers, for which the signal-
to-noise is sufficient to give accurate calibration.

We verify the calibration routine by programming a
linear ramp in the set optical power at the ion (Pset ), as a
fraction of the maximum possible value ( Pyax ), and mea-
suring the arising signals on APD1, APD2 and APD3
(see Fig. 2(a)). While Pyax is measured by an optical
power meter, Py is a programmed value implemented
via the calibration [23]. In Fig. 2(b), the data from the
APD with the best signal-to-noise ratio at each value of

Pset is normalised and combined to give the total lin-

101 T T T T T
104

1074

APD voltage (V)

1075

107 . . . . .

U N '  APD3
10 (b) Poa=52mW

102 APD2
1074 APDI .
104 1

107 T T T T T
4

Measured power (P/P )

2
2o0te,
0 o 8ge %3"6&”4@153&‘“ LYY

2 o o, PP

from set power (%)

Fractional deviation

‘4 ALY | MR | MR | MR | T
107 10 103 102 107! 10°

Set power (Pgy/ Pray)

Fig. 2 (a) Measured voltage on APDsl-3 as a function of
Pict/ Pmax. A single optical pulse of 1 ms duration was used
to record each data point; consecutive pulses in the series
were recorded at a rate of 113 Hz. In (b) the same data is
normalised and combined to give the total linearised response
of the system. The black solid line is the ideal linear response
of the system. Finally, (c) shows the fractional deviation from
this ideal response. Errors in the data are less than the sys-
tematic deviations in (¢), and are estimated from the spread

of adjacent data points in (c) to be < £+ 0.5 %.

earised response of the system, which overlaps well with
the ideal response of unity gradient and zero intercept.
Figure 2(c) shows the fractional deviation of the data
from the ideal set power, with an error of < 2 % observed

for Pset/Pmax > 1074, The systematic deviations visible
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in Fig. 2(c¢) could be minimised; however, the power ini-
tialisation is already sufficiently accurate for the stabil-
isation scheme to eliminate the offset. In the context of
coherent rotations of atomic qubits, the exact set-point
of power is determined by a direct measurement of the

ion-laser coupling strength (i.e. the Rabi frequency).

2.8 Power stabilisation system - concept and results

Qubit gate operations are performed by a sequence of
pulses with various durations, powers and frequency de-
tunings. For accurate readout of the qubit’s final state,
this sequence is repeated many times. The feedback prin-
ciple relies on the measured powers of pulses in each se-
quence to inform corrections to the AOM settings, in
order to achieve the desired powers for each pulse in
the subsequent sequence. The linearised response of the
AOM (Fig. 2(b)) ensures rapid locking to the desired set-
points. The stabilisation system reported here reduces
power variations in pulse sequences up to Fourier fre-
quencies of ~ 50 Hz. Intensity fluctuations on a timescale
that is short compared to the pulse sequence duration
(typically < 5 ms) are not compensated for. A mea-
surement of the passive power stability of the titanium-

sapphire laser shows three dominant noise components

at discrete Fourier frequencies in the range 50 Hz - 100 kHz.

Each component has a fractional power noise of < 8 x
10~%. Following the analysis presented in section 4, no
feedback in this frequency range is required in order

to meet the target infidelity. However, if an alternative

Joseph Thom et al.

laser source exhibits high-frequency power noise, then
it would be simplest to correct for this noise before the
light enters the pulse shaping AOMs and intensity stabil-
isation system presented here (i.e. where the laser beam
is continuous, before input to the delivery fibre in the
bottom right-hand side of Fig. 1).

The principle of the pulse-power feedback loop for a
defined pulse sequence (see Fig. 3) is as follows. In the
jt" repeated sequence, the " pulse has a duration Tj
(typically 5ms > T; > 5 us), and a power P; at the ion
(where 300 nW < P; < 5.2 mW). This sequence is com-
municated to the DDS via USB 2.0 and is triggered at a
frequency of 113 Hz, which is representative of measure-
ment cycles with trapped ions and is asynchronous with
harmonics of the 50 Hz mains frequency. The samples
acquired during the i*" optical pulse in the j** sequence
are averaged to give a measured voltage value V; ;. Sim-
ilarly, samples acquired in a 100 ps window after the
optical pulses are averaged to give a dark level D; for
each sequence. To stabilise the power of the it pulse to
a user-defined set-point S;, a correction signal C; ,,, ap-
plied to the variable attenuator during the i*" pulse in

the n*" sequence, is calculated according to

Con =V~ G, 5 (L=DI=80y g

j=n—N
Here, Vg is a fixed offset from zero volts that determines
the initial attenuation setting, G; is a positive gain factor

set independently for each pulse in the sequence, and N
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APD voltage

Sequence n-1

Fig. 3 Schematic showing three consecutive pulse sequences (j = n — 2, n — 1, n), each containing two pulses (i = 1, 2)

of duration 77 and T3, which are sampled at a rate of 400 kHz by one of the in-loop APDs. Within one sequence, samples

highlighted in red and blue are averaged to give the values Vi ; and V2 ;, which are stabilised to set-points S; and S2 respectively.

Similarly, samples highlighted in green are averaged to give the dark reading D; for each sequence.

is the number of pulses that are averaged over to calcu-
late the feedback. Stabilising to one pulse only does not
replicate the same degree of instability in pulses of dif-
fering powers; this is due to drifts in the AOM’s optical
response. Hence the correction signals are multiplexed in

time to enable independent control of dissimilar pulses.

We assessed the performance of the pulse power sta-
bilisation system using a sequence of two pulses, firstly
with APD3 as the detector from which the feedback is
calculated. The pulse durations were 77 = To = 100 us,
separated in time by 100 us, and were stabilised to set-
points S;1 = 3.3 V and S = 0.12 V. The former value
is close to the saturation voltage of the APD, and the
latter is the value where the signal-to-noise drops be-
low 100. Therefore in this example, S; and Ss span the
useful operating range of the APD. From the system re-

sponse calibration and linearisation (see Fig. 2), these

set points relate to powers at the ion of P, = 5.17 mW
and P, = 196 pW. Averaging over N = 2 pulses and set-
ting the gain for each pulse to G; = 6/.5; optimises the
feedback for power stability. Furthermore, by choosing
Vo = 8 V, the variable attenuator is in a regime where
its response is approximately linear. AOM2 is configured
to operate a few percent below its maximum diffraction
efficiency to provide sufficient range for stabilisation. In a
similar fashion, lower power ranges were evaluated with

the feedback via APD2 or APDI.

A limitation to the present implementation of the
system is that if any of the APDs are subject to an opti-
cal power of more than approximately twice the satura-
tion power of 9 uW, measurements of subsequent optical
pulses in the sequence are distorted. After saturation,
the APD voltage is negative and recovers to its accu-

rate steady state in a double exponential decay (time
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constants 85 us and 9 ms) with amplitudes dependent
on saturating pulse power. Therefore, sufficient recov-
ery time is required in instances where an earlier higher
power pulse saturates an APD which is relied upon by a
subsequent lower power pulse for accurate stabilisation.
To eliminate this constraint, optical modulators could be
used to ensure detector illumination by non-saturating

pulses only.

Figure 4(a) shows a long-term measurement of the
fractional variation in pulse power (averaged over 1 sec-
ond intervals) for pulse 1 with the stabilisation system
engaged. Data from both the in-loop (red, APD3) and
out-of-loop (grey, APDO0-C) detectors are presented. Sim-
ilarly, Fig. 4(b) shows the time series for pulse 2. In both
cases there is some relative drift (~ 1x1073 over ~ 10° s)
between the in- and out-of-loop signals over the duration
of the measurement. We observe correlations between
measured laboratory humidity and the data, suggesting
that this causes variations in the reflectivity of the beam-
splitter optical coating. This effect could be reduced by
using a beamsplitter coating created by ion-beam sput-
tering, rather than by physical vapour deposition as per
the optics used in this experiment. For all the data pre-
sented in this work, the ambient laboratory tempera-
ture was stable to within + 0.1 K. This corresponds to
changes in surface reflectivity of < 4 x 1076 for the op-
tical materials used (fused silica and N-BK?7, thermo-
optic coefficients dn/dT < 107°K~1) [29,30], render-

ing such effects negligible. The intrinsic electronic drift

Joseph Thom et al.

of the Bessel filter and analogue input card was mea-
sured to be negligible compared to drift level shown in
Fig. 4. Drifts in the dark current of each APD are ac-
counted for by the measurement of D,, in every sequence.
Small alignment drifts of the beam across each APD sur-
face of non-uniform quantum efficiency are expected to
contribute relative signal fluctuations of < 10~*. The
APD module contains a microcontroller to compensate
temperature-induced fluctuations in gain, and an experi-
mental comparison with an unbiased Hamamatsu S-1337

PIN photodiode shows agreement to < 4 x 10™%.

In order to quantify the instability of the system on
varying time-scales, we use the data presented in Fig. 4
to calculate the 2-sample fractional Allan deviation [31],
as shown in Fig. 5(a). The Allan deviations op as a func-
tion of averaging time 7 for the in-loop measurements
are shown as solid and dashed red lines for pulse 1 and
2 respectively. Similarly, out-of-loop measurements are
shown in grey. The experimental run during which this
data was acquired is denoted I'. To show effective sta-
bilisation over the full dynamic range of the system, two
further experimental runs, similar to I", were performed.
In experiment A(A), APD2(APD1) and APDO in posi-
tion B(A) were used as the in- and out-of-loop detectors
respectively. The corresponding Allan deviations for A
and A are given in Fig. 5(b,c). In Fig. 5(d), the power of
each pulse at the ion is shown on a logarithmic scale. As
the ranges of the measurements overlap, it is clear that

the pulse power stabilisation system can be effectively
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Fig. 4 (a) and (b) show the fractional variation in pulse power (relative to the mean) over 1 second intervals, as measured

on the in-loop (red - APD3) and out-of-loop (grey - APDO in position C) detectors, for pulse 1 and 2 respectively. The lower

signal-to-noise ratio when measuring pulse 2 is evident in the greater noise amplitude in (b). Here the pulse powers at the ion

are P = 5.17 mW and P> = 196 uW.

utilised over the full dynamic range of the system, and
the out-of-loop fractional Allan deviation is < 2.2 x 10~*
for all averaging times from 1 to 16384 seconds for all
three experiments. It is informative to compare these re-
sults to the scenario whereby the single-ion response is
used as the stabilisation discriminant; i.e. measuring ex-
citation probability for a 7/2 pulse. Based on the quan-
tum projection noise limit, and neglecting all other sys-
tematic effects, a 2 ms interrogation cycle results in a
fractional instability of power at 10~% only after ~ 2 hrs
of averaging. While a linear improvement could be re-
alised using a (2n + 1)7/2 pulse, it remains orders of
magnitude slower than our approach. In section 4, the
implications of the measured levels of instability are dis-
cussed in the context of high-fidelity quantum gate op-

erations.

3 Beam pointing stabilisation

The aforementioned pulse power stabilisation scheme can
operate concurrently with an independent feedback sys-
tem for stabilising the focused laser beam position to the
ion trap center. This is based on a quadrant photodiode
(QPD) onto which the beam waist at the trap center is
imaged. The apparatus and principles of the feedback
loop, as well as results which characterise the long-term

instability of the system, are presented in this section.

3.1 Beam position stabilisation system - experimental

setup

The beam that coherently controls the trapped ion is
transmitted through the vacuum chamber and incident
on a beamsplitter (see Fig. 6). Each subsequent beam is
imaged onto an independent QPD (ThorLabs PDQS80A).

Each QPD produces two difference signals correspond-
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Fig. 5 (a-c) show the Allan deviation of in-loop (colored) and out-of-loop (grey) measurements for pulse 1 (solid) and pulse
2 (dashed) in experiments I', A and A respectively. The power at the ion for each pulse is shown on a logarithmic power scale

in (d). The range of each experiment overlaps, showing that the stabilisation can be effectively utilised over the full range of

the system.
ing to the horizontal (zq;) and vertical (yqifr) displace- ates as the in-loop detector from which a discriminant is
ments in the laboratory frame. These are measured by derived, whereas QPD2 serves as an out-of-loop monitor.

the analogue input card and, by means of external cali- Beam pointing is controlled by a piezo-actuated mir-

ion f: 3 : S infer th siti . .
bration factors o, and o, are used to infer the position ror (New Focus Picomotor 8885), with an angular reso-

of the beam focus in the plane of the ion. QPDI oper- lution of 1.5 urad, corresponding to a step size of 180 nm
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| X = (92 + q4) - (q1 + q3)
1 Vairr = (q1 +q2) - (93 + q4)

( l Analogue inputl

X = Oy Xgifr

Measure position from calibration o

Calculate difference from setpoint
Ax=x-x Ay=y-y

Y diff2

X diff2

Y diffl
| 1 X diff1

N
L4 QPD1
Y = O, Vi BS L3 QPD2
[ 1
= - lon trap

Generate feedback with gain factor g

xsteps: 8x Ax ysteps = gy Ay
Lab
\_ Computer USB

Fig. 6 Schematic of hardware used in a feedback loop to stabilise position of the beam waist. Lenses focus the beam to a

waist 2wo = 45 pum at the trap center, and image this waist onto the QPDs. Measurements of the difference signals zqig

and yaig on QPD1 are used to generate the feedback signal for the Picomotor mirror mount. QPD2 performs an out-of-loop

measurement of the beam position. GT; Glan-Taylor polariser, BS; 50:50 beam splitter, L1; multi-element f = 29 mm, L2;

achromatic doublet f = 200 mm, L3 and L4; achromatic doublet f = 100 mm.

at the ion. When combined with a translation stage to
set the longitudinal position of the focusing lens, this

enables precise positioning of the beam waist inside the

vacuum chamber. Repeatable beam positioning is achieved

with QPD1 as a spatial reference, thus circumventing
hysteresis of the Picomotor. Since the laser beam origi-
nates from a single-mode fibre, contributions to the QPD
signals from instabilities in the transverse mode profile of
the beam are considered negligible. We note that a com-
mercial system [32] promises pointing stability suited

to this application (i.e. servo loop accuracy quoted as

< lpm, < lurad). However, servo loop accuracy alone is
insufficient for the purposes of this work, since an out-
of-loop Allan deviation measurement is nevertheless re-
quired to validate the performance of beam pointing sta-
bilisation [33]. This measurement is detailed in section

3.2.

3.2 Beam position stabilisation system - concept and

results

For stabilisation, the difference between the co-ordinates

of the measured beam position (x, y) and a user-defined
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set-point (g, yo) form a discriminant (see yellow shaded
box, Fig. 6). A feedback correction is derived in terms
of number of Picomotor steps Zsteps and Ysteps, via user-
defined gain settings g, and g,. Using proportional feed-
back only, the system stabilises the measured position to
the chosen setpoint within the limits of the Picomotor
angular resolution.

Signals arising from a position-stabilised beam in-
cident on QPD1 and QPD2 were recorded for 35 hours
over 1 second intervals; optimised feedback was achieved
with g, = gy = 0.6. The resulting time series for the
in- and out-of-loop measurements for r = \/W , as
well as the corresponding absolute Allan deviations, are
shown in Fig. 7; this shows that o, < 0.1 um for all av-
eraging times. Some disagreement between the in- and
out-of-loop measurements is evident, possibly due to dif-
ferential drift of the opto-mechanical components in the
separate optical paths after the beamsplitter. However,
for a typical spot size of 2wy = 45 pum as used in our
experiment, the peak-to-peak drift as measured on both
QPDs is < 1 % of the beam diameter.

For comparison, data showing passive stability of the
opto-mechanical system is also presented in Fig. 7(a).
This demonstrates that in practice, it will suffice to en-
gage the position stabilisation feedback for a few seconds
duration at intervals of approximately 1 hour (see Fig.
7(b)). In our laboratory the beam path is well-shielded
from air currents arising from air conditioning, which

can distort beam pointing, but in other laboratory en-

Joseph Thom et al.

vironments this may not be the case [34]. The method
presented here can of course be used at much shorter
intervals (e.g. ~1 s) to monitor and compensate beam
drift in less benign environments. It is straightforward
to interleave such a procedure between the acquisition
of complete data sets for coherent control routines. The
system does not compensate for positional drifts of the
ion trap electrode structure with respect to the optical
components used for stabilisation. However in our appa-
ratus, differential movement between the ion trap chip
[35] and the compact vacuum chamber [36] is eliminated
as they are bonded directly together; the chamber and
a compact opto-mechanical setup are mounted directly
onto a single breadboard. With no detectable drift of the
fluorescence images of laser-cooled ions, we expect trap-
to-beam differential drifts to be no greater than those

shown in Fig. 7(a).

4 Estimates of intensity-induced contributions

to trapped-ion quantum gate infidelity

The principal aim of this system is to achieve an inten-
sity instability which is low enough that this parameter
alone contributes < 107* to the overall infidelity of a
quantum gate. To determine the viability of meeting this
criterion, the measured instabilities in laser power and
beam pointing were used to estimate the associated con-
tribution to infidelity for two laser-driven quantum gate
operations, namely the Pauli X and Mglmer-Sgrensen

entangling gates.
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Fig. 7 (a) Deviation of the beam position from its original value as detected on the in-loop (blue, QPD1) and out-of-loop
(green, QPD2) detectors with the feedback system engaged. Beam position data recorded with the unstabilised, free-running
system is shown for comparison (red). Data sets are offset vertically for clarity. (b) Corresponding Allan deviation of the data

shown in (a), showing a close agreement between the two measurements over all averaging times.

We consider ions with internal ground and excited e/ cos 6 |e)]. In this case, the maximum infidelity
states |g) and |e) respectively, which are coupled to a due to Rabi frequency error, (1 — Fy min)0, is
(near-) resonant optical pulse with Rabi frequency (2. (1= Fypuin) 2 (71_/2)2(60/9)2. (4)

A Pauli X-gate acts on a single ion in an initial state
When a two-ion string is initialised in the ground

|%;) = alg) + be'? |e) to produce a target state |¥;) =
state |gg) and subject to the Mglmer-Sgrensen entan-

be'# |g) + ale). The fidelity of the operation is F, =
gling gate [37], the maximally entangled state |@y,q.) =

(4] U (#) |:)[2, where
(1/v/2)[lgg) — i|ee)] is produced with fidelity Fprg =
3 —iet gi

o) = cos(£2t/2) €' sin(2t/2) @ Gnas| P s = (Dag.g0 & Pecsec)/2 + Impec.gy [10,38,

—ie'® sin(§2t/2 0t/2
iesin({2t/2)  cos($2t/2) 39]. |¥pnae) is created when the optical pulse duration

represents the interaction of the optical pulse of phase ) )
T = 2rm/e, where € is the gate detuning [10]. Under

¢ with an ion for duration ¢. Expanding and simplifying ) . ) ) o .
this condition, and noting earlier theoretical investiga-

F, gives
tion [38], we calculate the gate fidelity for ions cooled to

_ 1y 212 | 74 4, 14
Fo = §[a +4a’b” + 7 — (a7 +b7) cos(£2t) (3) the motional ground state to be
+2a%b% cos(283) (1 + cos(£2t))], 1 1. (2#(22772) (5)

Fys = 3 + B Sin 5
€
which is unity when the desired Rabi frequency 2y =

where 7 is the Lamb-Dicke parameter (a measure of the
7/t. In the event of a small error §2 = 2 — (2, a

extent of the ion’s ground-state wavefunction),
Taylor expansion of F,({2) shows that the minimum fi-

ho\ /2
delity Fy min occurs for |¥;) = |g), |e) and [sinf]|g) + = k(gmw> ' (6)
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with k being the laser wavevector, and m and w the
ion’s mass and motional frequency respectively. For a
small fractional error §£2/(2, the associated contribution
to infidelity (derived by a Taylor expansion of equation

5 about Firs(£2 = 2y) = 1), is given by

(1 - Fus)e = (1/2)*(62/02)%, (7)

which is consistent with [4,10].

In the two examples just described, the infidelities
(1—Fups)g and (1—Fy min) o have the same dependence
on Rabi frequency error. However, the measured physical
parameters are instabilities in beam power and position.
For an optical qubit, 2 o v/P and equation 4 can be
recast in P to give the contribution to infidelity from a

fractional error in pulse power 6 P/P as

(1 = Frmin)p = (W/4)2(6P/P)27 (8)

with (1 — Fiyg)p having the same dependence.
Concerning the contribution to infidelity from small
fluctuations dr in beam position, we consider first the
single-qubit gate in an experimentally realistic scenario
where the focused beam is imperfectly centered on the
ion. It is assumed that the ion sits at an offset r; from
the center of a Gaussian beam (r; < wp), and that the
pulse power and duration are optimised for maximum
fidelity. Noting that {2 has a Gaussian dependence on r,

equation 4 can be rewritten in terms of r, to give

(1= Fy pmin)r = 72 (r10r /wd)?. (9)

Joseph Thom et al.

For the beam diameter 2wy = 45 pm used in this appa-
ratus, the beam can be positioned easily such that the
ion sits well within 2 ym of beam centre. This is achieved
by performing pulsed-probe spectroscopy as the beam is

raster-scanned across the ion.

Based on equations 8 and 9, Fig. 8 shows the pro-
jected Allan deviation in infidelity o _p, ,,,,) arising
from the measured instabilities in power and position
of the laser beam alone. The contribution from power
variations is calculated by setting the values of op from
data set Py(I") (which has the highest average value of
those shown in Fig. 5) as dP/P in equation 8. Simi-
larly the contribution from beam position fluctuations
are calculated by setting the out-of-loop values of o, in
Fig. 7(b) as dr in equation 9 at an offset 7y = 2 ym in a
beam of 2wy = 45 pum. Figure 8 shows that the projected
deviation in (1 — Fj yipn) is orders of magnitude below

the 10~* threshold (as discussed in the introduction) for

all experimental averaging times.

For the Mglmer-Sgrensen two-qubit gate, the depen-
dence of (1— Fjss) on {2 can only be considered identical
to that for (1 —F, min) (as per equations 4 and 7), when
both ions are illuminated equally; i.e. {21 = {25, where
the subscript denotes the individual ions. In that case,
the contributions to infidelity would be identical to those
in Fig. 8. Experimentally, setting {2, = (25 will require
engaging the power stabilisation and measuring the Rabi

frequencies on both ions at different beam positions.
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Fig. 8 Projected Allan deviation of the contributions to single-qubit infidelity, o _r, ,.;,), due to beam power (grey) and

position (green) instabilities. Calculations assume a laser-driven optical qubit transition and use measurements of op and o;.

The contribution from o, is plotted for a beam of 2wy = 45 pm with an ion offset by r1 = 2 um from beam center. The

contribution from each data set, and the in-quadrature sum of both, is much less than a fault-tolerant threshold of 10™* for

all averaging times. For laser-driven hyperfine qubits, the projected infidelities would be four times greater than the data sets

presented here.

In the case where there is a small mismatch and (2, #
{25, one must consider the effective Rabi frequency for
the interaction (2, where £2 o £2,£2, [37,38]. For a small
difference in ion illumination 2025, such that £2; = 29+
8015 and 25 = 2 — 602y, then 2 o (22 —6022%), where
{29 is the optimum value for 2; and {25 to create the
maximally-entangled state. Thus the associated error in
the rotation angle on the Bloch sphere is proportional
to §62%,. In turn, it can be shown that the contribution
to the Mglmer-Sgrensen infidelity, due to d§215 alone, is

[40]

(1 - F]V[S)imbalance ~ (7‘—/4)2(5912/00)4 (10)

To estimate the magnitude of (1 — Fass)imbalance, We as-
sume an inter-ion separation of 4 pym, with the centre of

the pair offset by r; = 2 ym in a beam of 2wy = 45 um.

The largest imbalance will occur when the ion string
axis is aligned radially in the beam. In such a scenario,
208212/ 20 = 3 %, which results in (1—Fas8)imbalance = 3%
1078, which is a similar magnitude to the infidelity con-
tribution arising from beam position instability. By way
of comparison, earlier work with ions in thermal states
reported numerical simulations which predicted that an
imbalance of 4 % would contribute an infidelity of < 107
[39]. These estimates suggest that our stabilisation sys-
tem would reduce intensity-induced contributions to in-
fidelity in the Mglmer-Sgrensen gate to well below the

level of 10~%.
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5 Summary & conclusions

We have demonstrated an optical system for stabilising
the intensity of a laser beam used in a pulsed-probe con-
figuration for the coherent control of trapped ions. The
system operates via two independent feedback loops; one
for optical power and the other for laser beam position.
Due to a cascaded arrangement of three avalanche photo-
diodes, the power at the ion can be measured indirectly
over the range 300 nW < P < 5.2 mW, with a signal-
to-noise ratio > 100. The system response is calibrated
over this power range, which permits accurate setting of
optical power at the ion for each pulse in a sequence.
The exact position of the beam waist at the ion was
stabilised by means of a quadrant photodiode and an
actuated mirror. System performance was quantified by
out-of-loop measurements of both power and beam posi-
tion. Instability of optical power over the full range had
a 2-sample fractional Allan deviation of op < 2.2x 1074,
for averaging times 1 s < 7 < 16384 s. In the case of the
beam position, the Allan deviation yielded an absolute
value of o, < 0.1 pum (for a beam with 2wy = 45 pm), for
similar averaging times. This system was developed for
the 674 nm optical qubit transition in ®¥Srt, however it
is applicable to analogous species such as *°Cat, as well
as to laser-driven hyperfine qubits in, e.g., Be™t, 43Ca*

and 17'YbT.

There is a small risk in projecting the measured out-

of-loop performance to the Rabi frequency experienced

Joseph Thom et al.

by ions. While it seems reasonable to assume that the
measured out-of-loop power and position fluctuations
should cause commensurate intensity fluctuations at the
ion position, this is not necessarily so. It is essential
to guard against drifts in beamsplitter reflectivity, as
well as drifts and vibrations of the ion trap with respect
to the surrounding optical system. We investigated the
sources likely to contribute to such errors arising from
beam power; a suitably robust opto-mechanical system
will prevent errors in beam pointing arising from vibra-
tions. Intensity instability measurements using the ion
response would suffer on a short term from the quantum
projection noise limit, and on a longer term by other
systematic drifts changing the ion response. Thus the
out-of-loop measurement approach to test the long-term
intensity instability is the most efficient way to establish

an upper limit for that parameter.

The implications of these measurements on infideli-
ties in quantum gate operations have been estimated by
considering a Pauli X single qubit rotation and a two-
qubit Mglmer-Sgrensen gate. The minimum fidelity of
the former and the fidelity of creating a 2-ion maximally
entangled state with the latter have the same sensitivity
to Rabi frequency instability. Concentrating on the opti-
cal qubit transitions, we calculated that the instabilities
in power and beam position are expected to yield con-
tributions to infidelities of < 3 x 1078 and < 3 x 1077
respectively, well below the generally accepted threshold

of 10~* for fault-tolerant quantum information process-



O J o Ul bW

AN UTUIUTUTUTUTUTUTUTOTE BB DD DD DD DWWWWWWWWWWNNNNONNNONNNONNNNREFE R PR R R e
P> WNRFROWOJdANT D WNRPRPOW®O-IAUDRWNR,OW®OWTJNTB®WNRFROW®-JNUB®™WNROWO®W-10U D WN R O W

Intensity stabilisation of optical pulse sequences for coherent control of laser-driven qubits 19

ing. In the case of the Mglmer-Sgrensen gate, a small
(~ 3 %) imbalance in the Rabi frequencies experienced
by each ion is expected to contribute to the infidelity
at a similar level to that of the beam position insta-
bility. Two-qubit gates based on laser-driven hyperfine
transitions require a pair of laser beams interfering at
the position of the trapped ions to produce a travel-
ling standing wave parallel to the linear trap axis. Since
the beams are spatially separated, each will require inde-
pendent stabilisation; an independent, parallel system of
APDs, quadrant photodiodes, electronics and feedback
actuators will be necessary for each beam. Furthermore,
the effective Rabi frequency for the stimulated Raman
transition scales as the product of the pair of individ-
ual Rabi frequencies. While the analysis above has been
performed for laser-driven optical qubit transitions, it is
straightforward to show that hyperfine transitions driven
by a stimulated Raman transition are four times more
sensitive in equations 4, 7, 8, and 9. Taking this into con-
sideration, the instability achieved here would result in
an infidelity contribution of < 1.2 x 1079 in a hyperfine

two-qubit gate.

Standard commercial laser systems have typical power
instabilities no better than 1 %, which is insufficient for
achieving an overall gate infidelity of < 1074, so a sta-
bilisation scheme is essential. The power and position
instabilities reported here may seem negligible or indeed
excessively small for present applications. However, re-

ducing all sources of infidelity well below a threshold of

10~* is an important goal, because the magnitude of re-
sources required for error correction will depend on the
total infidelity [2]. In the long term, it is advantageous to
achieve infidelities much lower than the 10~* threshold
criterion, and in doing so minimise the overhead required

for error correction.

The present system has a minimum pulse duration of
10 ws, which is sufficient for the duration of the highest
fidelity gates (30 - 100 us) [4,11]. Shorter pulses for fast
gates [41] will require a sampling rate and a low-pass fil-
ter frequency greater than those in our apparatus. An al-
ternative photodiode may be required to optimise signal-
to-noise; however, equation 8 and Fig. 8 show that op
could increase by a factor of ~ 10 without a significant
compromise to the overall infidelity (either (1 — Fy pin)
or (1—Fis)). Application to picosecond laser pulses for

ultrafast qubit control [42] is beyond the present system.

Finally, the level of intensity instability demonstrated
here was achieved over extended periods of duration.
This is essential for the most complex investigations con-
ducted now and in the future, and points towards a
continuously operating laser system which is accurate
and precise in intensity. The system presented here will
be used together with a frequency stabilisation system
based on a low-drift, high-finesse cavity (Stable Laser
Systems) for coherent control of 3Sr* in a microfabri-
cated trap of similar concept to our earlier work [35, 36,

43).
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