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Abstract

Microfabricated ion-trap devices offer a promising pathway towards scalable quantum computing.
Research efforts have begun to focus on the engineering challenges associated with developing
large-scale ion-trap arrays and networks. However, increasing the size of the array and integrating
on-chip electronics can drastically increase the power dissipation within the ion-trap chips. This
leads to an increase in the operating temperature of the ion-trap and limits the device
performance. Therefore, effective thermal management is an essential consideration for any
large-scale architecture. Presented here is the development of a modular cooling system designed
for use with multiple ion-trapping experiments simultaneously. The system includes an extensible
cryostat that permits scaling of the cooling power to meet the demands of a large network.
Following experimental testing on two independent ion-trap experiments, the cooling system is
expected to deliver a net cooling power of 111 W at ~70 K to up to four experiments. The cooling
system is a step towards meeting the practical challenges of operating large-scale quantum
computers with many qubits.

1. Introduction

Trapped ions are a leading platform for quantum computers (QCs) [1], quantum simulators [2],
high-precision quantum sensors [3, 4] and fundamental physics research [5, 6]. A number of trapped-ion
QC architectures have been proposed which focus on developing scalable designs for future fault-tolerant
devices with many qubits [7, 8]. Microfabricated ion-traps [9] are a promising architecture for a modular
QC [7]. A recently published QC blueprint [7] uses modular surface ion-traps, with integrated on-chip
electronics for ion transport, quantum state manipulation and readout. Each addition of these on-chip
features, however, increases the power dissipated by components such as radio frequency (RF) conductors,
digital-to-analogue converters [10], fluorescence detectors [11], integrated ovens, and magnetic field
generating structures [9]. The thermal management of the modular QC is then essential to retain a
reasonable operating temperature.

This paper describes the development of a scalable cooling system with novel application to ion-trap
devices. Designed as a step towards a scalable cryogenic cooling solution suited to the QC architecture
described by Lekitsch et al [7], the system uses circulating helium gas to cool multiple ion-trapping
experiments independently. Under no active heat load, two ion trap experiments were measured to reach a
base temperature of 34 K. However, the system is capable of providing cooling to four ion-trap experiments
where one experiment has a high active heat load of 75 W and the remaining have a heat load of 12 W. In
this configuration, each of the experiments are expected to operate at ~70 K. In addition to managing the
thermal loads for an ion-trap experiment, the cooling system may also improve ion-trap performance by
suppressing electric field noise [12], leading to a reduction in ion motional heating. For example, with
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Figure 1. Schematic overview of the cryogenic cooling system. Cryocooler 1 (Gifford-McMahon CH110) and Cryocooler 2
(Gifford-McMahon AL330) are remotely connected to two ion-trap experiments: ‘Exp 1’ and ‘Exp 2’. Not shown are the lines
that can be used to connect two further experiments in parallel at the merge inlet and merge outlet points (in a similar fashion to
Exp 2). At these points, the division of the helium gas flow is controlled by the manual cryogenic valves allocated to each
experiments. The lines to each experiment contain a helium (He) flush valve and a pressure relief valve (PRV). The in-vacuum,
low thermal conductivity support structure that is used for Exp 1 is detailed within the text. The Pt100 sensor T1 and the silicon
diode sensor T2 are fitted to the cold finger of Cryocooler 1 and 2 respectively and are selected to best match the thermal
performance of each cryocooler.

surface traps with electroplated gold electrodes (that have not had any previous surface treatment such as
ion milling [13]) the change in temperature from 300 K to 70 K can reduce the ion heating rate by
approximately an order of magnitude [13].

2. Design overview

A range of cryogenic cooling solutions have been demonstrated with small-scale ion-trapping experiments.
‘Wet’ systems consist of either an open bath [14—16] or an open continuous flow cryostat [17] that use 4 K
liquid helium or 77 K liquid nitrogen as coolant. Cryogenic temperatures are sustained for the duration of
the liquid cryogen reserve which is lost to the environment by evaporation. ‘Dry’ cryogenic systems do not
require replenishment of cryogen, which is an attractive feature. Instead, cooling is provided by a closed
thermodynamic refrigeration cycle. These have found wide application to ion trapping experiments in the
form of pulse-tube [18, 19] or Gifford—McMahon (GM) [20, 21] cryocoolers. However, size constraints
prevent sufficient numbers of individual, commercially available cryostats from being used together within
closely-spaced ion-trap arrays. Therefore, a new cooling architecture that avoids these constraints is
proposed. The architecture is based on a closed-loop cryogenic helium gas circulation system; separating
the cryocooler from the ion-traps in a way which is in principle extensible to accommodate large numbers
of both ion-trap elements and cryocooler cold heads.

A cooling system based on this architecture was constructed to interface between four independent
ion-trap experiments. The cooling system consists of three sections: a main cryostat chamber that houses
two single-stage Gifford—McMahon cryocooler cold heads and a centrifugal pump; a network of
vacuum-jacketed (VJ]) helium transfer lines that distribute the cold gas from the cryostat to the ion-trap
experiments, and a cryogenic heat sink installed on each experiment. A diagram of the cooling system is
shown in figure 1. The cooling system distributes helium gas to multiple experiments configured in parallel.
Individual experiments can be connected and disconnected from the cooling circuit independently.
Together, the two cryocoolers deliver a total cooling power of 396 W at 80 K [22, 23].

Inside the cryostat chamber, each cold head interfaces with a heat exchanger that is braised to its cold
finger. This minimises the thermal resistance between the cold head and heat exchanger carrying the helium
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cryogen. The compressors used to operate the cryocoolers are located in a separate room adjacent to the
laboratory to minimise vibration at the ion-trap experiments.

Helium gas is circulated using a stirling cryogenics noordenwind centrifugal pump (also referred to as
cryogenic fan or ‘cryofan’) with a 31 mm wide impeller which can be throttled between 6000 and 21 000
revolutions per minute (rpm). The flow of helium gas is routed in parallel to the two cold heads via stainless
steel tubing and then recombined prior to the inlet of the cryofan. This parallel circuit configuration
reduces the overall flow resistance across the cryostat section, while allowing for faster thermalisation of the
gas through the heat exchangers. In this configuration the total available cooling power can be scaled by
integrating extra cryocoolers in parallel, while the resulting increase in flow resistance can be compensated
used a higher capacity cryofan. Within the cryostat vessel, leak-tight connections are made using both
vacuum coupling radiation fittings and by direct welding. To assist in damping vibrations caused by the
cold heads’ internal displacer, a section of flexible, mesh-reinforced, stainless steel braided hose was installed
at the cryofan inlet.

The cryostat vessel and the V] lines are maintained under vacuum (<10~* mbar) to prevent conductive
heat leaks. The cold heads, cryofan and stainless-steel tubing are lined with 30 layers of multilayer insulation
(MLI) to minimise radiative heat leaks. Overall, the transfer lines are expected to contribute to thermal
losses by 0.2 W m™! across the network, which extends for 30 m.

The cryogen supply and return lines, encased within the VJ lines, are stainless steel with 10 mm inner
diameter. At the locations of each ion-trapping experiment, the VJ transfer lines separate into two
individual supply and return lines. These are constructed from flexible VJ tubing to further attenuate
vibrations from the cryostat and correct for thermal expansion mismatches between sections of different
temperatures. This flexible section consists of two coaxial braided corrugated hoses. The inner corrugated
hose (Witzenmann, DN10 vibrafex) carries the cryogen and is wrapped in MLI while the outer one
(Witzenmann, DN32 vibrafex) acts as a vacuum jacket for thermal insulation. The vacuum of the main V]
line is isolated from the vacuum of the flexible V] lines, which has to be separately evacuated. Furthermore,
the vacuum of the flexible V] lines is isolated from the ultra-high vacuum (UHV) of the ion-trap
experiment. This enables the flexible sections to be disconnected from the vacuum chamber, while
maintaining the vacuum insulation within the main VJ transfer line and the UHV within the experiment
chamber.

The system is pressurised to 20 bar and the overall helium gas mass flow rate is controlled by adjusting
the rotation speed of the cryofan impeller. A schematic of the helium gas transfer network, which connects
the cryostat to the ion-trap experiments, is shown in figure 1.

The local flow of helium gas allocated to each ion-trapping experiment is regulated using two manual
cryogenic valves (Cryocomp, C2041-M21) which are fitted on the feed and return transfer lines. When an
experiment is disconnected, the cold pressurised helium gas trapped in the experiment heat sink warms up
and expands. A cryogenic safety pressure relief valve (PRV) (Swagelok, SS-43GM4), set to 23 bar, is fitted at
the experiment return VJ line to avoid over-pressure in the heat sink during thermalisation to room
temperature. An additional valve (‘He flush’ valve in figure 1) connects the inner helium line to atmosphere
and allows for each experiment to be evacuated and flushed with helium before being cooled down.
Flushing with helium removes any trapped air and water vapour that can freeze on the impeller blades of
the cryofan, or inside the heat sink, which may cause damage or choke the helium flow.

3. Interfacing with an ion-trap experiment

In each ion-trap experiment, active heat loads arise from various sources, e.g. RF losses within the substrate
of the microchips, Ohmic heating within microfabricated wires carrying electrical currents [7, 24], and
power dissipation from chip-integrated electronics [10]. Passive heat loads result from both thermal
conduction and radiation. Conductive losses occur along solid paths provided by feedthrough connections
into the vacuum chamber and by the in-vacuum mounting structure. Radiative heat transfer occurs
between the room temperature vacuum apparatus and the cryogenic surfaces that are in direct line of sight.

To minimise the passive thermal load in experiment 1 (Exp 1 in figure 1) a high stability, low thermal
conductivity support structure was designed with a large thermal resistance. The design can be seen in
figure 2(a). The mounting structure supports two ion-trap chips which are not shown in the figure. This
experiment was designed with the objective of demonstrating shuttling-based connectivity between trapped
ion QC modules as proposed by Lekitsch et al [7]. One ion-trap (ion-trap 1 in figure 2(a)) is mounted to
the heat sink and a second ion-trap (ion-trap 2 in figure 2(a)) is mounted on the adjacent structure with
cooling provided by a flexible copper braid that thermally anchors it to the first.

The heat sink that interfaces an ion-trap with the cooling system can be seen in figure 2(b). It consists of
a compact, stainless steel/ OFHC copper enclosure within which cold helium gas is circulated. The heat sink
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Figure 2. (a) Diagram of the in-vacuum, low thermal conductivity support structure for two ion-trap chips that are part of Exp
1. For clarity the ion-traps and their PCB mounting have not been included in the diagram but the mounting position of the
traps are indicated using dashed boxes. The three stages that support the first ion-trap (1)—(3), and similarly for a second
ion-trap (A)—(C), are designed to provide levels of thermal resistance between the ion-traps and the rest of the support structure.
For clarity, an overlay of blue has been added to the helium inlet tubing and red for the helium outlet tubing. (b) Sectional view
of the heat sink used to interface an ion-trap with the cooling system. (c) Illustration of the thermal distribution when the
cooling system is engaged. (d) Schematic of the thermal paths between the different sections in the low thermal conductivity
support structure and mounted ion-traps.

uses a jet-impingement design where the pressurised helium jet is directed onto a copper plate, which is
used as the heat transfer interface (see figure 2(b)). This approach generates only a small pressure drop over
a large range of flow rates. Alternative heat sink designs, such as ones using pins, fins or microchannels may
deliver improved heat transfer performance but carry the risk of a larger pressure drop penalty [25] while
also being more complex to manufacture [26]. These designs remain under consideration for future
upgrades of the system. In order to interface with the ion-trap, the heat sink copper plate is coated with

3 pm of gold and an additional copper support is added onto which the trap is then die-bonded. The
gold-plated copper to copper structure ensures good thermal anchoring with an expected thermal contact
conductance of 1.1 W K~! cm™2 [27, 28]. A 50 €2 cryogenic heater (Lakeshore, HTR-50), capable of
continuous operation under 1 A, is used to stabilise the heat sink temperature through a control loop and
for warm-up. Electrical connections to the heater are made using 0.4 mm diameter cables which carry a
conductive heat load from the environment that is estimated to be 0.5 W.

The support structure around the heat sink reduces the conductive and radiative heat transfer from the
surrounding vacuum chamber, effectively minimising the passive heat load on the heat sink. The structure
is subdivided into three stages operating at different temperatures. Each stage of the assembly is built with
grade 5 titanium alloy (Ti6Al4V) owing to its low thermal conductivity ranging from 1 to 3W m~!' K™/,
and low coefficient of thermal expansion in the 20—100 K temperature range [29]. These are respectively
one third and one half of that of stainless steel over the same temperature range [29]. An approach to
further increase the thermal insulation of the support structure is to prevent metal-to-metal contacts
between the cryogenic support stages. For this purpose, UHV compatible PEEK spacers were used between
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stages to minimise conductive losses as they increase the overall thermal path while having a low thermal
conductivity at cryogenic temperatures [30]. A three-dimensional, finite element method simulation of the
conductive heat transfer through the support structure geometry was carried out using COMSOL and
accounts for the thermal conductivity of the materials used. A visualisation of the temperature distribution
on the support structure is provided in figure 2(c). Overall, the structure exhibits a total thermal resistance
of 146 K/W between ion-traps at 70 K and the room-temperature vacuum chamber leading to a conductive
thermal leak of 1.7 W. A schematic of the thermal paths between the vacuum chamber and the ion-traps
can be seen in figure 2(d). Furthermore, the titanium alloy parts are also electromechanically polished. This
minimises their emissivity, thereby mitigating radiative heat transfer from the outer room-temperature
vacuum chamber walls. By modelling the assembly as having grey-diffuse surfaces, the heat load from
thermal radiation is estimated to be 2.5 W.

Thermometry is provided using class A platinum resistance temperature sensors (Pt100s) (RS pro,
293-8468). Each sensor is thermally anchored using a spring loaded copper clamp. The electrical
connections to each sensor are made in the four-wire configuration using long, phosphor-bronze cables
which have reduced thermal conductivity compared to copper. The conductive heat load due to the
electrical wiring to the sensors is estimated to be 15 mW per sensor.

4. Testing and characterisation

The performance of the cooling system was evaluated in a set of cryogenic tests that were carried out first
with a single ion-trap experiment, and then with two experiments connected in parallel to the cooling
system. The results in the following sections demonstrate the minimum operating temperature of the
system, the time to reach a steady state, and the frequency and amplitude of vibrations at the ion-trap
locations.

4.1. Cooling of a single ion-trap experiment under no active heat load

Here the cooling system performance is investigated when connected to a single experiment (Exp 1 in
figure 1). Initially, there are no experiments connected and the cryofan is turned oft. Therefore, since there
are minimal heat loads present, both cryocoolers were allowed to reach their base operating temperature of
~20 K. The cooling system was then connected to a single ion-trap experiment (Exp 1 in figure 1). The
system was filled with helium gas and pressurised to 20 bar. To circulate helium to the experiment, the
valves controlling the helium flow to the heat sink at the ion-trap experiment were fully opened. The
cryofan was then switched on and set at its maximum rotation speed of 21 000 rpm.

Figure 3(a) shows the evolution of the temperature of the cooling circuit when an experiment at
room-temperature is connected. For this test, a silicon diode sensor and Pt100 temperature sensors were
installed into the system as indicated by figure 1. Helium gas circulates from the cold head heat exchangers
to the cryofan and exits the cryostat vessel at the maximum flow rate. This resulted in cryogenic
temperatures (<100 K) measured at the cryofan intake and the cryostat outlet locations within 7 min of
activating the cryofan.

As the cold helium gas circulates through the transfer lines to the heat sink at the ion-trap experiment, it
displaces room temperature gas within the lines. As a consequence, the cryostat inlet sensor measures a
transient rise in temperature. This effect was also measured to a lesser extent by the other sensors
throughout the circuit. After 15 min, the rising temperature reaches a maximum and begins to decrease.
Within 30 min of activating the cryofan, all sensor readings were below 40 K.

Since the helium pressure decreases with temperature, additional ‘topping-up’ of gas was required to
maintain a 20 bar operating pressure. These top-ups were performed four times over the course of
~90 min, until the temperature and pressure stabilised. In order to assess the rate of thermal contraction
for a particular application it may be relevant to note the maximum cooling rate. Here the maximum
cooling rate at the experiment heat sink was measured to be 23 K min~!. Full control of the cooling rate is
also possible by manually adjusting the inlet and return helium valves. The highest cooling rate of all sensor
locations was 150 K min~!, measured at the cryofan intake. A steady-state base temperature of 31.6(6) K
was reached at the experiment heat sink after 3 hr of operation under no active heat load.

During the cool down of the assembly, thermo-mechanical effects lead to a relative displacement of the
three stages that support ion-trap 1 and ion-trap 2 (see figure 2(a)). Displacements must be taken into
account during room-temperature installation of the system to prevent the two ion-trap chips from
colliding at cryogenic temperatures. The low thermal conductivity support structure was designed to ensure
that the ion-traps remain apart during bake-out and approach each other during controlled cool down.
FEM simulations were used to anticipate the effect of thermal contraction and the displacement occurs
primarily along the z and y axes. Relative displacements were expected to be 250 um along z, such that
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Figure 3. Temperature profiles of (a) turning on the cryogenic cooling system with a single experiment (Exp 1) and (b) during
the connection of an additional experiment (Exp 1) in parallel to an already cooled experiment (Exp 2). The locations of the
temperature sensors T1-T8 can be found on figure 1. The graph inset shows a subset of the data for clarity.

ion-trap 1 would translate below ion-trap 2. Displacements of 60 ;xm were also expected along y, such that
the structure supporting both chips move towards one another. Baking the system at 140 °C, was also found
to result in a relative displacement of the two trap support sub-assemblies. These were measured to be of
335(5) pm along x and 26(5) pum along y. These offsets are attributed to the relaxation of stress during
thermal cycling. During cool down, we observe displacements matching our numerical simulation with
minor additional misalignment (on the order of 10 s of microns).

To scale beyond the two ion-traps support structure presented in this work, a single rigid support
structure (as used in [7]) would be beneficial to minimise displacements during large temperature cycles. A
more rigid structure would prevent any mechanical conflicts between traps that are aligned together while
in-vacuum piezo actuators can be used to correct for minor misalignments following cool down.

4.2. Cooling of two ion-trap experiments under no active heat load

This section investigates how connecting and disconnecting an experiment to the cooling system influences
its overall performance. For this purpose, Exp 1 was connected into the cooling system circuit following
cooling of Exp 2 to 31.6(6) K. Similar platinum temperature sensors are used in Exp 2 as in Exp 1. The
temperature evolution of Exp 1 is shown in figure 3(b).

The cryogenic helium gas valves were opened at Exp 1 to allow cold helium gas at 32 K to circulate. For
Exp 2, in place of a heat sink, a length of 1/4” copper pipe was installed with two Pt100 sensors at the inlet
and outlet of the copper fitting. As the valves to Exp 1 were opened a transient temperature rise was
observed. At Exp 2 the temperature rises for 11 min until a maximum temperature of 97.7(5) K is reached,
before decreasing to 36.3(6) K 60 min after the start of the test sequence. At Exp 1, the heat sink reaches
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Figure 4. Temperature profiles of Exp 2 for the increasing active heat load in steps of 10 W from 40 W to 80 W and with Exp 1
supplied with an constant active heat load of 40 W. Note that (as in figure 3) there is poor thermal anchoring of T7.

(a) Temperature measured as a function of time for increasing active heat load. Vertical bands separated by dashed lines indicate
the duration for which a specific active heat load was applied to Exp 2. (b) Using the data in (a) the average steady state
temperature is plotted against the active heat load.

36.7(6) K after 60 min. A single helium gas top-up to 20 bar was performed. This led to a temporary spike
in temperature, before settling to a steady-state temperature of 34.3(6) K at Exp 1 and 33.5(6) K at Exp 2.

Under no active load, the steady-state temperature at the outlet is expected to be marginally higher than
that of the inlet owing to the passive thermal leaks to the experiment heat sink. However, the inlet
temperature (39.5 K) is measured to be higher than that of the outlet (36 K). This effect is attributed to
unequal thermal anchoring of the sensors to the helium lines and the passive heat load from connecting
wires conducted from the environment.

4.3. Active heat load tests

This section investigates the relative contribution of active and passive heat loads in the cooling circuit. At
thermal steady-state, the total cooling power of the cryogenic system is equal to the sum of the active and
passive heat loads.

The cooling power was measured directly by applying an electric current to a heater installed within
each ion-trap experiment (see figure 1). This is a variable active heat load that is directly delivered to the
ion-trap. This heat load was increased in steps of 10 W to a maximum of 80 W. The temperature of the heat
sink outlet was monitored until steady-state was reached for a given active heat load. This procedure was
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reproduced separately for Exp 1 and Exp 2 as well as when an active heat load was applied to both
experiments with the system operated under 23 bar. Figure 4 shows an example of the active heat load at
Exp 2 being incrementally adjusted from 40 W to 80 W while the active heat load supplied to Exp 1 was
held constant at 40 W. With 80 W of applied heat load, the temperature at Exp 2 remains significantly
under 100 K.

The cold head capacity curves provided by the manufacturer [22, 23], establish the dependency of the
cooling power with temperature. Therefore, the total heat load can be calculated from the temperature of
the cold heads. By subtracting the known active heat loads applied to the experiment heat sink, the passive
heat loads were calculated. The total passive heat load calculated on the cooling system was 86(3) W when
connected to the first experiment and 78(4) W when only connected to the second. When the two
experiments were connected in parallel the total passive heat load was 108(3) W.

By comparing the results for experiments connected first individually and then in parallel, the
contributions to the passive heat load from each section of the cooling circuit can be distinguished. The
cryostat vessel is subject to a passive heat load of 56(3) W, while the first and second experiments (including
their circuit loops) contribute 30(4) W and 22(3) W, respectively.

4.4. Helium gas flow rate
Understanding the fluid flow dynamics of the single- and two-ion trap experiment is necessary to predict
the system performance as it is extended to provide cooling to additional experiments. The total volume
flow rate V is inversely proportional to the temperature difference AT (K) between the cryostat inlet (T5)
and cryofan intake (T3), as described by [31]
v 2 (1)
ppae AT

where Q is the total cooling power (W), ¢p is the specific heat capacity of helium at constant pressure
(5.517 ] g~ K1), and pyy, is the helium density (kg m~2). When the cooling system is connected to two
experiments in parallel, the maximum volume flow rate, V,is 0.40 m> hr™! for a cryofan rotation speed of
21000 rpm. From the cryofan specifications, the total pressure drop was estimated across the circuit to be
9.8 kPa [32].

However, calculation of the local flow rate at each experiment using equation (1) was not possible due to
measurement offsets. These offsets were attributed to poor thermal anchoring of the Pt100 sensors, which
was due to thermal contraction mismatches during cool down. Instead, a calculation of the volume flow
rate at a single experiment Vexp is made via a rearrangement of equation (1) using two consecutive
measurements such that

AQ

Vex = )
P Cppexp(ATout - ATin)

(2)

where AQ (W) is the power difference between two heat loads applied consecutively at the ion-trap, Pexp 18
the helium density at the experiment location, and AT, (K) and AT, (K), are the steady-state
temperature differences measured at the inlet and outlet locations respectively. Using equation (2), a helium
volume flow rate of 0.24 m® hr~! and 0.16 m® hr~! is calculated for the first and second experiment
respectively. The larger flow rate at Exp 1 is essential since it contains a larger number of heat dissipating
components than Exp 2 and therefore requires more cooling power. When combined, these volume flow
rates are consistent with the total volume flow rate V calculated at the cryostat.

No significant change in the total flow rate was observed during the process of connecting an
experiment into the cooling circuit.

4.5. Vibrations
While the combination of two GM cryocoolers delivers substantial cooling power at 70 K, the operation of
the cryocooler cold heads generates significant vibration, which requires damping. Measurements with
piezo-electric accelerometers (DYTRAN, 3143M1) of the cryostat vessel, which houses the cold heads, show
maximum displacement occurs at frequencies of 2 Hz and 50 Hz, with large amplitudes of 50 ;m and 3 ym
respectively.

To reduce the amplitude of vibrations transmitted from the cryostat vessel to the ion-trap experiments, a
number of vibration damping measures were taken onto the helium transfer lines. The vacuum jacket
surrounding the transfer lines is mechanically decoupled from the cryostat via edge-welded bellows. The
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Figure 5. Time evolution (a) and frequency spectrum (b) of the vibration of the in-vacuum heat sink in Exp 1. The x and z-axis
correspond to those shown in figure 2(a). In these measurements both Cryocooler 1 and 2 are on, the cryogenic fan is on and the
heat sink has reached a 40 K steady-state temperature. Measurements of each axis were taken consecutively. (c) Amplitude
spectrum with background vibrations subtracted.

lines have flexible sections installed at locations close to the helium feedthroughs on each vacuum chamber.
Additionally, each vacuum chamber is rigidly anchored to a massive 545 kg optical table (Thorlabs,
T1225CN), thereby downshifting the natural resonant frequency of the mechanical system past the flexible
V] lines.

Vibration measurements were made at the ion-trap experiment closest to the cryostat, using a
heterodyne Michelson interferometer set-up (in a similar fashion to that presented in reference [17]). Three
mirrors were attached to the ion-trap support structure inside the vacuum chamber to reflect 650 nm laser
light delivered along three perpendicular axes. Reference mirrors were anchored directly onto the outside of
the vacuum chamber. This method permits measurements of vibrations with amplitudes of a few nm and in
the frequency range 0-50 kHz.

When the heat sink is operating at 40 K, the measured vibration can be seen in figure 5(a) which shows
the largest vibrations are in the y-direction with a maximum displacement of 2.3 pm relative to the vacuum
chamber. Figure 5(b) shows the frequency spectrum of the vibration as calculated from figure 5(a).
However, the measurements in figure 5(b) are the total vibrations experienced by the experiment. To isolate
the effect of the cooling system, measurements at 295 K were also taken. Figure 5(c) shows the difference in
the amplitudes of vibration between when the cooling system was turned on (figure 5(b)) and turned off.
The most prominent contributions from the cooling system are in the y-direction at 46 Hz, 56 Hz, 68 Hz
and 100 Hz with amplitudes of 315 nm, 274 nm, 220 nm and 224 nm respectively.

The measured vibration amplitudes are acceptable for intended ion trapping experiments as coherent
qubit manipulation will be driven using microwave and RF radiation. In this scheme, laser fields are solely
used for photo-ionisation, Doppler cooling, state initialisation and detection. For these purposes, Exp 1 uses
a369.5 nm laser with a Gaussian beam profile and a 50 ;sm waist. Given a 2.3 pym displacement of the ion
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Table 1. Summary of temperature projections for Exp 1 and 2
when configured for four ion-trap experiments connected in
parallel. The additional two ion-trap experiments are expected to
perform similarly as Exp 2. All four experiments are expected to
operate below 70 K as given by the average temperature between
inlet and outlet within each set-up. An explanation of the
positions labelled in the table can be found in figure 1.

Position Temperature (K)
Cryocooler 1 (T1) 51.0
Cryocooler 2 (T2) 55.1
Cryofan intake (T3) 53.0
Cryostat outlet (T4) 55.0
Cryostat inlet (T5) 79.5
Merge inlet (T9) 58.5
Merge outlet (T10) 82.5
Exp 1inlet (T11) 62.0
Exp 1 outlet (T12) 79.0
Exp 2 inlet (T7) 65.0
Exp 2 outlet (T8) 70.5

relative to the centre of the beam, a 2% intensity fluctuation is expected. However, this fluctuation is
negligible as the dominant source of intensity noise (~4%) arises from the laser light source.

For laser-based quantum logic experiments, additional vibration damping and isolating measures may
be taken to meet stringent laser-phase stability conditions with respect to the trapped ion. Limiting further
ion-trap displacements to less than 100 nm may be realised by routing the transfer lines through large sand
boxes or by attaching tuned damping springs to absorb vibrations. Vibrations may also be eliminated near
the source by mechanically decoupling the cryostat from the cold head using flexible copper braids [18, 19]
or a helium buffer gas [16, 21].

Implementing vibration isolation techniques would also be beneficial when scaling to large precisely
aligned ion-trap arrays. Improved isolation would reduce the difficulty in achieving and maintaining laser
beam alignment. However, a similarly negligible contribution to laser intensity fluctuations can be realised
using integrated on-chip optical elements which ensure inherent resilience to vibrations [33]. Mechanical
vibrations can also adversely affect the ability to maintain precise alignment between ion-traps. An
architecture constructed from identical ion-traps mounted to the same rigid support structure are expected
to share the same resonant frequency and therefore mode of vibration. Considering the worst-case scenario
of asynchronous oscillation between ion-traps, the relative displacement may be as high as 2 x 2.3 ym =
4.6 pm. However, numerical simulations presented in [7] suggest that chip misalignment up to 10 ym
remain suitable for reliable qubit transport between ion-traps. Current level of vibrations are therefore
acceptable provided chips are initially aligned within 5 pzm of one another.

5. Scaling from two to four ion-trap experiments

In this section, we present a model of the cooling system performance when operating with four
experiments connected in parallel. This model was derived from results presented in sections 4.3 and 4.4
where we discussed the active heat load tests and characterised the helium flow rate across two ion-trap
experiments. This model assumes a total volume flow rate, V, of 0.40 m*> hr~'. The passive heat load is
assumed to be 60 W at the cryostat, which is an overestimate of the 56(3) passive heat load presented in
section 4.3. For each of the four parallel circuit loops, the local passive heat loads are then assumed to be of
30 W. These are also conservative estimates considering our previous measurements of passive heat loads
within the circuit loop to Exp 1 and Exp 2. For the four ion-trap experiments, an active heat load of 75 W is
assumed for the first and 12 W each is assumed for the others. These ‘power budgets’ were chosen based on
the number of active components within each ion-trap experiment. The total heat load is therefore 291 W,
of which 111 W are active and 180 W are passive. Cryocooler 1 and 2 are expected to operate at 51 K and
55 K, respectively [22, 23].

At this temperature and under a pressure of 20 bar, the helium gas density at the cryofan is calculated to
be 18.16 kg m 2. The equivalent mass flow rate at the cryostat is therefore projected to be 2.01 g s~!. The
valves at each experiment are set to divide the flow rate such that 0.81 gs~! of helium is delivered to the
75 W experiment while 0.40 g s~ ! is delivered to each of the three 12 W experiments. Average heat sink
temperatures of 65.5 K and 68 K are expected at Exp 1 and Exp 2 respectively. The additional two
experimental ion-trapping set-ups are expected to perform similarly as Exp 2, such that all four ion-trap
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experiments are projected to operate below 70 K. Table 1 provides a summary of the temperature
projections of the model. At this temperature we anticipate a reduction of the ion heating rate across all
four experiments by about an order of magnitude compared to room-temperature operation [13].

6. Conclusion

Thermal management is a critical concern within a scalable architecture for ion-trap quantum computing.
Presented here is the development of a cryogenic cooling system with high cooling power and a scalable
design, applicable to large-scale arrays of ion-traps. This paper demonstrates a laboratory configuration
capable of providing 111 W of net cooling power at 70 K to up to four independent ion-trap experiments.
By using a remote cryostat that is thermally coupled to a helium gas circulation system, the physical size
constraints of existing cryostat systems are no longer an obstacle at the ion-trap location. Therefore, cooling
power can be delivered within the constrained footprint area of the ion-trap chips to permit many chips to
be closely spaced side by side across a surface. The cooling system therefore satisfies one of the key
engineering requirements of the scalable architecture proposed by Lekitsch ef al [7], and it is a step towards
the construction of practical devices for ion-trap quantum information processing. In addition, the system
presented here also has applications in other high-power processes that require a scalable distributed
cooling network in a similar temperature range. Some examples include high-temperature superconductor
technologies [34], cooling of high-power laser amplifiers [35] and even in propellant tanks for space
exploration [36].
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