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ABSTRACT

In vacuo cryogenic environments are ideal for applications requiring both low temperatures and extremely low particle densities. This enables
reaching long storage and coherence times, for example, in ion traps, essential requirements for experiments with highly charged ions,
quantum computation, and optical clocks. We have developed a novel cryostat continuously refrigerated with a pulse-tube cryocooler and
providing the lowest vibration level reported for such a closed-cycle system with 1 W cooling power for a <5 K experiment. A decoupling
system suppresses vibrations from the cryocooler by three orders of magnitude down to a level of 10 nm peak amplitudes in the horizontal
plane. Heat loads of about 40 W (at 45 K) and 1 W (at 4 K) are transferred from an experimental chamber, mounted on an optical table, to
the cryocooler through a vacuum-insulated massive 120 kg inertial copper pendulum. The 1.4 m long pendulum allows installation of the
cryocooler in a separate, acoustically isolated machine room. At the experimental chamber, we measured the residual vibrations using an
interferometric setup. The positioning of the 4 K elements is reproduced to better than a few micrometer after a full thermal cycle to room
temperature. Extreme high vacuum on the 107'> mbar level is achieved. In collaboration with the Max-Planck-Institut fiir Kernphysik, such a
setup is now in operation at the Physikalisch-Technische Bundesanstalt for a next-generation optical clock experiment using highly charged
ions.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5088593

. INTRODUCTION

Cryogenic temperatures are needed in many fields of research,
such as in studies of superconductivity and superfluidity, surface
studies employing scanning probe techniques, the development of
low-noise detectors and electronics, or to generate high magnetic
fields. They can also generate extreme high vacuum (XHV) con-
ditions, an advantage exploited in cryogenic Penning traps” or
Paul traps,”” and nearly impurity-free vacua in multipole radio-
frequency (rf) traps.” Furthermore, superconducting detectors for
fluorescence photons integrated into surface Paul traps for scal-
able quantum information processing require operation at cryogenic
temperatures.”” For these reasons, cryogenics is gaining ground

in the last years within the communities working in atomic and
quantum physics. Moreover, an extremely low residual gas density
is crucial for suppressing charge-exchange-induced ion recombi-
nation’ of highly charged ions (HCIs), a key aspect for the cur-
rent development of optical atomic clocks using HCIs.'’ Recently,
retrapping of HCIs in a cryogenic Paul-trap experiment (CryP-
TEx)"'""* and sympathetic cooling of those HCIs through inter-
actions with a laser-cooled Coulomb crystal were demonstrated at
the Max-Planck-Institut fiir Kernphysik (MPIK). High-resolution
spectroscopy of HCIs using advanced spectroscopic methods like
quantum logic'’ requires that collisions have to be avoided for
many minutes. This is also important for quantum-physics research,
e.g., in scalable setups for quantum simulations or quantum
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computing®>'*""" since collisions with background gas molecules
or atoms cause decoherence or even unacceptable ion losses, which
are suppressed at cryogenic temperatures. In addition, a cryogenic
trap suppresses ion heating'® *’ due to reduced electric field noise.
Optical atomic clocks aiming at sub-10""® fractional frequency inac-
curacy also benefited in recent years from the strong suppression
of residual systematics in a cryogenic environment such as the ac
Stark shift from black-body radiation and collisional shifts due to
background gas.”'

Inside a closed vessel the total vapor pressure given by the
sum of partial pressures is tremendously reduced by cooling down
the entire vessel or some surfaces therein. At temperatures below
the boiling point of nitrogen (77 K at normal pressure) only neon,
helium, and hydrogen are still gases. At 4 K, all gases are either con-
densed, frozen out or cryo-adsorbed. Residual gas particles imping-
ing on cryogenic surfaces lose kinetic energy, stick to the surface
(dubbed cryopumping) and do not outgas (desorb). At around 4 K,
XHV pressures below 10™'* mbar are routinely achieved.” Values
down to the 10™"7 mbar level were reported”””” for sealed cryogenic
traps.

Two methods are chiefly used to reach 4 K temperatures. The
first is liquid helium (LHe) refrigeration in continuous-flow or bath
cryostats (see, e.g., Ref. 31 and the references therein, and Refs. 17
and 32 as sample applications). For precooling and also for the
outer heat shields of such systems, liquid nitrogen (LN3) is com-
monly used. The inner stage is then cooled with LHe down to 4 K.
There is the option of achieving lower temperatures through the so-
called lambda-point refrigeration under pumping (down to approx-
imately 1.8 K’'), subsequent cooling through adiabatic demagneti-
zation or in *He-*He mixing cryostats. Inconveniently, since LHe
and LN, continuously evaporate from these open systems, regular
refilling is needed. Evaporation of LHe at the rate of approximately
1 1 every hour per watt of cooling power at 4 K causes consid-
erable running costs. The LHe and LN, reservoirs, their thermal
shields and insulation are bulky and hinder access to the experimen-
tal region. In many cases, the cryogenic support of the cold mass and
reservoirs is feeble in order to reduce the thermal load from room
temperature. This can cause sensitivity to vibrations and mechan-
ical shifts due to thermal expansion and the changing level of the
cryogen.

As a second method, continuously operating closed-cycle
refrigerators supplied by various vendors can be employed (see, e.g.,
Refs. 31, 33, and 34 and references therein). They do not need refill-
ing and offer very stable temperatures during operation. Frequently
used types are Gifford-McMahon and pulse-tube cryocoolers, both
typically as two-stage systems providing cooling powers on the order
of 40 W at the first stage (around 40 K) and 1 W at the second stage
(around 4 K). A major drawback of such systems is the cycling flow
(around 1 s period) of strongly pressurized cooling gas, resulting in
mechanical vibrations and noise at the cold head and other parts.
Many cryogenic experiments are sensitive to mechanical vibrations
on a level of submicrometer: laser spectroscopy of trapped atoms or
ions,”"”** silicon cavities for optical oscillators,” *” sapphire oscil-
lators,”** frequency references based on spectral hole burning, 1042
x-ray monochromators, B4 bolometers, and detectors searching
for, e.g., neutrinoless double-beta deca'y*3 or dark matter,” instru-
ments, and microcalorimeters for infrared, x-ray and gamma astron-
omy,’” and gravitational wave detectors.”” For such applications,
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pulse-tube cryocoolers” offer lesser inherent vibrations than
Gifford-McMahon cryocoolers and are more reliable since there are
no movable parts at the cold head itself.”"** Typical maintenance
intervals are on the order of 20 000 h for the cold head and 30 000 h
for its compressor. Since a 1 Hz alternating compression and expan-
sion of He gas driven by a rotary valve is needed for the cooling,
vibrations at the cold head with amplitudes at the 10 ym level are still
induced.

Commercial vibration-insulation systems are available for
closed-cycle refrigerators. Some use a He gas heat-exchange unit, i.e.
He volume enclosed by edge-welded or rubber bellows, as a thermal
link between the cryocooler and the cold stage (see, e.g., Refs. 5, 49,
and 50). Except for the flexible bellows, no rigid mechanical contact
exists. The He gas needs continuous replenishment to maintain a
pressure of typically 30 mbar above atmospheric pressure. It is cru-
cial to operate such a gas-exchange unit above the He boiling point
of 4.2 K to prevent mechanical contact through condensed He.”'
Consequently, the experiment has to be operated at a sufficiently
high temperature, in cases several kelvins above 4.2 K’ depend-
ing on the thermal coupling of the experiment to the gas-exchange
unit. This comes at the price of a reduced cryopumping perfor-
mance. Some research groups have developed vibration-decoupling
systems. Active noise cancellation of pulse-tube cryocooler vibra-
tions was implemented.”” However, most groups have applied pas-
sive decoupling schemes based on flexible metallic links™” *> which
must satisfy the conflicting needs of high thermal but low mechani-
cal coupling.

All this considered, we started developing a cryogenic system
with vibration decoupling based on our experience from CryP-
TEx’ with the goal of improving mechanical stability and lowering
the achievable temperatures. A pulse-tube cryocooler ensures reli-
able, low-maintenance operation over months, low running costs,
and stable ion trap temperatures. Our design achieves high repro-
ducibility of the trap position after thermal cycling. By installing
the cryocooler and other noisy components in a separate room, the
Paul trap mounted onto a pneumatically floating optical table in
the adjacent laser laboratory meets the stability demands for opti-
cal atomic clocks. It is already in operation for studying forbidden
optical transitions of HCIs. These are produced by a Heidelberg
Compact Electron Beam Ion Trap (HC-EBIT),” transferred through
an ion beamline, decelerated, and retrapped in a cryogenic Paul
trap.37

In this paper, we describe the cryogenic system in detail
which we initially designed and assembled at MPIK in Heidel-
berg, Germany. After completion, we moved it to the Physikalisch-
Technische Bundesanstalt (PTB) in Braunschweig, Germany, where
various measurements reported here characterized its performance
regarding temperatures, vacuum level, and residual vibrations. Cur-
rently, the setup is operated there at the QUEST Institute for a
cryogenic linear Paul trap, aiming at quantum logic spectroscopy of
HCIs. A similar setup was also recently assembled by our collabo-
rators at Aarhus university for the spectroscopy of molecules in a
cryogenic Paul trap. Another slightly modified version is currently
under construction at MPIK. Its intended application is HCI trap-
ping in a monolithic radio-frequency trap and resonator,” aiming
at direct frequency-comb spectroscopy in the extreme ultra-violet
range g)sing high-harmonic generation in an optical enhancement
cavity.”
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Il. DESIGN
A. Concept

Detrimental vibrations can propagate from the cold head and
pumping system through air, the floor, the vacuum chambers, and
the thermal transfer elements. We address these paths in our design
by (a) acoustically separating the noisy elements from the quiet area,
(b) installing the various components on vibration-reducing sup-
ports attached to the floor, (c) introducing highly flexible bellows
in the vacuum system, and (d) using a low-pass, heavy inertial vibra-
tion filter as the thermal transfer unit (TTU). In the following, we
will describe these measures.

The cryogenic system (an overview is shown in Fig. 1) extends
over two rooms which are separated by an acoustically insulating
wall. One of them is the laser laboratory, in which the experimen-
tal chamber, containing a linear Paul trap,”” is rigidly mounted on
top of a pneumatically floating optical table to decouple it from the
floor. Although this cryogenic system was intended for use with an
ion trap, any object of study could be cooled with it. For simplic-
ity, we will refer to this object as just the ion trap in this article.
In the adjacent room, referred to as the machine room, a two-stage
closed-cycle pulse-tube cryocooler is installed at a distance of 1.4 m
from the ion trap region, which is larger than in most other cryo-
genic setups. The helium compressor is located at the far end of
the machine room for better vibration suppression. A vacuum tube
containing the thermal transfer unit (TTU) runs through the wall
and connects the two sections of the cryogenic system. Massive
high-purity oxygen-free high thermal conductivity (OFHC) cop-
per parts, linked by two flexible vibration-decoupling sections, are
used in the TTU between the cryocooler and the ion trap. Together,
they constitute an inertial low-pass vibration filter. Moreover, the
rigidity of the vacuum chamber surrounding the TTU is also bro-
ken at several locations by introducing flexible edge-welded bellows
that absorb the noise components above their lowest oscillation

Machine room wall

Vertical axis

endulum axis

Pulse-tube

cryocooler T

Threaded rod
for support

Edge-welded
beIIQW§ -
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frequencies (a few hertz). Hence, several vacuum chambers “float”
between bellows, with their mass also acting as low-pass filter for
vibrations. Due to our space and technical constraints, such as the
required orientation of the pulse tube, the system is divided into
three segments: I (vertical) with the cryocooler, II (horizontal) with
the inertial pendulum, and III (vertical) with the TTU connect-
ing to the ion trap. The cold masses are divided in two stages: the
first one (35-50 K) is the thermal heat shield surrounding the sec-
ond one (3.5-5.0 K), which cools the ion trap. The thermal insula-
tion vacuum is differentially connected with the vacuum of the ion
trap where an XHV level is required once the system is cold. All
mechanical pumps for initial pumping and maintaining an ultra-
high vacuum (UHV) room-temperature base pressure are located
in the machine room. The vacuum chambers enclosing the TTU
are vibration-decoupled by six edge-welded bellows in total. Since
the diameter of the larger DN160CF bellows is around 170 mm,
strong forces arise when the vacuum system is pumped out due to
the outer atmospheric pressure. Two outer counteracting DN160CF
bellows in extension of the segment II are attached on their outer
flanges to rigid pillars anchored to the ground of each room to bal-
ance the horizontal pressure forces, leaving zero net forces acting on
the vacuum chambers. The chamber of segment I is mounted on an
aluminum frame supported by damping rubber feet to the noise-
damping screed used in the floor of the machine room. Segment
IT runs horizontally at 50 cm height through a hole in the noise-
insulating wall and is also held by two aluminum frames, one in
the machine room and the second in the laser laboratory. Both are
again supported by damping rubber feet. The vacuum chamber of
segment III runs from below through a hole in the aforementioned
floating optical table and is stiffly mounted to its top, the only rigid
connection of this chamber. This arrangement provides 360° optical
access on the table top in the horizontal plane and leaves also the top
lid of the ion-trap chamber free, offering convenient access to the
inside.

Laser laboratory

FIG. 1. Cutaway drawing of the cryo-
genic system. The system extends
over two rooms separated by a noise-
insulating wall, with the pulse-tube cry-
ocooler located in the machine room on
the left and the cooled ion trap/sample
on the right on top of a pneumatically
floating optical table in the laser lab-
oratory. The cryogenic system is sub-
—L, divided into three segments. The heat
shields which enclose the second stage
vibration-decoupling sections with the
flexible copper links are not shown for
visibility. The inset magnifies the position
adjustment of the inertial pendulum. See
the text for further details.

lon trap /
sample

Flexible annealed
copper braid links

e Temperature sensors

L Vibration decoupling elements
142m a
L . T d
| )
Segment | Segment | Segment llI
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B. Vacuum system

In total, the system comprises three vacuum chambers:
two custom-made six-way crosses with DN200CF ports and the
DNI160CF tube of segment II with two vertical DN40CF flanges.
Additionally, two DN160CF tubes are used in segments I and III,
respectively (see Fig. 1). All parts are made of low-magnetic stainless
steel and are electropolished to reduce outgassing and the radiation-
emission coefficient, thus reducing the radiative heat transfer to
the cryogenic elements. In segment I, the pulse-tube cryocooler is
mounted on a DN160CEF vertical tube attached to the top of the first
six-way cross, which is connected to segment IT by means of an edge-
welded DN160CF bellows with 40 diaphragm pairs. On the opposite
side of segment II, an identical one connects to the second six-way
cross (of segment IIT). Attached to the top flange of this cross, a sec-
ond vertical DN160CF tube holds the in-vacuum room-temperature
frame of the last segment of the TTU (detailed in Sec. II D 3).
This tube passes through the 350-mm diameter hole in the optical
table and is connected to the bottom of the ion-trap chamber.” For
balancing the compressive forces, two edge-welded DN160CF bel-
lows with 20 diaphragm pairs are mounted to the outer flanges of
each of the two six-way crosses. These bellows are terminated with
blind flanges fixed by means of M12-threaded rods to massive pillars
anchored to the floor in each of the two rooms. Two edge-welded
DN40CF bellows are installed vertically on the horizontal chamber,
with their top flanges closed by modified DN40CF blind flanges. On
their vacuum side, each one holds a 150-mm long spoke from which
the inertial pendulum of the TTU is suspended (see Sec. II D 2 for
further details). On the air side, adjustable threaded rods are welded.
They run vertically through oversize holes on aluminum plates, with
nuts and larger 25 mm-diameter washers allowing for horizontal
position adjustment of the TTU by means of three set screws (see
inset of Fig. 1). The height is adjusted by turning the nut on the
threaded rod, lifting or lowering the pendulum.

A single 300 I/s turbomolecular pump (TMP) attached to seg-
ment I, backed by a smaller 70 1/s TMP and an oil-free scroll pump
is used for pumping. This two-stage TMP system increases the H,
compression ratio by more than three orders of magnitude com-
pared to a single-stage system and provides additional safety during
cryogenic operation: If the 300 I/s TMP fails, the smaller TMP can
maintain a vacuum level good enough to avoid too much frozen
gas on the cryogenic surfaces; a failure of the smaller pump does
not cause any immediate problem either. The room-temperature
base pressure in the TTU is determined by the limited vacuum con-
ductance across the whole system, where some components cannot
be baked due to the use of the cryogenic vacuum grease Apiezon
N which starts to flow at 42 °C. Nonetheless, after turning on the
cryocooler, the large inner surfaces cryosorb residual gas, quickly
reducing the pressure to UHV levels. As for the ion-trap chamber,
the first and second stage are differentially separated from the vac-
uum chamber and the vacuum conductance to the segment III tube
is rather small. Therefore, to enhance pumping there, an ion-getter
pump is installed. It can be separated from the main vacuum dur-
ing activation by means of a DN63CF gate valve. The main residual
gas in the space between the chamber wall and the first cryogenic
stage is Hy, which is removed by the getter pump with a speed of
200 1/s. Cryopumping at the ion trap is further enhanced by gluing
approximately 1 g of activated charcoal to a container placed inside
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the second stage. It acts as a strong getter at cryogenic temperatures
due to the surface area of its pores, which can reach thousands of
square meters per gram.”’

It is also possible to close a DN100CF gate valve between the
300 1/s TMP and the cryogenic system, which allows switching off all
mechanical pumps during a measurement, eliminating their vibra-
tions. However, measurements have shown that pump vibrations are
also well suppressed by our cryogenic system (see Sec. I1I C).

C. Cryocooler

We use a model RP-082 pulse-tube cryocooler from Sumitomo
Heavy Industries,”’ with an F-70H compressor driving it through
20 m long supply and return lines. The manufacturer specifies vibra-
tion levels of 7 ym and 9 ym for its first and second stages, respec-
tively. A thermal load of 40 W can be refrigerated by the first stage
at 45 K, and 1 W by the second stage at 4.2 K. The rotary valve and
drive are directly attached to the cold head without vibration decou-
pling. It only operates in upright orientation, therefore segment I,
where it is mounted, is vertically oriented.

Higher thermal loads raise the achievable temperatures. Our
target temperatures were around 45 K and 4.5 K for the first and sec-
ond stage respectively, to reach long HCI storage times on the order
of 1 h. A low temperature of the first stage allows for a lower tem-
perature of the second one. The presented system does not neces-
sarily rely on the employed cryocooler, and small mechanical mod-
ifications of segment I would accommodate other models with less
vibrations or larger refrigeration powers.

D. Thermal transfer unit

The TTU bridges a horizontal distance of 1.4 m between the
cryocooler and the ion trap. It is vacuum-insulated from the room-
temperature chamber. Long, heavy and stiff nested sections carry
the heat in each segment. Vibration-decoupling soft links suppress
transmission of vibrations between them. The first (outer) stage
serves as a heat shield for the second one for both radiation and
conductive heat loads. Owing to the distance they have to bridge,
the cold stages have large surface areas and consequently a high
radiation load. To minimize this load, most of the copper parts are
plated with a 10 ym silver layer as a diffusion barrier and a 0.5 ym
layer of gold, which prevents surface oxidation and provides a low
radiation-emission coefficient.

In segments II and III, low thermal conductivity stainless-steel
spokes of 2 mm diameter are used to suspend the TTU from the
room-temperature vacuum chambers as well as the second stage
of the TTU from the first one. The spokes are made as long as
possible within the given geometry to reduce thermal conduction.
In contrast, thermal conduction along the TTU is enhanced by
making it as short (and large in cross section) as possible and by
using OFHC copper with purities between 4N and 5N (99.99% and
99.999%, respectively). Furthermore, most of the copper parts were
vacuum-annealed to partially recrystallize them, further increasing
their residual-resistivity ratio (RRR) and thermal conductivity 1.””
Thereby, A values of thousands of W m~! K™! can be achieved,”’
corresponding to RRR values of a few hundreds. For parts that
were brazed together, such as the first stage of segment I and III,
the annealing procedure was carried out simultaneously with the
vacuum brazing at a temperature beyond 850 °C. Annealing was
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performed individually for elements which were bolted together,
such as the bars for the pendulum. These were vacuum-annealed
at a temperature of only 450 °C over a period of 2-3 h. Annealing
under oxygen atmosphere would generally lead to even higher RRR
values due to oxidation of magnetic impurities,”’ but safety concerns
precluded this. To reduce the thermal boundary resistance between
different surfaces which are clamped together, we use thin films
of the cryogenic vacuum grease Apiezon N to close microscopic
irregularities.”*"’

1. Segment |

A 220 mm-long first-stage hollow octagon is vacuum brazed
from eight prismatic copper bars of 10 mm thickness (see Fig. 2). It
is attached to the first stage of the cryocooler and houses the sec-
ond stage. It ends inside the six-way cross, where flexible copper
links connect it to the next segment of the TTU. The second stage of
the pulse-tube cryocooler is directly connected by means of flexible
copper links to the next segment.

2. Segment Il

The first stage of the pendulum (see Figs. 2 and 3) is also a
hollow octagon made by bolting together eight ~1.4 m-long and
25 mm-thick copper bars of trapezoidal cross section. On top of it,
two stainless-steel inserts hold two vertical 150 mm long stainless-
steel spokes that are screwed by their other end to the vacuum side
of DN40CF blind flanges. These close the vertical DN40CF bellows
connected to the DN40CF ports of the horizontal vacuum chamber
and are externally supported by the structure described in Sec. II B.
Inside the octagon, the second-stage rod is held by six counteracting
spokes of 110 mm length. The rod, made from OFHC 4N5 (99.995%)
copper, has a diameter of 50 mm and a length of 1.34 m.

k,
Pulse *‘
tube
1 - |
Blind
| flange

7

Flexible copper
links

. First stage

Spokes
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3. Segment Il

The two stages of segment III are supported by a room-
temperature frame made of stainless steel (see Figs. 2 and 4) resting
inside of its DN160CF vacuum tube (see Sec. II B). From the frame,
twelve 120 mm-long spokes are arranged in counteracting pairs to
hold the hollow 0.45 m-long first-stage dodecagon, vacuum brazed
from 12 trapezoidal copper bars. The spokes are vacuum-brazed
into fitting bores drilled along the axis of Allen-head screws. A nut
on the thread of each screw is used to adjust position and tension
(see Fig. 4). The low-temperature ends of the spokes are held by a
stainless-steel girdle screwed to the first stage. The warm ends are
hooked into the room-temperature frame. From the first stage, a
50 mm-diameter second-stage copper rod with a length of 0.44 m,
made from OFHC 4N5 (99.995%) copper, is suspended again by
means of 12 spokes with lengths between 80 mm and 90 mm in a
similar arrangement.

4. Flexible copper links

Vibration transmission from the pulse tube along the TTU
is suppressed by flexible copper links mounted between the three
segments. We use customized links from Technology Applications,
Inc., based on OFHC copper-wire braids (UltraFlex)"' with an esti-
mated purity between 4N5 and 4N8. The braids are cold-pressed
into copper plates of at least 4N purity. This did not seem to
reduce their conductance at operating temperature.”’ The braids
have a diameter of 2.54 mm and lengths between 35 mm and
68 mm. The links for the second stages use 32 individual ropes
each, whereas for the first stage connections 68 and 64 ropes on
the pulse-tube and trap side are used, respectively. We vacuum
annealed them at 550 °C for 6 h to increase the RRR value and
soften them. Higher annealing temperatures should in principle

(b) [

. . .

Inertial Pendulum

FIG. 2. (a) Cross section of the thermal transfer unit (TTU) with its two temperature stages. The inner parts of the three segments are connected by flexible copper links.
Interlaced heat shields enclosing the vibration-decoupling sections are not shown. (b) Mounting structure of the inertial pendulum (both stages are depicted as transparent
for visibility). The hollow first stage of the pendulum is assembled from prismatic copper bars bolted together. As second stage, a massive copper rod is held inside the first

stage by six counteracting spokes. See the text for further details.
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First stage
Inertial
pendulum 4

> 2 =

Spokes Second stage

FIG. 3. Photograph of segment Il prior to the installation through the noise insulat-
ing wall. The pendulum hangs freely inside the vacuum chamber, suspended by
two spokes from the top flanges of two vertical DN4OCF bellows. The inset shows
a view along the pendulum exposing the spokes holding the second stage from
the first one.

lead to even better results, but tests on a sample indicated par-
tial fusing of the individual copper strands in the ropes, making
them stiffer. Up to 8 bolts per end plate ensured a large num-
ber of contact points, used with molybdenum washers for com-
pensation of the differential thermal contraction of copper and
stainless-steel parts. As elsewhere, a thin Apiezon N layer was used
between contact surfaces. Some of the fittings have holes for mount-
ing temperature sensors. Threaded inserts (Helicoil Nitronic 60)

FIG. 4. (a) Photograph of segment Il of the TTU. The first stage is suspended
by spokes from a room-temperature frame. In the 3D model (b), the first stage is
displayed as transparent to show the inside mounting of the second stage, also by
means of spokes. (c) shows a cross section of a vacuum-brazed spoke. See the
text for further details.
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were used in the copper end plates having a high resistance to
galling. This permits application of strong force for good thermal
contact. The braids are bent by 90°, with several millimeters of
excess length and the outer ropes are longer than the inner ones to
prevent tension. The links installed beneath segment III are shown
in Fig. 5.

E. Heat shields

In each cross, the flexible links and sensors are enclosed within
assemblies of bent 1 mm-thick copper sheets (3N5 99.95%) as
shown in Fig. 6. Thermally connected to the first stages of seg-
ment I and III, respectively, they shield parts within from room-
temperature black-body radiation. Furthermore, the sensors require
shielding to exclude perturbations due to radiation directly heat-
ing them. To prevent transmission of vibrations through these heat
shields, care was taken to avoid contact with the pendulum of
segment II.

F. Temperature sensors

Six sensors monitor temperatures at various locations (see
Fig. 1). Four of them are permanently installed before and after the
first and second stage flexible links in the first cross. Here, we employ
calibrated Cernox-type sensors, since these are magnetic-field insen-
sitive and operate in closer proximity to the magnetic field of the
EBIT used for HCI production. These sensors measure the tempera-
ture gradient across the flexible links. Temporarily, we also installed
two silicon-diode temperature sensors at the beginning of the first
and second stage of segment III to measure the temperature gradient
up to the ion trap where two more silicon sensors are permanently
installed on the first and second stage inside the respective temper-
ature stage enclosures. Since these are completely enclosed there,
thermal radiation from a warmer stage is blocked. Thin cryogenic
0.127 mm-diameter (Cernox sensors) and 0.202 mm-diameter (sili-
con diodes) phosphor-bronze wires are used for connecting the sen-
sors to the vacuum-feedthrough flange in a 4-wire arrangement. The
wiring was thermally anchored with vacuum-compatible Kapton
tape to the temperature stages and had sufficient length in between
for heat-load reduction.

First stage copper
braid links

Second stage
copper braid links

Pendulum Heat shield

FIG. 5. Flexible copper braid connections between segments Il and Ill. The gold-
plated heat shield (see Fig. 6) that protects the braids from room-temperature
radiation is temporarily removed to allow access.
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Heat shields

Aluminium foils v
close gaps

FIG. 6. Photograph of a copper-sheet heat-shield assembly enclosing the flexible
copper braids in the second cross. Thick aluminum foil is used to cover gaps in
order to reduce thermal radiation from the vacuum chamber reaching the second
stage. See the text for further details.

G. Restricting the motion of the optical table

For suppression of vibrations, free relative motion of the differ-
ent segments, bound together by bellows, is needed. Owing to the
small gaps between both, the cryogenic stages themselves in the dif-
ferent segments and the vacuum chamber walls, undesired contact
can occur when the floating optical table moves by more than a few
millimeters. To avoid thermal shorts, we restrict the motion of the
optical table to less than +1 mm in each direction by means of a
strong aluminum frame, shown in Fig. 7. It is rigidly anchored to
the concrete floor and has adjustable mechanical stops that can, if
needed, withstand the force exerted by the pneumatic legs, which are
equipped with position regulators that keep the table within those
limits.

H. Installation

The TTU was assembled within a few days after completion of
its different components. First, segment II (see Fig. 3) was mounted.
Second, the fully assembled segment I and the six-way cross of seg-
ment III (second cross) were attached with the inner edge-welded
bellows to segment II. Temporarily, we used for the second cross a
similar support structure as for the first cross, shown in Fig. 1. Then,
the vertical element of Sec. 111, (i.e., the DN160CF tube with its inner
elements) was passed through the hole in the optical table (see Fig. 7)
and connected to the top of the second cross. Following that, the ion
trap vacuum chamber was installed on top of it and rigidly attached

Optical
table

Hole for

segment Il \.

Height
adjustment
Aluminium Pneumatic

frame feet &— Anchor plate

FIG. 7. Optical table and frame restricting its motion range within adjustable
mechanical stops. The four corner pillars are firmly anchored to the concrete floor;
horizontal bars stiffen the frame.
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to the optical table. The outer edge-welded bellows were mounted
to the crosses and anchored to the pillars fixed on the floor. The
TTU was completed by installing the flexible links inside the crosses
through the DN200CF flanges. At the same time, the temperature
sensors and the heat shielding enclosures were installed. Finally, the
optical table was floated, lifting the second cross from its temporary
support structure.

I1l. PERFORMANCE CHARACTERIZATION
A. Vacuum

The residual gas pressure between the vacuum chamber and the
first stage is measured by a hot-cathode ion gauge installed at the first
cross behind a DN40CF elbow to prevent thermal radiation from the
gauge reaching the first stage. Without cryopumping, the pressure
reaches the 10~® mbar level after a few days of pumping. With the
cryocooler switched on, the pressure drops to 3 x 10™*° mbar at the
end of the cooldown. Inside the second stage, no pressure gauges are
installed, but the vacuum pressure can be estimated by the lifetime of
the ions stored in the Paul trap. At temperatures below 5 K molecu-
lar hydrogen is the dominant residual gas. As in other experiments,
singly charged Be" ions under excitation by the 313 nm Doppler-
cooling laser can undergo a chemical reaction forming BeH".**"
With a large cloud of stored Be", the residual gas pressure can thus
be estimated. At the National Institute of Standards and Technol-
ogy (NIST), a pressure of 5 x 10! mbar was estimated from a Be*
lifetime of 2.2 h when the ions were continuously excited with a
saturation parameter of 0.3.” Before installing the activated char-
coal getter in our system, we also observed BeH" formation on such
time scales a few days after a cooldown, indicating a degradation
of the initially much better pressure. This is in agreement with our
experiences from CryPTEx.”'' The increasing amount of adsorbed
residual gas on the cryogenic surfaces reduces their pumping speed.
Short warm up cycles had to be performed every evening to restore
initial vacuum conditions.

For our new system, a short warm up cycle takes approxi-
mately one to 3 h, allowing the second stage to typically reach
20-30 K. Shortly after switching off the cryocooler, the pressure
measured by the hot-cathode ion gauge typically increases to the
1077 mbar range, then slowly returning to below 10~® mbar over
a period of typically 1 h as the TMPs remove the desorbed gas.
After passing through a minimum, the pressure would raise again
if the warm up were continued. Here, we switch the cryocooler back
on.

After installation of the getter, we have never seen BeH" forma-
tion and trap single Be* routinely for a whole week without losing
them. This is due to the much greater adsorption capacity of the
charcoal compared to the mostly polished metal surfaces. Be* ions
are only lost if the cooling laser is turned off for many days. Assum-
ing a Be" ion exposed to the same 313 nm cooling laser saturation
as for the aforementioned NIST experiment, for about 10 h/day and
for a conservative estimate of five days storage time without reac-
tion, we can place an upper limit of 2 x 10™** mbar on our pressure.
A more sensitive and efficient vacuum probe is an HCI on which
charge exchange (CX) reactions with hydrogen can be observed (see,
e.g., Ref. 68 and references therein). Following this approach, we
stored a single highly charged Ar'** ion, sympathetically cooled by a
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single laser-cooled Be" ion, in our Paul trap and measured the life-
time of this two-ion crystal. CX is immediately observable through
the temporary decrystallization of the Coulomb crystal or through
loss of one or both ions from the trap. Figure 8 shows the recorded
lifetimes of a set of 122 two-ion crystals within two weeks after a
warm up cycle. By a maximum likelihood estimate, we obtain a mean
lifetime of 7 = 43.1(3.9) min. In the classical over-barrier model (see,
e.g., Ref. 69), the critical distance for CX between H, and the HCI
is proportional to /g, where q is the HCI charge. According to the

Langevin model,”” the residual-gas particle density is given by

1
T~kL’

@

n=
where 7 is the HCI lifetime and k; = q/(2&0)+/a/u is the Langevin
rate coefficient, &g the electric constant, a = 47¢((0.787 x 10_24) cm’
the H, polarizability, and y the reduced mass of the HCI-H, system.

For (Ar'®*, H,) kz has a value of 1.957 x 1073 cm® s™! (see Ref. 68).
The pressure is then given by

p:n~kB-T (2)

with the Boltzmann constant kp and the residual gas temperature T,
which is assumed to be in thermal equilibrium with the second stage.
Based on Egs. (1) and (2), we can give an upper limit for the cryo-
genic vacuum pressure at the Paul trap inside the second stage since
the measured lifetime is only a lower limit for the actual lifetime of
the described loss process. Additional non-negligible loss processes,
e.g., due to collisions or imperfections of the trap drive electron-
ics, which cause a configuration change of the crystal or a tempo-
rary heating, as well as collisions with ballistic room-temperature
gas entering the trap region through the open laser access ports,”
shorten the lifetime to the above measured value. Hence, we derive
an upper XHV pressure limit of p < 1.26 (=0.11/+0.12) x 10~ "* mbar
at T = 4.6 K, strongly indicating operation on the 10™'> mbar level
as expected for such a cryogenic setup. Arguably, the cryogenic vac-
uum pressure could be improved and the HCI lifetimes prolonged
by closing some of the laser ports in the first stage with windows,
though this was not done here due to concerns about birefringence
and potentially longer initial pumpdown times due to the decreased

80 1=43.1(3.9) min

0 30 60 90 120 150 180 ZiO
Lifetime (min)
FIG. 8. Lifetime measurement of highly charged Ar'**. The data visualized in the
histogram yield a lifetime of 43.1(3.9) min, evaluated by a maximum likelihood
estimate. The corresponding exponential decay function is shown in red.
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pumping conductance. With all laser ports open, 0.01% of the total
solid angle exposes the ion to room temperature.’’

As mentioned above, the HCI lifetime and the vacuum pressure
degrade over time. Thus, the measured lifetime is an average over
the period of two weeks after a warm up cycle. Significantly longer
HCl lifetimes are observed shortly after such a cycle. It is a pragmatic
choice when to perform a short warm up with the tradeoff of losing
parts of a day due to the cycle time.

B. Temperatures
1. Cooldown

It is important to consider that before a cooldown the pressure
inside the cold stages of such a nested design is significantly worse
than the pressure measured by an outside gauge which is closer
to the pumps. Therefore, a cooldown is usually not started before
reaching a vacuum in the 10™® mbar range as measured by the gauge
in the first cross. This reduces the amount of freezing residual gas
and prolongs the time to the first warm up cycles in order to restore
initial vacuum conditions. Furthermore, an increase of the emissiv-
ity of the cryogenic surfaces due to adsorbed layers of residual gas is
prevented.

We continuously log the temperatures of the different segments
of the TTU with sensors mounted at the locations shown in Fig. 1.
We reach 49 and 4.6 K with cooldown times of 72 and 36 h for the
first and second stage, respectively [see Fig. 9(a)]. After cooling down
for about 36 h the second stage temperatures quickly decrease to
values near steady-state. This effect is due to the freezing of degrees-
of-freedom in the copper, that result in a much-reduced specific heat
capacity and an increased thermal conductivity below 40 K, espe-
cially for the annealed parts. In many cases experiments can already
proceed 36 h after the start of the cooldown. However, thermal con-
traction could still change the ion trap alignment with the laser. In
practice, cooling times of three days over the course of a weekend
were a sensible option. We usually maintain cryogenic temperatures
over months. In contrast, to restore UHV/XHV conditions after
venting in a room-temperature setup requires several weeks of cum-
bersome high-temperature bake-out procedure to reach pressures in
the 107" mbar range.

2. Warm up

Before venting the system to perform work in the vacuum
chamber, it has to warm up above the dew point (around 8 °C at
a relative humidity of 40% at 22 °C). Due to the good thermal insu-
lation of the cold stages, the whole system is basically only warmed
up through the switched-off pulse tube, and this process takes two
weeks [see Fig. 9(b)]. To speed it up, a small amount of helium gas
can be leaked into the chambers, increasing the pressure to 10~
mbar or even more, but yet keeping the vacuum chamber temper-
ature around 12 °C—just above the dew point to avoid water con-
densation on the laser windows. Since He does not freeze out and
is a light atom, it ensures a fast heat transfer, causing a cooling of
the vacuum chamber wall while the inside temperatures quickly rise.
To keep the helium from being pumped away, the gate valve to the
TMPs is closed. To exclude a damaging overpressure due to the
release of cryosorbed gas, we first warm up the two stages to approx-
imately 100 and 200 K under pumping before closing the gate valve
and letting helium into the chamber.
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(a) 300 T T maximized the cross sections of the various parts given the geomet-
ric constraints of the system; the lengths were determined by the size
of the apparatus. Extremely pure copper was used for high A val-
ues with vacuum annealing applied wherever practicable to further
increase the conductivity at low temperatures.

The conductances of the flexible copper links can be roughly
estimated with the capacity map of the pulse tube’' yielding the
total thermal loads of the two temperature stages as a function of

1 their steady-state temperatures. The temperature gradients across
the links are measured in the first cross by temperature sensors on
their end plates (see Fig. 1). For the first stage, we observe a thermal

ke ] load of 22 W (with the ion trap chamber”” installed) and a temper-
S

100 |

Temperature (K)

S 4604 ature gradient of 3.8 K, leading to a conductance of 5.8 W K™"'. For
- the second stage, we obtain a value of 0.8 W/0.15 K = 5.3 W KL
0 1 2 3 Since the links attached to the first and second stage have compara-
Time (D) ble lengths, but differ in the number of copper ropes by a factor of
/——/ two, these measurements imply that the conductivity of the copper
/// ] material at 3.5 K is twice as high as its value at 33.8 K. This indicates
250 / P 7 RRR values between 500 and 1200”°—a substantial improvement

(b) 300

7 1 upon a measured value of 77 for an unannealed strap™* resulting in a

five- to tenfold increase of the thermal conductivity at 4 K. The con-

| ] ductances of the flexible links in the second cross can be estimated

vl by scaling the values of the first links regarding the slightly different

5 pulse tube 1st stage ] lengths. The estimated values Ry, for the different parts of the TTU

Pendulum 1st stage are listed in Table I.

/ Trap 1st stage Estimates of the total heat load onto the two cryocooler stages
Pulse tube 2nd stage | . . . .

Pendulum 2nd stage include heat conduction by the spokes, connecting parts of different

Trap 2nd stage temperatures, and thermal radiation from warmer surfaces. The heat

1 1 flow through a spoke from a thermal reservoir at temperature T to

another reservoir at T is given by

N
o
o

Temperature (K)

-
N

4 8 16
Time (D)

sured by six sensors. At the ion trap, the steady-state temperatures are 48.8 K
and 4.6 K on the first and second stage, respectively. The pendulum temperature
is measured at the first cross behind the flexible copper links. (b) A warm up of the T, T,
system after switching off the pulse tube takes more than 14 days (dashed lines). _A f A(T)dT - / A(T)dT (5)
] .
4K 4K

T,
. . ~ . A
FIG. 9. Cooldown (a) and warm up (b) behavior. (a) Temperature evolution mea Ocond = = f A(T)dT (4)
T

A faster warm up is aided by letting a small amount of helium into the vacuum
chamber after about 3 days for increased thermal coupling between the temper-
ature stages (solid lines). Then, the system reaches room temperature in less
than two days. Note the different scales in (a) and (b). See the text for further

details. TABLE I. Estimated thermal resistances Ry, of the connecting copper elements of the

TTU. An RRR of about 1000 is assumed for the annealed copper of the rigid parts with

purities between 4N5 and 5N; thermal conductivities A (T') are taken from Refs. 72

3. Thermal budget and 73. For the flexible links, Ry, was estimated as described in the text. The nominal
We performed thermal calculations, using established methods temperatures assumed for the two temperature stages are 4 and 40 K, respectively.

as described, e.g., in Ref. 31, taking into account thermal resistances, o .

conductances, and radiation for optimizing the heat load and cryo- Stage Element A(Wem “K ) Ry (KW )

genic temperatures. These calculations are fairly consistent with the

. 2nd Lst flexible link - 0.19
performance of the built systems.

The thermal resistances Ry, of the various rigid copper elements 2nd P endulu.m ro.d 70 0.10
were minimized along the TTU. They were derived from Fourier’s 2nd 2nd flexible link e 025
law of heat conduction at a constant nominal temperature (of 4 and 2nd Vertical rod 70 0.03
40 K for the second and first stage, respectively), yielding Lst Ist vertical shield 20 0.04

Ist Ist flexible link . 0.17
I .
Ryy=—7—, 3) Ist Pendulum shield 20 0.12
A-MT) Ist 2nd flexible link 0.11
depending on the cross section A, the length /, and the material- Ist 2nd vertical shield 20 0.09
specific and temperature-dependent thermal conductivity . We
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The thermal conductivity integral values for stainless steel,
3060 W/m at T, = 300 K and 82 W/m at T; = 40 K, were taken from
Ref. 31. We minimized the heat flow through the spokes by making
them as long as practically possible, using lengths between 79 mm
and 150 mm, yielding 1.06 W and 60 mW onto the first and second
stage, respectively (see Table II).

The thermal radiation heat loads onto the first and sec-
ond stages were estimated by approximating the cryogenic sys-
tem as three long, concentric cylinders. For diffuse reflec-
tion, the Stefan-Boltzmann law and the cylindrical geometry
yield

Ao (T - TY)
rad = 5

1 A 1

s+i(E )

where the power Q,,4 is emitted from the outer surface with area
A at temperature T, with emissivity e, and is received by the
inner surface A; at temperature T; with emissivity e;. o is the
Stefan-Boltzmann constant. For specular reflection, A; = A, holds
in the denominator,’' resulting in only minor corrections. For the
nominal temperatures of 300 K (vacuum chamber), 40 K (first
stage), and 4 K (second stage) and estimated emissivities of €] = ¢;
= 0.05 for the electropolished stainless-steel vacuum chamber and
the mainly gold-plated copper parts, we calculate radiative heat
loads of 10.7 W onto the first stage and 1.5 mW onto the second
stage.

In Table I1I, the estimated total heat loads of only the cryostat
without the ion trap chamber and ion trap are given. The dominant
heat load onto the first stage is the thermal radiation, while for the
second stage the thermal conduction is dominant. Additional heat
loads onto the first and second stages are introduced by thermal radi-
ation from the ion trap chamber, conduction through further spokes
and the rf ion trap wiring, and dissipation of rf power.”” Thus, we
reach final temperatures of 33.8 K at the pulse-tube first stage and
of 3.50 K at the second stage, respectively. These values can be com-
pared with the capacity map of the pulse-tube cryocooler,”’ roughly
yielding heat loads of about 22 W (first stage) and 0.8 W (second
stage).

(6)

TABLE II. Heat load by thermal conduction through the spokes. The elements given
in the first column, being at the nominal temperature T+, receive the heat input, given
in the last column, by a certain number of spokes of a certain length from the warmer
reservoir at To. The vertical rod has two different types of spokes, (I) and (I), which
differ in their length by about 10 mm.

T, T, Length  Heat input
Element (K) (K) Number (mm) (W)
Pendulum shield 300 40 2 150 0.12
Vertical shield 300 40 12 120 0.94
Total 1st stage e 14 o 1.06
Pendulum rod 40 4 6 100 0.02
Vertical rod (I) 40 4 6 79 0.02
Vertical rod (II) 40 4 6 89 0.02
Total 2nd stage cee 18 . 0.06
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TABLE lll. Estimated steady-state heat loads of the cryostat without the ion trap.

Ist stage (W)  2nd stage (W)
Black-body radiation 10.7 0.0015
Conduction through spokes 1.06 0.06
Conduction through sensor wiring 0.01 <0.01
Total 11.8 0.07

C. Stability
1. Decoupling from vibration and noise sources

Sources of vibrations are the pulse-tube cryocooler (1.7 Hz) and
its compressor, the forevacuum scroll pump (around 25 Hz), the
TMPs (1000 Hz and 1500 Hz, respectively), and others that couple
through the laboratory floor: building vibrations, air-conditioning,
water-cooling systems, and fans. All of these also produce acoustic
noise coupling through the air and walls. We installed noisy parts
in the machine room, which is acoustically insulated from the laser
laboratory, achieving a noise reduction of approximately 20 dB. The
machine-room floor has a vibration-damping screed. The compres-
sor is mounted on a vibration-insulation platform on passive pneu-
matic feet which decouple it from the floor. However, vibrations can
still be transmitted along the cryogenic helium lines. To damp such
compressor noise, we guide the helium hoses through a heavy metal
box filled with 100 kg of fine quartz sand placed right next to the
pulse tube (see Fig. 10). Also, the forevacuum scroll pump rests on
a pneumatic vibration-insulation platform, and the flexible stainless
steel hose connecting it to the segment I TMPs is guided through a
second metal box with 25 kg quartz sand. To keep vibrations, aris-
ing in segment I by the He gas flow in the pulse tube, from being
transmitted towards the ion trap, the three segments are mechani-
cally decoupled. As described in Sec. II, the TTU employs flexible
copper links while the vacuum chambers are decoupled by edge-
welded bellows with 40 diaphragm pairs each. Segment I rests on

Rubber
isolators

Flexible fore-
vacuum lines

Bellows

JRubber feet —,-

a

FIG. 10. Photograph of the cryostat in the machine room. Vibration sources and
decoupling elements are labeled. TMPs — turbomolecular pumps.
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rubber feet on the machine-room floor. Segment II with the pendu-
lum acting as a low-pass filter also rests on rubber feet on the floors
of both rooms. These feet decouple it from vibrations from the pulse
tube and vacuum pumps. The two plates from which the pendulum
hangs (as described in Sec. II) are supported by four rubber isola-
tors each (as shown in Figs. 1 and 10). Segment III is connected
to segment II through the second vibration-decoupling section and
attached to the optical table without any rigid connection to the
floor. The pneumatically floating optical table with a mass of >600 kg
acts as a second inertial filter for vibration damping. In this way,
high-frequency vibrations are efficiently suppressed. Beyond 100 Hz,
we can rule out vibration peaks above the measurement white noise
plateau of 2nm/+/Hz root mean square amplitude spectral den-
sity. In particular, no vibration peaks were observed at the TMP
rotational frequencies of 1000 Hz and 1500 Hz, respectively. Low-
frequency vibrations are less strongly damped, as shown by the mea-
sured vibration peak amplitude spectra (see Sec. III C 2 for further
details).

2. Vibration measurement

The inherent vibrations arising in the pulse tube have an ampli-
tude of ~10 ym at the cold stages and appear mostly at its operating
frequency (1.7 Hz) plus its harmonics, mostly odd ones (here up
to 11th order). The impact on the ion trap of these vibrations, in
addition to the other aforementioned noise sources, must be char-
acterized. Vibrations propagating through the TTU and the vac-
uum chamber walls can cause unacceptable motion of the ion trap.
In precision laser spectroscopy for instance, differential vibrations
between the optical table and the ion trap lead to Doppler shifts
of the interrogating lasers. For coherent operation, the vibration
amplitudes should be smaller than the involved wavelengths of the
lasers.

To evaluate the mechanical stability of our system, we measured
the vibration spectra in three dimensions using self-heterodyne
interferometers, with the reference arm located on the optical
table and the signal arm connecting to the second stage close
by the ion trap using retroreflecting mirrors. The interferome-
ters employ acousto-optic modulators (AOMs) in the signal arms
for frequency shifting twice and silver-coated mirrors installed on
three laser access ports for retro-reflection of the incident beam
(see the scheme in Fig. 11). Due to access constraints, we could
not use mutually orthogonal ports. Thus, simultaneous measure-
ments had to be taken to reconstruct the 3D vibrations along the
principal axes. For each single direction, the interferometric beat
note was detected with a fast photodiode and demodulated with a
frequency mixer driven by twice the AOM frequency. These sig-
nals passed proportional-integral (PI) loop filters and were fed to
the (phase or frequency) modulation input of the signal gener-
ators driving the AOMs, thereby stabilizing the laser phases at
the mirror positions inside the vacuum chamber. Depending on
the type of feedback provided by the signal generators, displace-
ment amplitudes (phase modulation) or velocities (frequency mod-
ulation) were measured. Calibration of the modulation inputs of
the signal generators returned absolute displacements. The out-
puts of the loop filter signals were sent to a fast-Fourier transform
device, recording the spectrum of the feedback signals necessary to
close the loop, or to an oscilloscope. Figure 12 shows such time
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FIG. 11. Interferometric setup to measure the vibrations at the ion trap. Two
of the three directions were measured with such a closed-loop setup; the
third direction was measured in open-loop. See text for further details. AMP—
amplifier, AOM—acousto-optic modulator, BPF—band-pass filter, A/2—half-wave
plate, A/4—quater-wave plate, M—mirror, PBS—polarizing beamsplitter cube,
PD—photodiode, Pl—proportional-integral controller.

traces where the signal, recorded as a voltage, was already con-
verted into displacement amplitudes. As there were only two signal
generators with modulation inputs available for the measurement,
vibrations on the third axis were measured in an open-loop config-
uration by observing fluctuations in the error signal after demod-
ulation. The phase of the signal generator output for this dimen-
sion was tuned to ensure operation in the linear range of the mixer
output.

Vibrations along the horizontal pendulum axis could be
directly sampled under an angle of 0°. Vibrations along the other
two principal axes, namely, the ion trap axis (also horizontal) and
the vertical axis, could be estimated by reconstructing the time traces
by vector addition. The measurements for these two axes had to be
taken at angles of 60° with respect to the trap axis in the horizon-
tal plane and at 75° with respect to the vertical axis in the vertical
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150 . . . . .
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FIG. 12. Vibrations in the horizontal plane along the pendulum axis (red) and the
perpendicular trap axis (blue). The time traces were recorded with an oscilloscope
at a sampling frequency of 200 Hz. Here, a slow drift was removed by processing
the time traces with a cut-off frequency of 1 Hz. The vibrations along the trap
axis had to be reconstructed with the pendulum axis measurement and a vibration
measurement taken at 60° with respect to the trap axis. A division by cos(60°)
results in a deteriorate accuracy. See the text for further details.
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plane through the trap axis, respectively. The subsequent reconstruc-
tions involve divisions by cos(60°) ~ 0.5 and cos(75°) ~ 0.26, also
increasing their absolute errors. Consequently, the vertical axis is
the least accurate one; however, it is also the least important one
since spectroscopy lasers enter the trap in the horizontal plane. In
Fig. 13, the vibration amplitude spectra along the three principal
axes are displayed, obtained by a discrete Fourier transform of the
reconstructed time traces. The left hand column shows the vibra-
tions with the pulse tube switched on and off as well as the measure-
ment noise floor, recorded by blocking the photodiode in Fig. 11.
Additionally, the pulse tube-induced vibration spectra are shown in
the right hand column, i.e., the difference of the spectra with the
pulse tube switched on and off. The individual horizontal vibration
amplitudes are well below 20 nm, with the dominating peak at the

pulse-tube repetition rate of 1.7 Hz and ~10 nm at the fifth har-
monic (8.5 Hz). These oscillations lead to a peak first order Doppler
shift on the order of 107'°. Most of the vibrations at 20-60 Hz
can be attributed to resonances of the floor or optical table excited
by the compressor. In spectroscopic measurements, vibrations lead
to line broadening if their period is shorter than the interroga-
tion time, as it is the case for narrow transitions. Second-order
Doppler shifts induced by the measured vibration velocities are
negligible.

The measured vibration level in the horizontal plane is
about one order of magnitude lower than reported for a Gifford-
McMahon cryocooler equipped with a helium-gas exchange cell,
when operating the system at a similar temperature of about
45K
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FIG. 13. Left column: Vibration peak
amplitude spectra along three orthogonal
axes [(a): pendulum axis, (b): trap axis,
(c): vertical axis]. The data were taken
with the pulse-tube cryocooler on (red)
and off (blue) in order to determine its
contribution to the vibration levels. Also
displayed is the measurement noise floor
(dashed), which indicates the sensitiv-
ity of the applied method. Right column:
Pulse tube-induced vibration amplitudes
along the axes to show the effect of the
operation of pulse tube and compressor
[(d): pendulum axis, (e): trap axis, (f):
vertical axis; note the different y-scales).
The spectra were derived from a dis-
crete Fourier transform of 10 s-long mea-
surements of the mirror displacements
with a sampling frequency of 200 Hz.
This results in a corresponding resolu-
tion bandwidth of 0.1 Hz. Measurements
taken at higher sampling frequencies did
not show vibration peaks beyond 100 Hz.
Note that the spectra for the trap and
vertical axes had to be reconstructed by
measurements taken at 60° and 75°.
See the text for further details.
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IV. CONCLUSION

We have introduced a novel closed-cycle cryostat capable of
suppressing cryocooler vibrations by about three orders of magni-
tude to a level of 10 nm. It provides <5 K temperatures, an XHV
pressure in the 10™'*-mbar range, and 1 W of cooling power. Instal-
lation of noisy components in an adjacent room and several stages
of vibration suppression are applied. We installed a radio-frequency
ion trap on a pneumatically floating optical table, reproducing its
position after a full thermal cycle to room temperature and back to
below 5 K with respect to several aligned laser beams to better than
a few micrometer. These conditions are needed for high precision
experiments and optical clock operation with HCIs."” Our system
has stably operated over months, requires little maintenance, and
offers convenient vacuum access from the top. To our knowledge,
our vibration suppression surpasses all other reported closed-cycle
systems with comparable cooling power. The concept can be adapted
to other geometries, for example, with a vertical pendulum. Further
vibration suppression could be achieved by separating the rotary
valve unit from the pulse-tube cryocooler, decoupling the pulse tube
from the first cross with vertical bellows, employing a cryocooler
with lower inherent vibrations, and by mounting segment I and II
onto air springs. We are keen to share our design with other research
groups.
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