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ABSTRACT

We have conceived, built, and operated a cryogenic vacuum valve with opening and closing times as short as 50 ms that can be used in strong
magnetic fields and across a broad range of duty cycles. It is used to seal a cryogenic Penning trap at liquid-helium temperature for long-
term storage of highly charged ions in a vacuum better than 107" hPa from a room-temperature ion beamline at vacuum conditions around
107 hPa. It will significantly improve any experiment where a volume at the most extreme vacuum conditions must be temporarily con-
nected to a less demanding vacuum during repeated experimental cycles. We describe the design of this valve and show measurements that

characterize its main features.

© 2023 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/10.1063/5.0158043

I. INTRODUCTION

Cryogenic particle traps have emerged as the foremost technol-
ogy at the precision frontier for experiments in the regime of lowest
kinetic energy, in particular enabling fundamental physics studies
with exotic matter particles, such as anti-protons and highly charged
ions, essentially at rest. ® Highly charged ions provide unprece-
dented natural laboratories for measurements in the highest elec-
tromagnetic fields close to the Schwinger limit,” which are currently
unavailable at even the strongest high-intensity laser facilities.”” Pre-
cision measurements of electromagnetic interactions in such strong
fields provide the most stringent tests of quantum electrodynam-
ics in bound states”'’ " as well as the properties of the binding
nuclei and models of their dielectric shielding.”'*'® Such kinds of
measurements are currently only possible at this precision with the

injection, storage, and cooling of externally produced particles into
the well-controlled environment provided by particle traps such as
Penning traps. These are typically embedded in a cryogenic sur-
rounding at close to liquid-helium temperature to facilitate the use
of low-noise electronics and superconducting equipment, as well as
particle cooling and cryo-pumping of the trap vacuum to enable
long-term confinement.

Atomic ions in high charge states have limited lifetimes while
trapped due to the overwhelming probability of electron capture
interactions with residual gas."’”*' Long-term study of heavy highly
charged ions (and likewise of anti-particles such as anti-protons')
requires the most extreme vacuum conditions, generally better than
107" hPa, that are only possible with cryogenic pumping of the
residual gases at close to liquid-helium temperature and in excellent
sealing conditions.
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Given that the creation of such exotic matter requires the use
of large accelerators’”’ or electron beam ion trap (EBIT) facili-
ties,”* injection into the experimental environment via a beamline
necessitates the use of valves that isolate the cryogenic and vac-
uum conditions of the experiment from the injection beamlines.
Such valves need to operate in the usually confined space of cryo-
genic setups and are faced with the complication that conventional
motors and actuators do not work in the strong magnetic fields and
cryogenic conditions of such experiments.

Several successful solutions to this problem exist, which are
either manually operated”” or utilize slowly rotating devices
inside the Penning trap’s magnetic field,”" * resulting in com-
paratively long opening and closing times, generally of some
minutes. After injection, the trap chamber is hermetically sealed
to preserve the experimental conditions until another injec-
tion is required, ideally for several days or weeks. In the
ARTEMIS experiment using laser-microwave double-resonance
spectroscopy,”'**” much shorter and more flexible cycles are
required for laser irradiation, thus necessitating a different design
choice.

The present solution uses fast and powerful magnetic actua-
tors at room temperature and located outside the strong magnetic
field of the trap to drive a thin-walled steel tube. This opens and
closes a cryogenic shutter close to the trap inside the magnetic field
while maintaining a small heat load on the cryogenic part of the
setup.

We show the design of the fast-opening cryogenic valve, includ-
ing the effects of introducing the thermal connection as well as the
resulting conditions of trapped ions after installation of the valve.
The stored ions are monitored non-destructively for several days
and act as a probe of the residual gas pressure below 2 x 107" hPa.
The observed opening and closing times of the valve extend the
required thermal cycling time of the experiment by about five orders
of magnitude.

Il. VACUUM REQUIREMENTS

To illustrate the need for an effective separation of the trap vac-
uum from the beamline vacuum, we look at the expected lifetime of
a desired ion charge state as a function of the residual gas pressure.
From the electron capture cross section of an atomic ion, accord-
ing to Miiller and Salzborn,'” it becomes clear that the charge state
g = q/e of an atomic ion enters the cross section roughly like [16/ .
Hence, the expected lifetime of an ion such as U’ is smaller than
that of U'* by a factor of about 91°° ~ 225. For the same lifetime
to be achieved, the vacuum must thus be improved by that fac-
tor. Figure 1 shows the expected charge-state lifetimes” of trapped
uranium ions for 4 =91 and g=1 as a function of the residual
He gas pressure across the HV (high vacuum), UHV (ultra-high
vacuum), and XHV (extreme-high vacuum) regimes (i.e., at pres-
sures above 10~° hPa, between 10~° and 10™'2 hPa, and below 10~
hPa, respectively). Precision Penning trap experiments, such as the
one presently considered, require stable trapping conditions and
the absence of ion-gas reactions for hours, days, or longer. Hence,
XHYV vacua of 10~ hPa and better are desired, which is possible
only by effective separation of the cryo-vacuum of the trap from a
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FIG. 1. Expected charge-state lifetimes of trapped uranium ions for charge states
G =91and § =1 as a function of the residual He gas pressure across the HV,
UHV, and XHV vacuum regimes.

lll. CRYOGENIC VACUUM

For a better understanding of the valve design, in Sec. IV A, we
will briefly discuss the principles of vacua in cryogenic surroundings.
Of the numerous techniques used to create vacua, cryo-pumping
at close to liquid-helium temperatures is the one that potentially
reaches the lowest residual gas pressures. Given that the chamber
has been pre-evacuated and the influx of new gas is low, the amount
of gas that freezes to the walls of the chamber is sufficiently small.
Otherwise, the cryogenic pumping effect is diminished, and the sur-
face may become non-conductive, which is undesirable in traps for
charged particles.

Cryogenic vacuum is based on the cryosorption effect, by which
residual gas atoms in a cryogenic environment are too cold to over-
come the molecular bonds between the gas atom and the cryogenic
surfaces. A vacuum chamber in the UHV range can initially be
pumped well into the XHV range below 107> hPa by this effect.
However, as a monolayer of adsorbed atoms forms on the cryo-
genic surfaces, the density of atoms in the gas phase will slowly
begin to rise, as has been observed in cryogenic Penning traps with
a relatively high gas influx.” This is depicted in Fig. 2, which is
divided into cryosorption on the left and relatively weaker cryocon-
densation on the right.”” When saturation occurs, cryocondensation
limits the vacuum pressure to the vapor pressure of the residual gas
species, usually H, H,, and He. At the boiling point of liquid He, the
saturated vapor pressure of H, is more than 1077 hPa.

In chambers without hermetic seals, the gas atoms that form
this layer come predominantly from the opening to the relatively
poorer vacuum regions at room temperature, where hydrogen gas
slowly permeates the steel walls of the vacuum chamber. The molec-
ular flux in these regions is as high as 10'" cm™ s™'. This can be
suppressed by using a small aperture of radius r at the end of a long,
uniformly cold tube of length I, which limits the ballistic trajecto-
ries for gas molecules to enter the cryogenic region. The suppression
factor x can be found from purely geometrical arguments to be

room-temperature UHV beamline vacuum of typically 107° to 107" . 1 ( r )2' 1)
hPa. 4\1
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FIG. 2. Drawing of the cryo-pumping effect. Left: Before monolayer formation,
incoming gas molecules interact strongly with the cryogenic surface directly and
are bound to it. Right: After monolayer formation, gas molecules interact weakly
with the molecules already bound to the surface and have an increased probability
of scattering back into the gas volume.

For an aperture with a diameter of a few millimeters that is located
about a meter from the room temperature region, this suppression
is initially on the order of & ~ 107%, leading to monolayer formation
times of more than one hundred years. However, the interior vol-
ume of such a tube is also susceptible to saturation on the order of
days, depending on its inner diameter. Therefore, this suppression is
reduced to the relative molecular fluence area of the aperture and the
surface area of the cryogenic region. The situation can only be alle-
viated by improving the room temperature vacuum or introducing
a sealing mechanism.

IV. SETUP

The present valve separates our experimental setup, the Asym-
metRic Trap for measurement of Electron Magnetic moments in

Radiation
shield

Vacuum tube —

Drive tube ——

View port
of pins

1dm

ARTICLE pubs.aip.org/aip/rsi

IonS (ARTEMIS) at GSI, from the low-energy beamline®! for injec-
tion of highly charged ions from offline ion sources or from the
HITRAP facility.”>” ARTEMIS is a cryogenic precision Penning
trap for measuring the magnetic moments of electrons and nuclei
in highly charged systems'® such as, e.g., Pb®'*, Bi***, and U°'*.
It utilizes the laser-microwave double-resonance spectroscopy tech-
nique for the determination of magnetic moments by shifts of the
(hyper)fine emissions due to induced spin flips with microwave
radiation.”'* ARTEMIS uses the novel design of the fast-opening
cryogenic valve to enable spectroscopy of trapped heavy highly
charged ions by opening the trap chamber for only tens of mil-
liseconds. This allows repeated ion injection and irradiation by
spectroscopy lasers with a direct line of sight to the trapped ions
without compromising the excellent experimental conditions inside
the trap region.

In contrast to other implementations of cryogenic valves in
Penning traps, the ARTEMIS valve uses the mechanically actu-
ated motion of the shutter to drive opening and closing times as
low as 50 ms. The main benefit of this implementation is that,
compared to manually”” or electrically actuated motion,”* ** sig-
nificantly shorter opening times and arbitrary sequences of opening
and closing are possible; however, the main challenge is the intro-
duction of the driving components, which act as a thermal bridge
into the cryogenic region.

6,25

A. Mechanical design

Here, a detailed description of the fast-opening cryogenic valve
design is presented. A complete sectional drawing is shown in Fig. 3
together with a photo of its position mounted directly below the
vertical-bore superconducting magnet of ARTEMIS that contains
the trap.

Turbomolecular
Pump

FIG. 3. Left: Sectional drawing of the complete cryo-valve assembly with several key components labeled. Right: Corresponding photograph of the cryo-valve assembled

below the ARTEMIS superconducting magnet.
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The present valve uses a planar oxygen-free high conductivity
(OFHC) copper shutter at the bottom of the cryogenic trap cham-
ber to form a nearly hermetic seal when compressed flush against
the valve aperture. All other components in the trap chamber and
shutter housing are sealed with compressed indium wire. The shut-
ter is connected to a drive tube such that rotation of the drive tube
moves the shutter into or out of the path of the ion/laser beam. This
motion is represented in Fig. 4. After saturation of the drive tube, the
time averaged leak rate through the shutter due to routine opening
is estimated to be on the order of 107'* mbar 1s™" and more than an
order of magnitude better when the valve is closed. This is achieved
by presenting a sufficiently small area for molecular flux around the
shutter. The gap between the copper components of the shutter is on
the order of tens of micrometers and is minimized by a compressing
spring at the bottom of the drive tube at 130 to 160 N.

The drive tube is a 710 mm long stainless steel tube with an
inner diameter of 60.8 mm and a thickness of only 0.3 mm. The drive
tube is rotated by pulling on pins on the eccentric of the tube with
arms ending in solenoid magnets. The length of the drive tube both
insulates the cryogenic region and places the driving solenoids in a
region of lower magnetic field strength, ~0.5 mT. The housing of the
shutter is connected from below to another thin vacuum tube with
an inner diameter of 85 mm, a thickness of 0.25 mm, and a length of
352 mm. Below the vacuum tube, there is an edge-welded bellows,
which allows the vacuum and drive tube to be raised or lowered rel-
ative to the outer vacuum chamber of the valve. These thin stainless
steel tubes act as thermal insulators between the cryogenic region at
the top and the room-temperature region at the bottom.

The thin vacuum tube separates the vacuum region of the bore
of the superconducting magnet from the vacuum of the injection
beamline below the valve. This tube can sustain a pressure differen-
tial of about 300 hPa before deforming. To ensure that the pressure
difference between these two regions never exceeds this value, the
chambers are coupled by their backing lines for their respective tur-
bomolecular pumps (TMP), one located at the top of the magnet

Top of valve

Shutter

Aperture

Open

FIG. 4. Schematic of the cryo-valve shutter mechanism. The rendered partially
transparent part is the end of the stainless steel drive tube. Top: Closed state
with the shutter blocking the aperture. Bottom: Open state after the drive tube is
turned, rotating one end of the shutter while the opposite end is fixed to a radial
path. Minimal opening of the 5 mm aperture is achieved by a 43.5° rotation of the
drive tube.
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bore and one at the crosspiece of the valve. This setup is shown dia-
grammatically in Fig. 5. During initial evacuation or at the end of
venting, the residual air is in the continuous flow regime, and the
pressure naturally equalizes between the two vacuum sections, lim-
ited only by the conductance of the chambers and connecting hoses.
Once free molecular flow is reached, the separate turbomolecular
pumps allow the beamline to reach pressures of 107 hPa or better
without being limited by the relatively high pressure in the magnet
bore of 10”7 hPa.

The connection between the top of the valve and the trap cham-
ber, as well as the upper portion of the vacuum tube, is surrounded
by an aluminum radiation shield, which is connected to the radia-
tion shield of the trap chamber by copper strands, which is in turn
mounted to the 40 K stage of a pulse tube cryocooler. Additional
copper strands are connected between the bottom edge of the radi-
ation shield and the vacuum tube, as well as between the vacuum
tube and the middle of the drive tube. Multilayer insulation foil is

Magnet Bore__|
107hPa |- I

Exhaust

Penning trap
Magnet

Trap chamber

107° hPa S Bottom of magnet
— __J
Lmn Cryogenic
valve shutter
Vacuum Tube
— Drive Tube
H H
Beamline
10 hPa 4|
Magnet arm
section
1 dm
Exhaust
lem g Ton/laser

FIG. 5. Sectional schematic of the valve with the three different vacuum regions
indicated by the three shaded areas. Blue: isolation vacuum of the magnet bore.
Green: beamline vacuum. Pink: trap vacuum. The trap chamber is initially evac-
uated through the valve to maintain UHV pressure, and the cryo-pumping effect
maintains XHV pressures after cooling. TMP indicates the mounting positions of
the two turbomolecular pumps.
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wrapped around each of the layers of the valve to minimize radiative
heat transfer between them as well as cover the small gap between
the shields of the trap and the valve.*

The weight of the trap chamber, shutter, and vacuum and drive
tubes of the valve are supported by rings of polyether ether ketone
(PEEK), which is a commercial vacuum-compatible plastic thermal
insulator. These rings also center the position of the trap electrodes
within the most homogeneous region of the magnetic field.

The magnet arms are mounted at a sufficient distance from the
superconducting magnet that they can be operated with fast pulses
from a control box. They drive the rotation of the valve, and their
stroke length is limited to a minimal path. The control box uses
two 1 mF capacitors to generate the large-current pulses that drive
the magnets. The timing of the pulses—their width, duration of the
pause between pulses, and the delay following the box trigger—can
be freely programmed between 10 and 1000 ms.

B. Heat loads of the fast-opening cryogenic valve

The design with mechanically actuated motion necessitates
mechanically connected components, which results in an increased
thermal load on the cryogenic components of the valve as well as
the trap chamber by conductance. This heat is dissipated at cryo-
genic temperatures by a Sumitomo RP-082B pulse tube cryocooler,
which is rated for 1 W cooling power at 4.2 K on its second stage
and 40 W at 40 K on its first stage. The thermal conductance is
limited by the choice of materials and the minimization of their
cross-sectional area. Additionally, a significant amount of heat trans-
fer can be shunted from the second stage of the cryocooler to the first
by thermal coupling of components at specific points along lengths
with high temperature gradients. An example is shown in Fig. 6,

10! -
w4 K Stage memmm Pinned 1/2
w40 K Stage= = = Pinned 3/4
== Pinned 1/4
= 100
E 10 et e - : .
o 1
© 1
o i
4&; ]
3 i
I |
1071 4, !
1072

0.2 0.4 06 08 10 12 14
Tube length [m]

FIG. 6. Simulated heat loads for various lengths of drive tubes, with the tube cou-
pled to the 40 K radiation shield at the midpoint. The solid blue and orange curves
show the heat delivered to the 4 and 40 K stages of the cold head, respectively.
The dotted and dashed—dotted curves show the heat load when moving the cou-
pling to the radiation shield to 1/4 or 3/4 of the tube length as measured from the
cold end. Finally, the black dashed lines show the loads in the final design of the
present valve. The presented values were determined by a finite difference model
in Python®.
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which is the theoretical heat load of drive tubes of various lengths
that are cooled to 4 K at one end, coupled to the first stage of the
cryocooler at 1/4, 1/2, and 3/4 of their length as measured from the
cold end, and held at room temperature at the opposite end. The
black lines indicate the final design length of the drive tube used in
the cryogenic valve at 45 mW to the second stage and 890 mW to the
first.

Similarly, the vacuum tube is estimated to deliver 53 mW to the
second stage and less than 2 W to the first stage, depending on the
exact thickness of the edge-welded bellows of its lower section. The
estimation of the heat delivered through the PEEK support rings is
more complicated due to their geometry. A finite element simulation
in COMSOL® of the 3D temperature gradient was used to determine
the area of isotherms in the design with the holes. This was then used
to set expected heat loads of 8 mW for the 4 K stage and 760 mW
for the 40 K stage. These values represent a reduction of 53% and
42%, respectively, compared to the same shape with unbroken radial
symmetry.

In addition, the introduction of the valve increases the length
of the cryogenic region by more than 50% compared to the setup
before the installation of the valve. This significantly increases the
effective area for radiative heat transfer. For concentric cylinders
of low emissivity and nearly equal radius at 40 and 4 K, this effect
is about 5 mW/m?. This can be further reduced by the applica-
tion of multilayer insulation foil. The upper estimate of the radiative
heat transfer from radiation shields of uniform temperature to the
cryogenic components is about 220 mW.

As several components of different temperatures have similar
sizes, the possibility of incidental contact and unaccounted thermal
pathways must be considered. Although the exact load introduced
by such contact cannot be quantitatively modeled, the known loads
account for only a portion of the heat budget for the given tem-
peratures. Moreover, the thermal conductivity of the materials in
question is increasing as a function of their temperature, which
causes positive feedback on the conductive load.

Finally, the aluminum radiation shields could sustain a sig-
nificant thermal gradient along their more than 2 m total length,
given the significant heat radiated from their room temperature
surroundings. The observed final temperatures and associated heat
loads indicate a temperature gradient of up to 63 K, which would
in turn increase the heat radiated onto the lowermost cryogenic
components.

V. EXPERIMENTAL RESULTS

To date, the present valve has been used in two experimental
runs. The operational goals of the valve are demonstrated by the suc-
cessful and reliable opening and closing of the valve and a pressure
better than the current experimental requirements. The cryogenic
valve enables fast, repeated opening and closing of the trap region
without compromising the cryogenic and vacuum conditions within
the trap. The opening and closing of the valve during operation are
monitored through a window on the cross of the valve. The tem-
perature of the trap chamber and radiation shields is monitored by
a pair of calibrated carbon ceramic temperature sensors with mK
accuracy. However, fluctuations due to daily cycles as well as envi-
ronmental changes cause a standard deviation of the temperature
distribution of 0.8 K throughout a three to four month run. The
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average measured temperature of the trap chamber was 8.792(75)
and 11.0(8) K for the first two runs with the valve, sufficient for effi-
cient cryo-pumping of residual gases. These temperatures indicate
a total increase in the heat load of 3 W, which is consistent with a
radiation dominant heating mode.

A. Vacuum measurements

The pressure in the room-temperature UHV beamline below
the valve is measured directly with an inverted magnetron gauge and
has remained within the expected range required for the estimated
gas density and corresponding molecular flux throughout the opera-
tion. In contrast, vacua well in the XHV regime cannot be measured
directly but can be inferred from measurements of the lifetime of
stored particles with regard to electron capture or other reactions
with the residual gas, provided that the respective reaction cross
section is known sufficiently well.* Presently, the residual gas pres-
sure in the trap chamber with the shutter closed was determined by
monitoring a trapped ensemble of ions over a period of several days.
A non-destructive monitoring technique based on image currents
induced by the ions’ motions is used to resolve the contents of the
trap according to their charge-to-mass ratios." The power density
within the peaks of such a spectrum is proportional to the respective
ion numbers.”” The spectrum of such a measurement after electron
impact ionization®* of the adsorbed residual gas with a long breed-
ing time is shown at the top of Fig. 7. It contains the expected main
constituents of residual gas in various charge states.

For better control of systematic effects, the ion number for
the pressure determination was kept low using an electron beam
with an intensity of just 200 nAs for ionization. The ion population
of such a cold creation is stochastic, and for this run, it consisted
of primarily N** with a small admixture of other ion species. The

ARTICLE pubs.aip.org/aip/rsi

present. The middle spectrum of Fig. 7 shows the initial scan of the
trap following creation as well as the spectrum after SWIFT. This
ion cloud was then resistively cooled as it was monitored until it was
nearly in thermal equilibrium with the trap environment.’* After-
ward, a detailed scan of the frequency distribution of the trapped
ions was measured using the same technique and repeated every
couple of hours. The trapped ions were tuned out of resonance with
the detection system between scans so that they were completely
isolated from the environment. A Lorentzian curve was then fit to
the result of each scan to extract the amplitude, center frequency,
and width of the ion signal. The final spectrum of Fig. 7 shows the
result of a single scan during the over 40-h storage time and the
corresponding fit to the data.

Scans within the expected range of N°* ions indicated no sig-
nificant population above the noise floor. This observation is used to
determine an upper limit on the rate of N** ion creation by charge
exchange interactions with the residual gas. Using the measured sig-
nal power of N** and this upper limit of N**, the ratio of N** to N**
ions is given by

NNH
Ny 3Zng,

42N, 4 s
_ <z ,
3 ZNN4+

2

where N; indicates the population of species i, s is the standard devi-
ation of the noise distribution, and 2; is the power of the ion signal
of species i. Figure 8 shows the histograms of the measured power in
the band for scans about the two frequency regions for N** and N**
ions, as indicated by the colored coordinated regions in the middle
of Fig. 7. The upper limit of this ratio is 0.0058 for the given distribu-
tion of noise. The probability of a single N** ion undergoing charge
exchange in time At is given by

L Ny
ensemble was theglgl‘(reduced to purely N* by application of the P = no(v)At = NN*+ , (3)
SWIFT technique” " to ensure no other contaminant species were N**
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FIG. 7. Measured charge-to-mass spectrum of trapped ions created from electron impact ionization of adsorbed residual gas inside the trap: hot creation (top) and cold
creation (middle). The blue and orange highlighted regions indicate a broad range of the theoretical positions of N*+ and N°*, which were used for pressure determination.
A detailed view of the N** peak near thermal equilibrium shows the fit and extracted amplitude (bottom).
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FIG. 8. Histograms of the spectra within the shaded regions shown in the middle
frame of Fig. 7. The top signal at about —110 dBm in the right histogram indicates
the population of N** ions after about one day, and the distribution of the noise at
lower power is used to quantitatively estimate an upper limit for the residual N3+
population.

where 7 is the number density of residual gas molecules, o is the
single-charge-exchange cross section with the background gas, and
(v) is the average velocity of the interaction. The upper pressure limit
P is extracted from the residual gas density by treating the gas as
ideal,

RT N
P=nRT = N (4)
o(V)At Ny

where R = 8.314 ] K" mol™ is the gas constant and T is the tem-
perature. Using the cross section predicted by Miiller and Salzborn!”
for a hydrogen gas background of 5.59 x 10™'* cm? and the recorded
temperature during the measurement time, the pressure in the trap
with the shutter closed is found to be below 1.4 x 107'* hPa.

B. Shutter opening time measurements

The opening and closing times of the shutter were determined
by monitoring its position with a camera (frame resolution of 33 ms)
without the trap chamber attached. This represents a reasonable
measure of the upper limit on the opening time until fast timing data
can be collected using a laser beam that is chopped by the shutter
and a photodiode for fast detection. To account for the magneto-
resistance of the magnet arms and the eddy current breaking of the
rotating conductive parts, the valve was placed in the position below
the superconducting magnet corresponding to an experimental run.
In this position, the magnetic field strength at the shutter position is
about 0.6 T. Figure 9 shows the images of the successive frames of
the video immediately following the opening pulse.

Application of an opening pulse with a duration of 40 ms or
less results in no motion of the shutter, while a duration of 50 ms
or more allows an individual frame with a partially open shutter to
be observed. As there was no synchronization of the opening pulse
and the camera frames, an upper limit on the opening time can be
placed at twice the frame resolution of the camera, or 66 ms. This

ARTICLE pubs.aip.org/aip/rsi

FIG. 9. Three successive frames showing the position of the shutter during an
opening pulse. The frame resolution is 33 ms. The first frame shows a completely
closed shutter, followed by a partially open shutter, and then a fully open shutter.
Inset images show a zoomed-in view of the aperture.

is sufficiently fast to push the monolayer saturation time above 10°
opening cycles. A qualitative limit on the duty cycle of the valve is
set by the charging rate of the control box capacitors, which deliver
reduced power to the opening magnets for triggers separated by less
than about 1 s. This is well below the anticipated injection cycle for
heavy, highly charged ions of about 90 s.”*"

3

VI. CONCLUSION

We have presented the principles, design, and operational
results for a novel cryogenic isolation valve with sub-second opening
times. It utilizes the physical adsorption of residual gas molecules at
cryogenic temperatures to reduce the pressure well into the extreme-
high vacuum (XHV) range as required, e.g., for precision experi-
ments with heavy highly charged ions. It allows repeated opening
and closing of a shutter on time scales as short as about 50 ms
in strong magnetic fields and liquid-helium temperatures by sep-
arating the shutter from its actuators by a rigid drive tube of low
thermal conductivity embedded in a suitable vacuum environment.
The timing of the operation is arbitrary, with any duty cycle (rep-
etition time) above about 1 s. To achieve opening within around
50 ms, the valve introduces mechanically actuated control of the
shutter mechanism and, therefore, increased heat load to the cryo-
genic region. A detailed simulation of these loads was used to design
a valve that could be operated down to temperatures of only a few
Kelvin. The experimental upper pressure limit in the trap of about
107"° hPa has been determined by observation of stored ions with
no observed charge exchange over a period of days. More stringent
limits on both the pressure and ultimate temperature are expected

Rev. Sci. Instrum. 94, 113202 (2023); doi: 10.1063/5.0158043
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with upcoming improvements to the valve as well as the detection
system of the experiment.
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