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Chapter 1: Introduction

In 1896, Madame Marie Curie coined the term “radioactivity”. Since then, radioactive
elements have provided better tools to diagnose ills and treat them in medicine, create bene cial
common household items like smoke detectors, and produce clean-energy alternatives. Along
with this wide range of applications, research during this past century has also solidi ed our
understanding of radioactive decay as an immutable fact, dictated by the stochastic laws of
guantum mechanics. However, one form of decay could bring this fact into question. Decay
by electron capture (EC) — also called “inverse beta decay” — relies on a proton-rich nucleus
capturing a bound state electron to facilitate decay. Interestingly, several experiments have
demonstrated that manipulation of the electron structure and density has a slight but measurable
impact on the half-life of radioisotopes which decay through EC [1][2][3][4]. These results
indicate that radioisotopes which decay by EC are uniquely dependent on an external factor:
their electron orbital structure. This further suggests a claim that dramatic manipulations of this
structure could lead to equally dramatic changes in the half-life of such isotopes.

The CURIE project, partially outlined in this thesis, aims to investigate this claim in the
low-Z isotope’Be by ionizing, transporting, storing, and interrogating an ensemble of ions in the
CURIE CryoTrap. At the heart of this experiment is the need to $Bedons for several weeks to

months to con rm statistically a change in decay rate. This is achieved through cryogenic storage



temperatures that generate extreme high vacuum (XHV) conditions, eliminating essentially all
collisions with background molecules. This thesis is a comprehensive detailing of the cryogenic

design which will achieve these conditions for the CURIE apparatus.

1.1 Background and Signi cance

The radioactive low-Z isotopéBe belongs to an exclusive group that only decays by
electron capture. In this process, the nucleus captures an atomic-bound electron, generating a
neutron from a proton and emitting an electron neutrinBe has a natural half-life of 53.29
days, decaying through the mode shown in Equation 1.1. In 10.4% of these decays, the daughter

nucleus,’Li, remains in an excited state and emits a 477.5 keV gamma-ray.

‘Be+e ! "Li+ v(Q=872keV) (1.1)

Li ! TLi+ (10:4%) (1.2)

Emilio Segre rst suggested in 1947 that this decay method would have a considerable
dependence on the electron density at the nucleus [5]. He suggested that perturbations of this
density, whether by alteration of chemical form, pressure, or temperature, would have a measurable
impact on the half-life. Since then, several experiments have demonstrated this phenomenon by
embeddingBein various chemical compounds with alterations of the half-lifé&# of about 1-

1.5% [1][6]. These ndings illustrate that the half-life 6Be is indeed manipulable and suggests

that other electron-capture-only isotopes would be as well. However, no experiment has ever



isolated one such isotope in an altered ionization state to measure the change in decay rate. In
many ways, this is the most obvious and “textbook” solution to this question: to dramatically
alter the electron orbital structure through ionization of an ensemble, store the ensemble in
an environment where recombination cannot occur, and perform a half-life measurement. The
capability to perform such an experiment, however, has only been made possible in the last few
decades. The dif culty of any experimental measurement lies largely with the long storage times
required.

Ideally, we will store on the order dft® ions. To signify statistically meaningful alteration
in the decay rate, weeks to months of measurement are required. To store ions stably for this
length of time, the half-life of ion loss through charge exchange and collisions with background
molecules must be signi cantly longer than the half-life we wish to study. Isol&8ed", with
only one 1s electron, is anticipated to have a signi cant extension of the half-life to 106.4 days [7].
For the halting of Be**, this would be the half-life of interest. Therefore, required storage times
remain on the order of weeks to months. Achieving this is quite a feat for any ion trap. However,
a number of technological improvements over the last decades have made storage demonstration
of this order possible. Notably, the CERN Baryon Antibaryon Symmetry Experiment (BASE)
has achieved antiproton lifetimes of about 405 days by way of a predicted vacuum pressure of
< 10 Y mbar [8]. The ARTEMIS trap at GSI, and the ALPHATRAP at the Max Plank Institute
have also reported comparable storage times [9] [10].

The CURIE (Cryogenic Ultra-high vacuum Radioactive Isotope Experiment) cryogenic
assembly, detailed in this thesis work, is the cooling system for a precision 4 Kelvin (K) Penning
trap built for the long-term storage of ions in XHV regimes. While this apparatus will have a

long life at the University of Maryland with many scienti ¢ applications, the Koeth Group will
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use the apparatus to investigate the halting of the half-liféBafthrough ionization and long-

term storage. The system will non-destructively measure an ensembl&@dions, with single

ion resolution to detect the slight mass change in the decay from g&etitto daughterLid* .

While speci cs of these detection methods merit extensive detail and discussion, they are outside
the scope of this work.

The value and impact of this work range over several elds of scienti ¢ study. To the
world of radiochemistry, it will provide long-awaited measurements of the altered half-lives of
ionized’Be and address fundamental questions about electron capture decay and its dependence
on electron orbital structure. This work also has broad implications for nuclear astrophysics
and the study of stellar-plasma evolution. Solar neutrinos are dominantly created through the
destruction of'Be in the Sun through both electron and proton capture. Better predictions of
the rates at which these two reactions happen will improve our understanding and measurement
of solar-neutrino uxes in the Standard Solar Model (SSM). Currently, the uncertainty fBthe
neutrino ux measurement, occurring frofBe proton capture, is about 20% [11]. Measurements
of the half-lives of hydrogen and helium-likBe will further understanding of the branching ratio
in the the p-p Il chain, and can reduce uncertainty in the SSM. Additionally, these measurements
can provide insight into the rate of free-electron capture in the Sun.

The study of fully ionized Be opens doors to a multitude of new science and technology.
Our current understanding of the laws that govern radioactive decay dictate that a fully ionized
’Beion cannot decay. By removing the bound electrons ff@mand storing the fully ionized
nucleus in an environment where charge exchange is extremely unlikely, we test this understanding
and are faced with two possibilities. The rst s that radioactive decdyBefis halted, marking a
ground-breaking achievement, never seen since Madame Curie rst coined the term “radioactivity”

4



over a century ago. The second is the existence of higher-order decay processes, a stunning
discovery.

Both of these outcomes would have exceptional value to the nuclear physics community,
but the rst has immediate technological implications. If the radioactive decaBefcan be
halted, it can also be restarted. As discusd€i}% of these decays result in the release of a
477.5 keV gamma-ray. This leads us to the natural question of how the controlled release of such
energy might be exploited for the bene t of our changing planet. In a world where a zero-carbon
future is, currently, exceptionally dependent on lithium-ion batteries, hdBectould offer a

hopeful alternative.

1.2 Objectives and Approach Taken

The CURIE project has three overarching tasks essential to success: (1) ionization of the
ions, (2) transportation by focusing and steering into a Penning trap, and (3) long-term storage.
This thesis primarily focuses on this third task, but a brief overview of the rst two will be
provided.

To access the four ionization states’@&e (‘Be'*, 'Be?*, ‘Be**, and’Be*"), a room-
temperature Electron Beam lon Trap (EBIT) has been designed and built. The EBIT uses an
electron beam to partially or fully ionize neutral atoms by electron-impact ionization. Using
this method, the EBIT is capable of ionizing 1% of neutrals and generating virtually any highly
charged ion [12]/Be neutrals are introduced into the system by laser ablation. A Nd:YAG laser
vaporizes the neutrals from a small target, creating a cloud for the electron beam to intersect, and

generating the four ionization state$Be neutrals will be plated onto a 5 mm by 5 mm target



Figure 1.1: Cross-section of the entire CURIE assembly. The EBIT produces the four ionization
states of Be. The series of Sikler lenses and the Wien lter allow for focusing, steering, and
charge state selection of the ions. The ions are then decelerated by the pulsed drift tube into the
Penning trap, where they will be stored at 4K and XHV.

and mounted in the EBIT for ablation. The UMD group has identi ed an experienced European
group capable of producing the ablation targets to high uniformity and speci ed density.

Once an ensemble of ions in all four ionization states is created, the ions will be ejected
from the EBIT and travel down a transfer line. The ion beam traverses a series of three Sikler
lenses, with an intermediate Wien Iter. The Wien lIter allows selection of the desired charge
state and the Sikler lenses both focus and steer the beam into the Penning trap. The Wien lter,
also referred to as a “velocity selector”, uses a crossed variable electric eld and a constant
magnetic eld. The ions exiting the EBIT are accelerated by an electric eld and, therefore, have
a range of velocities dependent on their charge state. The Lorentz force equation (Equation 1.3)

thus allows selection of a charge state in the Wien Iter according to the exit velocity of the ion



through variation in the strength of the electric eld.

F=gc+qv B (1.3)

The Sikler lenses both steer and focus the beam. The design combines an Einzel lens,
consisting of three cylindrical electrodes that focus a charged beam, with diagonal slits on the
middle electrode for steering in the x-y plane. The focal point of the electrodes is adjusted
through alteration of the applied voltage.

Upon exiting this beam line, a pulsed drift tube will decelerate the ions before their entry
into the Penning trap. The drift tube consists of two cylindrical electrodes in series. The rst
electrode is grounded, and the second is held at a higher potential. As the beam travels through,
the second potential is pulsed to 0 V to decelerate the beam.

At this point, the ion beam is injected into the Penning trap. A Penning trap, developed by
Frans Michel Penning, utilizes a combined quadrupole electric eld with a uniform magnetic eld
to con ne ions axially and radially. Further details on the Penning trap are provided in Chapter
4. Once injected, the success of the experiment is dependent on achieving long storage times —
on the order of weeks to months — through XHV conditions. This is realized through cryogenic
temperatures of 4K in the Penning trap region. Two critical outcomes occur once the trap
reaches this cold temperature. The rst is that the majority of background gases condense onto
the surrounding cold surfaces. Helium will be the primary gas still present and the vacuum will
reach extremely low pressures belt® ° mbar. At these levels, the probability of ion-electron
recombination will be negligible. This is vital: if fully-ionizetBe** were to regain an electron,

the resultingBe** has the samg=mratio to the zeroth order d&i 3*, making the two dif cult



to distinguish.

The cryogenic temperatures also allow for resistive cooling of the ion ensemble to reduce
the oscillation amplitude through the dissipation of kinetic energy into resistive elements, allowing
for single ion detection [13]. The axial oscillation of the ions induces an image current that
is dissipated through a resistive circuit. The circuit represents a heat bath at 4K. The charged
particles are brought into thermal equilibrium with the circuit, greatly reducing the kinetic energy
[13]. The remaining small amplitude oscillations allow for extremely precise ion detection and
distinction.

While signi cantly more detail is owed to the complex systems outlined above, they are
not the focus of this work. Instead, this thesis will describe, in depth, the engineering behind
the cryogenic systems used to cool the Penning trap for successful long term ion storage. It will
discuss the many calculations and simulations behind the design, outline the assembly in detail,
and predict the ultimate performance. The careful engineering noted in this work is essential to

attain the scienti c goals of the CURIE project, which are broad and signi cant.

1.3 Principles of Cryogenic Engineering Design

The eld of cryogenic engineering is well-established, with a wide range of applications
from technology to medicine. While the design detailed in this thesis work is largely customized
to the speci ¢ application of the CURIE project, the principles which dictated the many choices
made are well-de ned and understood. In general, cryogenic designs must successfully accomplish
two con icting tasks: (1) supporting the internal cold systems within the larger (and hotter)

structures while (2) minimizing the heat transfer between the two. To best understand how these



goals are reached, the principles of heat transfer and material properties need to be explored.

In general, there are three types of heat transfer: conduction, radiation, and convection. The
rst two are of most concern in a cryogenic vacuum system (below araOntéimbar convection
ceases to have a measurable impact) and will be explored in more detail in the following sections.
Other important considerations to cryogenic design will be discussed as well, including heat

capacity at cold temperature, limitations of high-contact resistance, and thermal contraction.

1.3.1 Conduction

Conduction is the transfer of heat from one adjacent molecule to another. The conductive
heat ow is expressed by Equation 1.4, in one-dimension, wkéFg is the thermal conductivity

of a given material, and(x) is the cross-sectional area [14].

@T
= Kk(T)AX)—= 14
Q= KMAX g, (1.4)
If the cross sectional area is constant, the conductivity can be found using Equation 1.5
[14].

A% Ty
L

Q= K(T)dT (1.5)

Cc

The conduction calculations in this thesis are mostly performed using SolidWorks, providing
signi cant ease in calculating these integrals for varidt{[€) and cross-sectional area.

The thermal conductivity of the most prominent materials in this design — aluminum 6061
and oxygen-free high conductivity (OFHC) copper — are respectively given in Figures 3.10 and

4.8. It is important to note that, particularly at low temperatures, the thermal conductivity of

9



high-purity metals like OFHC copper is dominated by impurity defects and can become dif cult

to predict. The OFHC copper speci ed in this work is de ned by a residual resistance ratio (RRR)
of 50, where RRR is the ratio of the electrical resistivity at room temperature and 4K [15]. The
RRR of OFHC copper ranges from 50 up to 2000. At the high end of this scale, the copper is
exceptionally pure but also much weaker, as everything which strengthens it has been removed.
Annealing can help, but copper with high RRR is expensive and in short supply. For the analysis

in this work, an RRR of 50 was chosen.

RRR = 2% (1.6)
4K

1.3.2 Thermal Contact Resistance

On the topic of conduction, it is important to address the limitations of heat conduction
through solid-solid interfaces at cryogenic temperatures. In this cryogen-free system, multiple
connection interfaces are required to cool the entire apparatus. Inevitably, the introduction of
joints generates thermal contact resistance from imperfections at the surfaces of materials leading
to poor contact. High contact resistance can dramatically increase cool-down times and the
temperature gradients [16].

In the CURIE system, contact resistance in joints is the main contributor to temperature
rise across the length of both the 4K and 45K stages. Estimating the magnitude of this resistance
from the equation for metal-metal contact resistance is complex. In practice, contact resistance
varies dramatically with a number of experimental factors [16][17].

In the UMD system, thermal contact resistance is limited as much as possible through

10



the use of indium seals between the 4K OFHC joints, careful tightening of joints, and the use
of brass screws so tightening occurs upon cool-déwrOn the 45K stage, copper brackets

are used on the interior of the shield so that the aluminum exterior tightens around them upon
cooling. If necessary, thermal grease can be used on low-pressure connections should a signi cant
temperature rise be observed after initial assembly. In general, contact resistance in joints with
indium seals or thermal grease will decrease with increased surface area. If the surface area
available is insuf cient, gold-plated contacts can be considered, as the thermal resistance in this

type of joint decreases with pressure [16].

1.3.3 Radiation

Radiation is the process of heat transfer from warmer bodies to colder bodies via electromagnetic
heat waves. In cryogenics, this is typically the heat source of most concern. The Stefan-
Boltzmann Law represents the heat transfer from a radiating surface, and is expressed as Equation
1.7, where g is the Stefan Boltzmann constant, equabt#7 10 8W=(m?K?%), and is the

ratio of the emissivity of a given surface to the emissivity of a black body [18].

Q= s T* (1.7)

The heat ow between two surfaces is given by Equation 1.8, witerés between 0
and 1 and is a combination of both surfaces' emissivities based on their geometric view factors
[15]. Reliable estimates d& exist for common geometries like parallel plates and concentric

cylinders.

Brass has a higher coef cient of thermal expansion (CTE) than OFHC copper.
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Q= ssEA(T) T (1.8)

SolidWorks was frequently used to calculate radiative heat loads on the system. SolidWorks
calculates the intricate view factors between more complex geometries using Equation 1.9, where

dA; anddA; are two in nitesimal surfaces, andF; is the view factor between them [19].

COS | COS |

dFij = R >
1]

dA (1.9)

Since the radiative heat load is proportional to temperature to the fourth power, the hot
surface temperature is the dominant term. It should also be noted that, for most materials,
heat capacity decreases rapidly with temperature, meaning small heat loads can lead to large
temperature rises. As a result, minimizing radiation is extremely important in a cryogenic system.
One of the most effective ways to minimize radiation losses is to add an intermediate “warm”
stage, called a thermal shield. Typically, an actively cooled shield will be used at liquid nitrogen
temperatures of 77K, or in our case, the second stage temperature of our cryocooler of 45K.
Additionalnonthermally cooled shields can be used in large number — frequently called MultiLayer

Insulation (MLI) — that re ect radiation and can provide ample intermediate “warm” stages.

1.3.4 Thermal Contraction

The majority of materials contract when cooled, and this must be carefully considered
when designing a cryogenic system. If two materials are rigidly joined and not given appropriate
freedom to shrink, critical failure of parts, and subsequently whole systems, can occur. In general,

this consideration requires that any internal apparatus only be rigidly attached on one end, to
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allow for contraction on the other. It is also important to consider material properties at joint
locations. If the coef cient of thermal expansion (CTE) of the bolt is lower than that of the
material being joined, the connection will loosen upon cooling. Common practice is to use a bolt
material which has either an equal or greater CTE, or a washer of appropriate thickness with a

very low CTE, such as titanium or invar.

1dL

=t = (1.10)

L

Thermal contraction can be calculated using Equation 1.10, whens the CTE of a

material, and L is the original length.

1.3.5 Stress and Strain

Mechanical stress, denoted by is a measure of force per unit area, or force intensity
felt by a body. Strain,, is the deformation of a body resulting from an applied stress. In the
linear region, stress and strain are related by Hooke's law, given in Equation 1.11, where E is the

modulus of elasticity.

=E, (1.11)

The distortion-energy theory, also called the Von Mises theory, describes the phenomena
where a ductile material under stress will exhibit yield strengths much larger than the values found
in a simple tension test [20]. This occurs because yielding is related to angular distortion, not just
normal tension or compression. The Von Mises stress, for ductile materials, is an effective stress

where yielding is predicted to occur [20]. For planar stress, the Von Mises stress is expressed by
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Equation 1.12, where;, ,, and ; represent the principal stresses along the three axes [20].

o= gL (4 (. (s (112)
é 1 2 2 3 3 1 .

1.3.6 Gas Flow in Vacuum Systems

The kinetic theory of gases assumes that a gas consists of a large ensemble of identical
particles in constant random thermal motion, that the particles are separated by distances much
larger than their own diameter, and that the collisions are elastic [18] [21] [22]. This theory
describes ideal gases, but can be satisfactorily applied to real gases as well [18].

At very low temperatures, the attractive forces between molecules become signi cant as
the kinetic energy of the particles decrease. In these conditions, collisions are no longer elastic.
Instead, particles begin to stick to each other and condensation occurs [21]. For a gas like helium,
a light atom with a small with small attractive potential, the behavior can be considered very close
to ideal. Such a gas is helpfully described by the following equations.

The average thermal velocity of a gas is given by Equation 1.13, Whisrthe temperature,

m is the particle mass, arig is the Boltzmann constant.

S

8kg T
Vay = nB1 (1.13)

Of additional interest is the average distance that a gas patrticle travels between collisions.
This is termed the mean free path and is calculated using Equation 1.14,dvbdhe diameter

of the molecule ang is the gas pressure [18].
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ke T
=P 1.14
2d 7 (1.14)

The mean free path is used to describe the three regimes of gas ow. At high pressures,
the mean free path is small and collisions are dominated by particle-particle collisions. This
regime is called “viscous ow”. As the pressure is lowered, “transitional ow” is reached. In this
regime, particle-particle collisions and particle-wall collisions are equally as frequent. Finally,
once the pressure is suf ciently lowered, the “molecular ow” regime is achieved. The mean free
path is larger than the cross section of the containing geometry and particle-particle collisions are

extremely rare [23]. Molecular ow is most relevant to the following study.

1.4 Prior Art

Experiments to measure the half-life’@eionization states have been proposed, speci cally
at the Isotope mass Separator On-Line facility (ISOLDE) at CERN in 2012 and by Dr. Bryan
Peterson's group at Brigham Young University in 2010, but neither group has yet to present any
results [24] [25]. Speci cally, the ISOLDE proposal outlined the use of a storage ring to make
these measurements. While possible, the dif culty in achieving XHV in a storage ring would limit
the storage times to 3-5 minutes, requiring an ensemble 18 ions for statistically signi cant
results [25]. The half-life and branching ratios of other EC isotopes has also been investigated, in
particular that of#2Pm®* [26]. This experiment was similarly performed in a storage ring using

the Schottky mass spectroscopy technique, a nondestructive beam noise frequency analysis [26].
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1.4.1 Long-term Storage through Extreme High Vacuum

Several projects have had success in generating XHV conditions in a cryogenic Penning
trap for long-term ion storage. The BASE trap system at CERN achieved vacuum pressures
lower than10 ' mbar to store an antiproton cloud for up to 405 days [27]. To achieve this,

a hermetically sealed cryogenic vacuum chamber was used with antiprotons injected through a
thin vacuum window [8]. This technique is uniquely viable for antiproton injection —ion injection
requires other means. The ALPHATRAP experiment at the Max-Planck Institute, which aims to
measure the g-factor of highly charged ions, has estimated vacuum in exddgss aibar and
storage of a single ion for more than 2 months [9]. The project utilizes a “cryogenically operated
valve” with a sealing ap to separate the UHV and XHV volumes along the beam-line [21]. The
ARTEMIS trap at GSI in Darmstadt similarly uses a cryogenic valve to achieve vacud

mbar and storage on the order of a couple of days [28]. The PENTATRAP experiment at the Max
Planck Institute comparably achieved vacuum levels on the ordid 6t mbar. This project did

not use a valve, instead it utilized extensive cryo-pumping at the 4K stage with charcoal adsorbers
[29]. Of note, most ion injection experiments that require long term storage utilize some sort of

valve.

1.4.2 Cryogenic Valves

The maintenance of XHV is nearly impossible to achieve without the use of a cryogenic
valve. Still, alimited number of valve prototypes currently exist. As mentioned, the ALPHATRAP
experiment utilizes a sophisticated but complex ap-like design installed along the beam-line. In

tests, vacuum conductance rates betwieéd 10 °I/s and4:37 10 3|/s were measured [21].
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The ARTEMIS project also utilizes a cryogenic valve. The valve is placed inside the eld of the
superconducting magnet, and by applying a current, a shutter can be opened and closed based on
the Lorentz force equation [28].

The rst appearance of a cryogenic ball-valve design is in the 2003 dissertation of Harvard
student P. Yesley. In this work, the proposed storage of anti-hydrogen required the separation of
the positron accumulation region and the trap, while still allowing for particle injection. Like the
ARTEMIS design, the ball is placed inside the superconducting magnetic eld and actuated by
an applied current ( 0.25 Amps) [30]. The BASE-STEP project — a transportable antiproton
trap built on the ideas established in the BASE trap — is actively developing a ball-valve design.
Instead of a hermetically-sealed chamber like BASE, the design utilizes a rotatable electrode
design again actuated by an applied current [27]. Excluding the actuation method, this design is
the most similar to the UMD group design and served as a source of inspiration. While the idea
to use the superconducting magnetic eld to aid in actuation is compelling, determining whether
the valve is truly open or closed becomes near impossible. The UMD design approaches the issue
using manual actuation, so that it can be easily felt if the valve is open or closed. By decoupling

the actuation bar after use, the introduction of high heat loads is also avoided.

1.4.3 Cryogenic Apparatus

The design of the 4K cryogenic Penning trap has been iterated on many times over the
years. Some, like BASE [8], ALPHATRAP [9], and PENTATRAP [29], utilize liquid cryogens
as a low-vibration cooling solution. Many, including the BASE-STEP [27], HILITE-TRAP [31],

and ARTEMIS [28] use closed-cycle cryocoolers. In general, these systems all utilize similar
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design components: a high-conductivity assembly is attached exibly on one end to the base of
a cooling apparatus and rigidly on the other to a Penning trap at the center of a superconducting
magnet bore. Cryogenic G-10 (G-10CR) supports are commonly used as a method of low-
conductivity support, and actively-cooled concentric thermal shields within the magnet bore are
frequently seen. Flexible copper braids, like those discussed in this thesis, are a popular tool for
exible high-conductivity contact. While these systems have general elements in common, the
speci cs of design vary signi cantly and the components are almost always custom designed.
The same is true for the UMD design, which takes inspiration and lesson from existing cryogenic

Penning trap projects to create a design that aims for both simplicity and sophistication.
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Chapter 2: Overview of the Apparatus

Figure 2.1: Cross-section of the entire cryogenic design. lons are injected through the left-hand
side (the “beam-line side”), and stored in the Penning trap at the center of the magnet. The entire
system is cooled from the right (the “cooling side”) by the ColdEdge ULV UHV Cryocooler.

The “cryogenic” section of the CURIE experiment refers to everything surrounding the
4K Penning trap that actively cools and maintains the temperature of the trap. This includes the
4K stage that consists of the base of the cryocooler, the thermal straps, the oxygen-free high
conductivity (OFHC) copper bus bar, the diagnostic electronics (and their support structure), the
long cylinder (which contains the Penning trap), and the cryovalve. The cryovalve, which will

be discussed in detail in Section 4.7.1, separates the beam-line ultra-high vacuum (UHV) from
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the internal XHV and prevents back streaming. The Penning trap, at the center of the 4K stage,
contains the assembly of ions that are stored and interrogated. The diagnostic electronics signal
wires will be fed out from the trap through a base plate, wrapped around the 4K bus bar to heat-
sink, brought out through the 45K thermal shield chamber, seen on the right of Figure 2.1, and
then brought out of the vacuum system on the “cooling side”. These systems will generate some
Joule heating, but in general, these contributions can be considered negligible.

The thermal shield surrounds the 4K stage. It is actively cooled by the 45K stage of the
cryocooler. The shield limits thermal radiation from the surrounding room temperature vacuum
chamber to the 4K stage by providing an intermediate barrier. The shield consists of three
aluminum parts on the “beam-line side” (the body, a “lid”, and a cryovalve “cap”) for ease of
assembly, and a chamber on the “cooling side”, that connects rigidly to the cryocooler base.
To allow for thermal expansion and contraction and vibration isolation, the “beam-line side” is
secured to the chamber through exible OFHC thermal braids.

For both the 4K and 45K stages, extensive research, modeling, discussions with experts,
and design iterations were undertaken to have a design that is cost-effective, easily assembled,
subject to low heat loads, and mechanically stable. These design choices and their motivations
are discussed in the following work. Figure 2.1 shows the SolidWorks geometry of the entire

assembly, with important elements labeled.

2.1 The Magnet

The magnet was acquired from the Robinson Research Institute (RRI) in New Zealand. It

is a 3T magnet, shimmed 10 ppm over a 60 mm spherical volume (DSV) an@ ppm over
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10 mm DSV. It has a room-temperature bore of 142 mm, is cryogen-free, and is cooled by its

own closed-cycle cryocooler. The temporal stabilitxid0 ppm over 24 hours.

2.2 The Cryocooler

The UMD group has purchased a ColdEdge Closed Cycle Ultra Low Vibration (ULV)
Cryocooler to cool the CryoTrap assembly. This cooler minimizes the vibrations from the cold
head by suspending the cryocooler in a “gas gap”. There is a volume of helium gas between
the cryocooler cold tip and the outer cold tip. The vibration-generating cold head is supported
by rubber bellows above the assembly that reduces the vibrationd tom. If necessary in the
future, the system can be upgraded through the addition of a hydraulic stand to achieve vibrations
on the order ok 10 nm. The thermal straps, discussed in the next section, also provide some
vibrational isolation. After signi cant discussion with industry experts, and groups who have
developed similar systems, we believe vibrations on the order ahlare satisfactory. As a
justi cation, the frequency shift due to vibrations from the cryocooler may be estimated using
Equation 2.1, Where;,‘v’—c is the relative frequency shif?.',%?' is the gradient of the magnetic eld

strength, and z is the peak-to-peak amplitude of the trap vibrations [32].

Ve — dBrel
Wy dz

(2.1)

Given the uniformity of our eld (2 ppm over 10 mm DSV), the maximum magnetic eld
shiftis6 10 8T. Using a rst order expansiond( = By + B1Zz), it can be shown that
B = B, =1:2 10 *T=mm. While much of the vibrations generated by the cryocooler

dz

will be dampened by the thermal straps, the maximumis 1 m. At this level of vibration, the
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frequency shift,—Y, is 1:2 ppb. The trap requires enough resolution to differenti®@e from

’VV )

Li: a mass difference of 131 ppm. Therefore, the frequency shift due to the cryocooler vibration
will have a negligible impact.

While 100% of the cooling capacity at the 4.2K stage is transmitted through the gas gap,
only 50% is transmitted at the 45K stage. As a result, the cryocooler has a cooling capacity of
1.5W at the 4K stage, and around 15-20W on the 45K stage. The heat loads of each stage are
calculated and discussed in detail in this work, and are predicted to be signi cantly lower than

these thresholds.

2.3 Thermal Strap Design

In cryogenic design, exible points of connection are crucial to allow for thermal contraction
during the dramatic temperature changes. In the UMD design, this has been accounted for by
the inclusion of exible copper braids, called “thermal straps”, on both the 4K and 45K stages.
Technology Applications, Inc., a company that specializes in the design and construction of these
high conductivity straps, will supply exible braids for the UMD group.

The 4K straps attach to the cold tip of the ColdEdge cryocooler and then to the OFHC
copper receiver for the bus bar. These connections must be made extremely tight to achieve a
good thermal pathway. Common practice for these applications is to use bolts which have a larger
coef cient of thermal contraction than the joint material so that the joint tightens upon cooling
[33]. Each of the two 4K straps, visible in Figure 2.2, has a predicted thermal conductivity of 0.8
WIK.

The 45K straps attach to the outer wall of the 45K shield chamber, that surrounds the base
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Figure 2.2: Cross-section of cryocooler chamber with 45K and 4K thermal strap assemblies from
Technology Applications Inc. visible.

of the cryocooler. A cylindrical shield connects the 45K cold tip to the top of the shield chamber.
This connection and the subsequent connection to the chamber side are welded to provide a
better thermal path. On the cylinder end, the two 45K straps attach to a OFHC copper bracket
that surrounds the 45K shield. Extra care will be taken at this juncture in order to minimize the
gap between the connections and maximize the thermal contact. Thermal grease may also be
employed. Each of these 45K straps, also visible in Figure 2.2, has a predicted conductivity of

1.99 W/K.
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Chapter 3: Design of 45 Kelvin Stage

3.1 Overview

The heat ux from a room temperature surface to a 4K black body surface is about 460
W=m2. With a cooling capacity of 1.5 W on the 4K stage of our cryocooler, this heat load clearly
needs to be signi cantly reduced. The assumption that the 4K stage is a black body is inaccurate.
In reality, we can assume the 4K stage has a emissivity close to 0.1 [34][35]. Assuming 0.1, the
heat ux is reduced to 48V=m? — better but still too large. While polishing and electroplating
could further reduce the emissivity, the best way to minimize the thermal radiation is to decrease
the “hot” temperature. Typically, this is done through the addition of an intermediary cooled
thermal shield. Often, the shield is actively cooled by liquid nitrogen to a temperature of 77K.
In our case, the cryocooler has a second stage at about 45K — hence the name used for the stage
from now on.

The shield designed for the UMD apparatus is made of 6061 aluminum. It surrounds the
entirety of the 4K stage to prevent it from seeing thermal radiation from the external vacuum
chamber at room temperature. Within the magnet bore, the shield is a cylindrical assembly, with
a removable “lid” for easy access to the 4K stage, and a “cap” that ts over the cryovalve after
it is assembled. All three of these parts are attached internally by half-moon brackets to limit

the radial size of the shield. It has an outer diameter of 3.3 inches&f mm. The 45K shield
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Figure 3.1: SolidWorks assembly of the 45K shield, showing the shield “cap”, “lid”, and body,
and the 45K chamber. The 45K thermal straps are also visible.

also surrounds the base of the cryocooler and the connection to the 4K stage. This is called the
“45K chamber”. This chamber connects directly to the second stage of the cryocooler, and then is
connected to the 45K cylinder in the magnet bore by the Technology Applications, Inc. thermal
straps discussed in Section 2.3. To further improve the thermal pathway from the cryocooler to
the remainder of the shield, the back wall and top of the chamber are welded to each other to
improve the conductivity. This change was implemented on the recommendation of Technology
Applications, Inc.

The following sections discuss the 45K design in greater detail, including extensive modeling

and the calculations that dictate the many design choices.
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3.2 G-10CR Support Design

The 45K supports are very similar to those designed for the 4K stage. Like the smaller
structural support disks surrounding the 4K stage, the 45K supports are made of G-10CR and
designed with four points of external and internal contact, and a maze-like structure between. The
larger diameter of the 45K supports allows for more material to be removed to reduce the thermal
pathway. The 45K stage has two supports instead of three — a choice dictated by simulation in
Section 3.2.1. Similar to the 4K stage, one of the supports is xed to both the 45K stage and
to the larger 300K vacuum structure. For ease of assembly, the second support is also xed to
the 300K structure, but not to the 45K cylinder to allow for contraction. For the connection to
the 300K vacuum to be made, the supports are pushed up against the bore chamber anges and
screwed in. This increases the surface area of the support in contact with the 300K stage, but
does not dramatically affect the thermal performance.

SolidWorks simulations are the basis for the support designs. They are discussed in the

following section.

3.2.1 Simulation Results and Conductive Heat Loads through G-10CR Supports

Figure 3.2 shows the thermal model for the right-hand side G-10CR support on the 45K
stage. The left-hand and right-hand side geometries are similar, with only a small variation in
diameter. The resulting heat uxes through the two supports are tabulated in Table 3.1. Since the
cooling capacity of the second stage of the cryocooler is in the range of 15-25W, a heat ux of

160 mW through the supports is manageable.
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Figure 3.2: 45K right-side mechanical support made from G-10CR. Thermal gradient from 300K
to 45K is shown.

Support Heat Load (mW)
Left-hand Side 73.3
Right-hand Side 89.3
Total 163

Table 3.1: 45K G-10CR support heat loads

3.2.2 Support Location and Strength Simulation Results

The 45K stage must support the weight of the 4K stage (approximately 6.8 kg), and
the surrounding G-10CR support must support this weight and the weight of the 45K shield
(approximately 5 kg). To avoid signi cant stress or sagging in the thermal shield, additional
SolidWorks simulations were performed to assess the strength of the G-10CR supports and their
locations. The Von Mises stress simulation in Figure 3.3 illustrates that the entire assembly

undergoes very little stress. Similarly, Figure 3.4 demonstrates that the assembly undergoes
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negligible sagging — a maximum of about 50 nm. Since the left-hand side G-10 support is
connected to both the 300K and the 45K supports, the right-hand side does experience more

displacement, though insigni cant.

Figure 3.3: Von Mises stress on 45K stage. Maximum occurs in G-10CR support. Value in
middle of shield is noted.

Figure 3.4: Displacement in z-direction of 45K stage. Small maximum again occurs in G-10CR
support. Displacement in middle of shield is noted.

Simulations of the G-10CR supports were also performed to determine the Von Mises stress
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experienced and the resulting displacement to ensure thermal shorts do not occur. The 45K
thermal shield weighs approximately 5 kg. Combined with the 4K stage, the total weight of the
assembly is around 11.8 kg. As an overestimate, the simulations were conducted with 40 Ib (

18 kg) imposed on the G-10CR supports. The results are shown in Figures 3.5 and 3.6.

Figure 3.5: Von mises stress on left-hand G-10CR support. As the four internal points are all
rigidly attached to the thermal shield, the stress is evenly distributed and minimal.

These simulations indicate that the stress on the G-10CR supports, even under the exaggerated
load of 18 kg, is minimal. The left-hand side support feels a maximum of 63 MPa and the
right-hand support feels a maximum of 107 MPa. Both of these are signi cantly lower than the
compressive yield strength of 450 MPa for G-10CR. Displacement is similarly manageable: the
left-hand side support only displaces a maximum of 0.4 mm while the right-hand side support

moves 1.6 mm. Since the left-hand side support is attached at four points to the thermal shield
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Figure 3.6: Von mises stress on right-hand G-10CR support. As the four internal points are not
attached to the shield, the bottom face deforms the most. Still, no thermal short occurs.

while the right-hand side support is not, the latter deforms signi cantly more. Still, the displacement
is exaggerated by the substantial margin of safety of the applied loads, and does not create a

thermal short.

3.3 Radiation Heat Load Calculations

The thermal radiation to the 45K stage from the surrounding room temperature vacuum
chamber is a large fraction of the total heat load. To reduce this heat load, the 45K shield will be
wrapped in MLI, discussed below. It is possible that, due to certain corners, geometries, or faults
in interfacing of MLI sheets, some of the shield will be directly exposed to the 300K radiation. In
particular, the face of the shield on the “beam-line side” may need to be uncovered. The exposed

surface area will not be known exactly until we begin wrapping the assembly. As a generous
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estimate, it is assumed that Or will be exposed directly to 300K radiation. The surfaces that
will be uncovered will be either polished to a low emissivity or covered in an aluminized Mylar
Im. The estimation of 0.1m? is an overestimation and should account for any accidental gaps
in MLI wrapping. Assuming an achievable emissivity of 0.1, hot temperaiye pof 300K, and

cold temperatureTl ¢, of 45K, the radiation heat load onto these exposed surfaces is calculated in
Equation 3.1. Of note, this calculation does not account for the emissivity of the 300K chamber
but instead assumes a uniform surrounding room temperature environment. Therefore, it is an

upper limit.

Q= s A(TS T&) = 4:59W (3.1)

This heat load is signi cant. Minimizing the surfaces on the 45K thermal shield not covered

in MLI is a high priority.

3.3.1 45K Chamber Lower Radiation Shield

In order to evacuate the 45K stage more effectively during vacuum pump down, the base
of the 45K chamber has a vent-like structure. Since this is an evacuation point, it cannot be
wrapped entirely in MLI and therefore introduces a heat path into the system. To prevent a line
of sight view from the 300K vacuum chamber to the internal 4K stage, vents are angled inward
and a square radiation shield plate is hung from the bottom. The supports for the shield plate
require a compromise: conduction through the supports is needed to actively cool and minimize
the impact of line-of-sight radiation, while the heat load transmitted to the 45K chamber needs to

be minimized. As a balance between these two goals, the supports will be made of a conductive
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Figure 3.7: SolidWorks model of 45K chamber with aluminum supports (right) and G-10CR
supports (left) emphasizing temperature difference to lower shield and chamber.

material, likely aluminum 6061, and both the supports and the plate will be highly polished or
otherwise altered to have a low emissivity. If the hanging shield is actively cooled, the venting and
radiation plate should limit most radiation from reaching the 4K stage inside the 45K chamber.
This was con rmed with a SolidWorks model. The model assumed that 300K radiation
was incident on the hanging radiation plate and its supports, and that the plate had an emissivity
of 0.07 [35]. A second condition that the interior surface of the plate would radiate to a 4K stage
element inside the assembly through the vented structure was included. The top surface of the
chamber was cooled to 45K. The results of the model were promising: with the radiation shield
in place, only about 0.02 mW of radiation was incident on the interior 4K stage. Without the
shield, the amount increased to 113 rhWith the shield in place, it may be assumed that the

radiation through the holes in the shield is negligible. The trade-off is, of course, an increase in

1This was modeled by changing the support material from 6061 aluminum to highly insulative G-10CR, bringing
the hanging radiation plate to approximately 300K.
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the temperature of the 45K stage through conduction. As Figure 3.7 demonstrates, the increase
is only about 3K at the base of the 45K chamber. While the 3K loss is a concern, the reduction
in the 113 mW heat load to the 4K stage justi es the increase in temperature. Furthermore, this

3K rise can be reduced by, for example, covering the exposed pieces in highly re ective Mylar.

3.3.2 Use of MLI to Limit Radiative Heat Load

MLI is a highly re ective insulating material, also termed “super insulation”, used in space
applications to re ect solar radiation. Each layer of MLI is composed of a thermally insulating
material, such as Mylar, with a metalized side, typically aluminum [33]. Each layer of MLI
re ects 90-99% of incident radiation, and approaches 100% re ectivity with increased layering
[36]. In cryogenic applications, it is commonly used to limit thermal radiation heat loads from
room temperature chambers to internal cold stages. The length of our 45K stage and the limited
capacity of the cryocooler requires that the 45K shield be wrapped in layers of MLI to reduce the
thermal radiation heat load.

A rule of thumb: MLI density should be limited to a layer density of about 45 layers/inch
[37]. Above this density, thermal shorts are likely to occur, increasing the conductive heat load
onto a system and negating the bene t of MLI. Careful wrapping is key to the ef cacy of MLI
performance [37]. To allow the diameter of the 45K stage to be larger, it may be desirable
to decrease the layering of the MLI surrounding the 45K shield. The increase in heat load by
decreasing the layering to 15 or 30 layers of MLI is not exceptionally well de ned, as these are
less experimentally studied. An estimation is attempted below.

The heat transfer through N thermal layers is calculated theoretically by Equation 3.2,
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Figure 3.8: Theoretical heat ux through N layers of MLI superinsulative wrapping for a layer
density of 37 layers/inchly is 300K, T¢ is 45K, and the emissivity is 0.03 [38].

where gp is the Stefan-Boltzmann constari, is the hot temperature, anft: is the cold

temperature [38].

_ 1 sB
q= (N+1) 2 (T T (3.2)

The temperature of an intermediate screenan be calculated using Equation 3.3 [38].

1
T =T+ m(Tﬁ T3) (3.3)

Figure 3.8 is a graphical representation of Equation 3.2 for an emissivity of 0.03, a warm
temperature of 300K, and a cold temperature of 45K. From this gure, the heat ux at 45
layers is approximately 15&@W=m?. This is signi cantly lower than the industry experimental

expectation: for 45 layers of MLI on a at plate (with a layer density of 45 layers/inch), a heat
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Figure 3.9: Theoretical heat ux through N layers of MLI superinsulative wrapping adjusted to
match experimental result for 45 layers at a layer density of 45 layers/ihghs 300K, T¢ is
45K, and the emissivity is 0.03 [38].

load of 1W=m? is typicaf [37]. Figure 3.9 is the same theoretical trend from Equation 3.2,

but with the 45-layer point adjusted to the experimental prediction\af=?. The discrepancy

between these two curves can be attributed to the differences in layer density and imperfections

encountered when wrapping MLI — corners and odd geometries make small thermal shorts unavoidable
The heat uxes for 15, 25, and 35 layers are extracted into Table 3.2. Additionally, the

expected heat load for our model is listed, with 30% uncertainty added to the predicted heat ux.

The total surface area covered in MLI on the 45K shield is approximatelyri?6fn reality, the

45K stage will not be uniformly 45K across its entire length, but will likely increase to around

80K. The assumption that the thermal shield is uniformly 45K gives a higher heat load than the

actuality, setting an upper-bound.

2To account for inevitable wrapping error, an uncertainty factor of 30% should be added.

35



N (layers) 15 | 25 | 35 | 45
Heat Flux W=m?) | 2.92| 1.80| 1.30| 1.00
Heat Load (W) | 6.26| 3.86| 2.79| 2.14

Table 3.2: Tabulated layer densities of interest from Figure 3.9.

3.4 Total Heat Loads on 45K Stage

The most signi cant contribution to the heat load on the 45K stage is radiation. In particular,
radiation to uncovered surfaces. While these areas will be minimized, it is vital to account for
some error in wrapping. For instance, the far “cap” end of the cylindrical shield will likely be
covered in MLI, however this surface may be wrapped in signi cantly fewer layers or covered in
a single aluminized Mylar Im. In the worst case, this surface will be uncovered but polished.
Table 3.3 lists the contributions to the total heat load on the 45K stage. The conduction through
the G-10CR supports is negligible. The radiation onto surfaces covered in MLI is listed for 45

and 25 layers in our current design.

45K Stage Heat Sources | Heat Load (W)
Conduction through Supports 0.160

Radiation through MLI 2.14 - 3.86
Radiation on Uncovered Surfaces 459
Total 6.89 - 8.61

Table 3.3: Total heat loads in watts, W, on the 45K stage.

3.5 Temperature Rise Studies

The 45K stage is assembled such that the 45K chamber is in contact with the cryocooler,
that is then connected to the remainder of the 45K cylindrical shield. Simulations were done

in two parts. The prescribed conditions and loads were applied to the 45K chamber, and the
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temperature at the thermal strap points of assembly noted. Using the thermal resistance of the
straps, the temperature rise across them was calculated; this was used as the initial temperature for
the cylindrical shield temperature gradient model. In each of these simulations, the appropriate

heat loads were applied.

3.5.1 Material Properties

Figure 3.10: Thermal Conductivity of 6061 aluminum as a function of temperature [39].

The temperature variation of thermal conductivity shown in Figure 3.10 of 6061 aluminum

was gathered from a NIST database [39].

3.5.2 Initial Temperature for Model

Creating a thermal model for the 45K stage is more involved than for the 4K stage. To best

approximate the initial temperature at the base of the thermal straps and start of the cylindrical
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Figure 3.11: Temperature gradient across 45K chamber with appropriate radiative and conductive
heat loads applied.

38



shield, the thermal gradient across the 45K chamber was modeled rst. The top surface of the
vertical cylindrical shield on the 45K chamber was initialized at 45K. According to heat load
maps provided by ColdEdge Technologies, with expected heat loads less than 10 W, an initial
temperature around 43-45K is expected. Radiation from the larger 300K vacuum chamber was
applied to the bottom surfaces, that are not wrapped in MLI, and\V=8? was applied to the
remaining surfaces, mimicking 25 layers of MLI — an upper limit of 45 layers will likely be used.

A 2.3 W heat load was applied at each of the positions where the straps connect. This is based
on the estimate that 4.6 W of heating occurs from radiation and conduction on the cylindrical
portion of the shield.

As Figure 3.11 shows, the temperature at the base of the straps is 52.5K and 54.8K. Each of
the thermal straps then has a 1.99 W/K conductivity. As with the 4K stage straps, the temperature
drop across the thermal straps can be calculated using Equation 3.4. We again assume a heat load
of 4.6 W on the cylindrical portion of the shield, which indicates a temperature rise of 1.15K
across the straps. Therefore, the initial temperatures at the surface of the clamp will be 53.7K

and 56.0K.

T4K = RQ (34)

3.5.3 Thermal Resistance in Joints

Overall, the thermal resistance of the joints on the 45K stage will be higher than on the 4K
stage. On the 4K stage, careful assembly is essential: the success of the experiment depends on

achieving a temperature as close to 4K as possible at the trap. To achieve this, indium seals will be
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put in place and surfaces polished to ensure tight seals upon cooling. So long as the temperature
of the shield is below 77K (LN temperature), radiation to the 4K stage is manageable. A critical
part of the shield is the connection between the thermal strap clamp and the cylindrical shield.
OFHC copper has been chosen for the clamp, however the shield is made of 6061 aluminum,
which contracts slightly more than OFHC copper upon cooling. As a result, the seal weakens
upon cooling. To mitigate this, thermal grease can be employed to improve the contact in this
low-pressure seal.

The joints of the cylindrical shield body, “lid”, and “cap” will tighten upon cooling. The
brackets which hold the three parts together are made of OFHC, again to encourage conduction.
These brackets are on the inside of the assembly, so the surrounding shield will tighten around
the brackets when cooled. It is imperative that these parts are machined to a high tolerance to
ensure a precise t.

As with the 4K stage, the exact thermal resistance in the joints is dif cult to predict and a
series of simulations were performed for a range of resistance values from 1 to 20 K/W. While it is
possible to model and predict the contact resistance between these copper and aluminum surfaces,
there are so many factors experimentally that any prediction is unlikely to be very reliable [40].
Therefore, the temperature gradient is calculated for only this range of contact resistances. If,
upon assembly, higher contact resistances are experienced, the seals will be further tightened. In
the simulations, the same value was used for each joint was applied, with the exception of the
joints between the three 6061 aluminum pieces. As these are in low-pressure contact, they were

modeled as isolated surfaces, with the only heat pathway delimited through the copper brackets.
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3.5.4 Gradient Along Length of the 45K Stage

With the results of the 45K chamber thermal model, a secondary thermal model can be
constructed for the cylindrical shield using initial temperatures of 53.65K and 55.95K on the
surfaces of the thermal strap clamp. The appropriate radiation heat loads were applied, assuming
25 layers of MLI (a lower limit), uncovered “cap” end and conduction through the G-10CR
supports. Additionally, the range of thermal resistances from 1 W/K to 20 W/K discussed in the

previous section were applied to the copper-aluminum joints. The results are listed in Table 3.4.

3.5.5 Simulation Results and Signi cance to Design Choices

The greatest concern, with the increase of the 45K shield temperature, is the resulting
increase in thermal radiation to the 4K stage. However, while the increase in radiation load
between a shield maintained at 45K and one 80K is signi cant, it is acceptable. In the initial
radiation analysis for the 4K stage, outlined in Section 4.3, it was assumed that the entire shield
is at 60K. If that temperature were to increase to 80K, the heat load would only increase by 27
mW, or 1.8% of the total 4K heat capacity. Therefore, the results shown in Table 3.4 indicate the

temperature rise across the 45K thermal shield will remain manageable for the requisite cooling

of ions.
Thermal Resistance (K/W) Max Temperature (K
1 61.5
5 64.7
10 68.6
15 72.5
20 76.6

Table 3.4: Maximum temperature of 45K stage for various thermal resistance values.
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Figure 3.12: Temperature gradient on 45K stage with 1 K/W of thermal resistance applied to
copper-aluminum joints. Maximum temperature near trap is noted.

Figure 3.13: Temperature gradient on 45K stage with 20 K/W of thermal resistance applied to
copper-aluminum joints. Maximum temperature at temperature near trap are labeled.
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3.6 Thermal Contraction Studies

The following section details a SolidWorks study done to determine the change in dimensions
of the 45K stage due to thermal contraction. Since the 4K stage is secured to the 45K stage, and
the 45K stage secured to the 300K stage, any contraction due to temperature changes will shift
the 4K stage and the Penning trap. It is important to calculate the displacement of the Penning
trap with respect to the uniform eld region at the geometric center of the magnet. This study
assumes that the assembly consisting of the shield body, “lid”, and “cap” is cooled to 45K and
xed at the left-hand G-10CR support. The assumption that the entire structure is cooled to 45K
is an approximation. There will be a thermal gradient across the 45K stage (see Figures 3.12 and
3.13). However, about 95% of thermal contraction occurs before a structure reaches 77K, making

this an appropriate approximation [41].

3.6.1 Material Properties

The coef cient of thermal expansion curve for 6061 aluminum was extracted from the

NIST database and is shown in Figure 3.14 [39] .

3.6.2 Simulation Results and Signi cance to Design Choices

The results of the thermal expansion simulations are illustrated in Figure 3.15. At the point
where the 4K stage is rigidly attached to the 45K stage, the aluminum shield is calculated to
contract by about 0.87 mm, and at the far end of the shield a maximum of 7.87 mm of contraction
will occur. The thermal straps have a predicted lateral motion of approximately 0.5 inch or 12.7
mm, and therefore will tolerate a change in length a8 mm.
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Figure 3.14: Coefcient of thermal expansion (CTE) of 6061 aluminum as a function of
temperature [39].

Figure 3.15: Thermal contraction of 45K stage, with the points of interest (the cryovalve position
and the maximum contraction) labeled.
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Chapter 4. Design of 4 Kelvin Stage

4.1 Overview

The heart of the 4K stage is the cryogenic cooled ion trap, or Penning trap, that will store
the ’Be for interrogation and precise measurements. As stated in Section 1.2, the Penning trap,
rst developed by Frans Michel Penning, combines a quadrupole electric eld with a uniform
magnetic eld to con ne ions. The traditional Penning trap incorporates hyperbolic electrodes
and is described by the ideal quadrupolar potential given in Equation 4.1, where d is the characteristic

trap size [42].

U
U= 0

= Z—dZ(Zz2 x2 y?) (4.1)

o = }(zz+ j’) (4.2)
2270 2 '

Stable, harmonic motion con nes ions in the axial direction. However, a particle cannot
be trapped in a stable potential well constructed using only electrostatic potentials, according to
Earnshaw's theorem [43]. Therefore, a magnetic eld is required for con nement in the radial
direction. In all, ion motion is described by cyclotron, magnetron, and axial motion, each with a

well-de ned frequency. Detection of these frequencies is the foundation of the measurements.
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To allow for injection along the beam line, the UMD trap uses an orthogonalized cylindrical
trap with open endcap electrodes. For this geometry, the electrostatic potential at the center of
the trap can be represented by a Legendre polynomial series. The Gabrielse solution, developed

in the 1980's, eliminates the 4th and 6th order terms, and minimizes the 8th [44].

3
U= -U Ck = Px(cos) (4.3)

The trap is at the center of a magnet from RRI, cooled by the cryocooler, and contained
within a cylinder capped by a cryovalve downstream from the ion source. Cooling the trap to as
close to 4K as possible is essential. Cooling minimizes the thermal motion of the ions, reduces
electrical noise to aid the detection electronics, and adsorbs background gases onto cold surface
walls. Adsorption is crucial, as it allows us to reach the desired XHV level.

To con rm statistically the halting or alteration of radioactive decay, ion con nement on
the order of weeks to months is necessary. To achieve this, it is critical that the stored ions do not
collide with background gases. In this case, the energy of the ions will decrease and, in turn, the
magnetron orbit radius will increase, ultimately growing too large and leading to loss of the ion.
Collisions with background gases can also result in charge exchange, altering thé B&tei
’Be’*. Distinguishing’Be** from ’Li%* can be dif cult, and any unintentional creation ‘@e**
should be avoided. It has been veri ed experimentally that the charge state lifetime is inversely
proportional to pressure, p, given by Equation 4.4 wheyas the reduced mass of the collision
[45]. Simulations of Be** in a Penning trap indicate that a vacuum pressure at or bl

mbar is required.
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Figure 4.1: SolidWorks assembly of the 4K stage, with components labeled. The thermal straps
are attached directly to the base of the cryocooler to cool the entire structure.

to = (4.4)

The XHV regime has been achieved by several experiments, including the BASE project at
CERN and the ALPHATRAP experiment at the Max Planck Institute [8][9].18t*° mbar the
mean free path for helium at 4K is on the order of 1.45 million km. The mean thermal velocity
of ’Be at 4K, found using Equation 1.13, 7 nm=s. Therefore, theoretical storage times at this
vacuum level are on the order of 240 days, or almost eight months.

In all, the 4K stage consists of the base of the cryocooler, the Technology Applications,
Inc. thermal straps, the OFHC copper bus bar, the diagnostic electronics and surrounding support
structure, the cylinder that contains the Penning trap, and the cryovalve. This stage has an outer
diameter of 2.3 inches or 58 mm. The design of this assembly and the various stresses it is

subjected to are detailed in the following sections.
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4.2 G-10CR Support Design

The success of the Penning trap experiments depends on the careful design of the surrounding
cryogenic stages. Attaining a temperature as close to 4K as possible is imperative to the successful
trapping of ions. To achieve this, heat loads on the Penning trap must be minimized. Equally
important, thermal contractions must be accounted for in the design to avoid mechanical failure.
With both of these goals in mind, the following section details how the internal 4K system
containing the Penning trap will be precisely located with minimum heat load.

The mechanical supports within the magnet bore: (1) must be mechanically strong enough
to support the concentric geometry within the bore and (2) must thermally isolate the stages.
Contact between the 4K stage and 45K stage requires careful mechanical design, and choice
of material. Three disk-like supports have been made from G-10CR for the 4K stage, and two
similar supports for the 45K stage. The disks have four points of contact with the external cylinder
and four points with the internal geometry, with maze-like slits to lengthen the thermal paths
between them.

The rst of the three 4K supports is located at the base of the cryovalve. This support
consists of two halves that are formed around the cylinder for assembly purposes, and then bolted
together. The second support is located at the base of the Penning trap, and is shown in Figure
4.2. The third support surrounds the titanium cage that bridges the space between the electronics

and the thermal strap base.
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Figure 4.2: Central 4K mechanical support made from G-10CR with four points of contact on
the internal and external surfaces and offset by 90

4.2.1 Simulation Results and Conductive Heat Loads through G-10CR Supports

Thermal conduction studies determined the heat loads contributed by the three supports in
contact with both the 45K stage and the 4K stage. Temperatures were initialized ‘asr60i¢
outer surfaces, and 4kon the inner surfaces. The two halves of the two-pieced support were
bonded. This is a conservative approximation as there will likely be some degree of thermal

isolation between the two halves. The results are tabulated in Table 4.1.

160K was chosen as an estimate of the inevitable temperature rise along the 45K stage, maximizing the potential
heat load through our supports.

2Here, an initial temperature of 4K does not account for the inevitable temperature rise along the 4K stage; this
was done intentionally again to maximize the heat load.

49



G-10CR Support | Heat Load (mW)
Cryovalve Support 46.3
Trap Support 2.87
Titanium Cage Support 2.30
Total 51.5

Table 4.1: Total conductive heat load contributed by G-10CR supports

4.2.1.1 Support Location and Strength Simulation Results

The entire 4K stage weighs about 7 kg, and is supported at three points along the length
of the 1.5 m assembly. The mechanical performance of the supports on the 4K stage was
assessed using SolidWorks to determine any potential points of failure and sag along the length.
Maintaining the position of the trap within the geometric center of the magnet is important for
the accuracy of measurements and signi cant sag could create a thermal short. To account for
the additional weight of the Penning trap and electronics not present in the model, 5 kg of mass
is distributed uniformly across the central geometries. Figure 4.3 depicts the stress using the Von
Mises Stress Criterion along the 4K stage. In the 4K assembly, the OFHC bus bar is unsupported
beyond the base attachment within the electronics cage. The simulation gives a maximum stress
of 23.5 MPa at the base of the bus bar. This value is signi cantly below the yield strength of
OFHC copper and is not of concern. Figure 4.4 shows the SolidWorks model displacements
under the same conditions as the stress modeling. The OFHC bus bar also experiences the largest
displacement: 1.2 mm down. While this displacement and stress are tolerable, a G-10CR support
could be added along the bar's length to reduce the displacement to close to zero and minimize
the stress. In this case, the maximum stress is in the G-10CR supports instead of at the base of
the bus bar, with a small magnitude of 20-50 MPa. With a compressive yield strength of about

450 MPa for G-10CR, the supports are capable of withstanding these forces and displacements.
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In the initial construction of the assembly, this additional G-10CR support will be omitted, but
could be added subsequently. The remainder of the copper structure does not experience stress

near the yield point of the material nor any areas of signi cant sag.

Figure 4.3: Von Mises stress on 4K stage. Point of maximum stress is shown at base of OFHC
copper bus bar. This maximum is still far below any point of failure.

Figure 4.4: Displacement in z-direction of 4K stage as a result of strain. This deformation is
negligible.
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Additional models of the G-10CR supports under exaggerated stress conditions were performed
in order to assess their performance under a “worst-case scenario”. Each support was modeled
with gravity and a 45N force applied. This assumes that each support carries a third of the total
weight, and a factor of safety of two is included. The results are shown in Figure 4.5, 4.6, and
4.7. The conditions for the support at the cryovalve differ slightly from the other supports. The
top half is mechanically xed to the 4K stage, relieving the bottom half stress. Overall, these
supports only experience 30 to 75 MPa, signi cantly below the failure point of G-10CR. Another
concern is displacement causing a thermal short across the support. The greatest risk of this is for
the support located around the titanium support. However, even at this exaggerated load of 45N,

the displacement is not suf cient to cause a short.

Figure 4.5: Von Mises stress on G-10CR support located at cryovalve. As with the 45K supports,
the four internal points are rigidly attached to the 4K stage, minimizing the stress to the bottom
point of support.
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Figure 4.6: Von Mises stress on G-10CR support located at trap base. The four internal points
are not attached to the 4K stage on this support. Therefore, the bottom face deforms the most.
Despite the exaggerated stress load, no thermal short occurs.

In the design of the 4K stage, an additional concern is the placement of the G-10CR
supports relative to the placement of the 45K supports and the possibility of an indirect but
detrimental heat pathway from the 300K stage to the 4K stage. Simulations were run with 0
mm, 38 mm (1.5 inches), 76 mm (3 inches), and 152 mm (6 inches) of offset between the 4K
and 45K stage supports. The results of the simulations are summarized in Table 4.2. When the
separation between the supports was eliminated completely (0 in), the heat load only increased by
0.1 mW from a full 152 mm separation. The relative position of the supports makes a negligible

contribution to the heat load delivered to the 4K stage.
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Figure 4.7: Von Mises stress on G-10CR support located around titanium support. In this design,
the bottom face again deforms the most since there is no rigid connection to the 4K stage. At the
exaggerated loads, no thermal short occurs.

Offset(in) | Heat Load (mW)
0 17.5
1.5 17.5
3 17.5
6 17.4

Table 4.2: Heat loads through stage 1 and 2 G-10CR supports with varying offset.

4.3 Radiation Heat Load Calculations

In addition to conductive heat loads, the 4K stage is heated by thermal radiation from the
45K thermal shield, and from any line-of-sight pathways to the 300K stage. The surface area
subject to thermal radiation from the 45K shield is approximately th3@hile the surface area
emitting thermal radiation from the 45K shield is 0.88.

The radiation heat load between two surfaces is found using Equation 4.5.
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Q= ssA1 (T T7) (4.5)

In Equation 4.5, 1, is the effective emissivity and is speci ¢ to the geometries in question.

For concentric cylinders we use Equation 4.6, whiere< A ».

12
= 4.6
BT AA*; 1 2 (4.6)

The radiation from the 45K shield is found using Equation 4.6, assuming an emissivity of
0.07 for the 4K stage and 0.1 for the aluminum stage. The result can be found in Table 4.3.
There are two holes in the 45K thermal shield: one for the beam line to enter, and one for
the cryovalve actuation. Both of these holes have a diameter of @81Z0 estimate the heat
load contributed by this radiation, it is assumed that the holes are perfect black body absorbers

( =1) as aworst-case scenario. An uncertainty factat@fois added as well.

4K Stage Radiation Heat Sources$ieat Load (mW)
45K Radiation 12.5
300K Radiation 198
Total 211

Table 4.3: Radiative heat loads onto 4K stage.

4.4 Total Heat Loads on 4K Stage

The major contributors to heat load on the 4K stage are conduction through the G-10CR
supports, radiation from the 45K shield and 300K vacuum chamber, and conduction from electronics
wiring. The BASE experiment estimated the conductive heat load due to wiring to be on the order

of 15 mW [8]. Using this value, the total heat load on the 4K stage is summarized in Table 4.4.
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4K Stage Heat Sources | Heat Load (mW)
Conduction through Supports 51.5

Radiation 211
Conduction through Wiring 15.0
Total 277

Table 4.4: Total heat loads in mW on the 4K stage due to all non-negligible sources.

This estimation of 277 mW aligns well with estimates from other similar projects. The
BASE-STEP experiment at CERN estimated about 350 mW on their 4K stage, and a dissertation
on the design of a similar trap for sympathetic laser cooling of beryllium ions estimated 835 mW,

with two openings of larger size in their thermal shield [27] [33].

4.5 Temperature Rise Studies

In addition to thermal conduction through the G-10CR supports, thermal studies of the
entire 4K stage were performed to determine the temperature rise over the entire assembly. These

simulations were performed using SolidWorks.

4.5.1 Material Properties

A NIST resource provided the temperature dependent thermal conductivity of OFHC copper

with an RRR of 50 for this study [39]. The behavior is shown in Figure 4.8.

4.5.2 Initial Temperature for Model

As discussed previously, the two Technology Applications, Inc. thermal straps at the 4K
stage each conduct 0.8 W/K. From the de nition of thermal conductance, the temperature rise

across the straps can be approximated using Equation 3.4 to be 0.18K.
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Figure 4.8: The thermal conductivity as a function of temperature for OFHC copper RRR 50
[39].

The simulations discussed in this section were performed with an initial temperature of

4.4K at the cryocooler end of the OFHC bar. This accounts for the relatively small temperature

rise across the two thermal straps due to their inherent thermal resistance.

4.5.3 Thermal Resistance in Joints

The UMD design currently has four mechanical joints in the 4K stage. It is imperative
that each joint forms a tight and well-bonded seal to maximize the heat conduction. For copper-
copper joints, this is typically achieved using either a thin foil of indium (0.1 mm) or gold-plating
the two contacting surfaces [46]. Indium requires far less torque to seal than gold, and is useful
for joints that cannot tolerate high torque. Gold-plating is better in applications requiring a high

level of cleanliness [46]. For our purposes, indium seals are preferred.
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The thermal resistance of the different joints is dif cult to assess. Several measurements
have been done, summarized in a manuscript by R. Dhuley, and a wide range of values were
found despite using similar techniques [17]. This work cites resistances rangingftagdw
to 20 K/W at 4.2K for pressed indium seals. For our study performed with SolidWorks, four
iterations were done using values of 0.5 K/W, 1 K/W, 3 K/W, and 5 K/W, respectively. While
this variable is largely unknown, references suggest that achieving a thermal resistance below 5
K/W is feasible. Therefore, 5 K/W is an upper limit. If not initially achieved, the system would

be opened and the various joints tightened to reduce this value.

4.5.4 Length of the 4K Stage

The length of the 4K stage is largely dictated by the length of the 300K vacuum chamber.
As the 300K chamber has slightly magnetic 304 stainless steel anges on both ends, they must be
kept suf ciently far from the superconducting magnet to avoid perturbing the eld. The length of
the 300K vacuum chamber requires a 4K stage of 1.5 m (60.5 inch) in length. If this distance can
be decreased, the temperature at the cryovalve can be reduced. The following simulations aimed
to see if the temperature reduction would be substantial enough to warrant this change.

For effective cryopumping, the entire 4K assembly should remain below approximately
10K. At this temperature, the saturated vapor pressures of most gases arelbetémbar.
Only neon, hydrogen, and helium are still present, with helium largely dominating (see Figure
4.14) [47].

As the absolute minimum length for the 4K stage is 1 m, simulations were performed at

3 lengths: 1 m (42 in), 1.3 m (50.5 in), and 1.5 (60.5 in). In this study, all non-negligible heat
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loads were applied, an emissivity of 0.07 was assumed, and the material properties and initial

temperatures discussed above were employed.

45.4.1 4K Length Simulation Results and Signi cance to Design Choices

Im 1.3m | 1.5m
O5K/W | 542K | 551K |561K
1KMW | 6.00K|6.16 K| 6.36 K
3KIW | 6.84K| 696K | 7.12K
5KW | 770K | 7.77K | 7.89 K

Table 4.5: 4K stage end temperatures for various joint thermal resistances and stage lengths

Figure 4.9: Temperature gradient on 4K stage at full length with thermal resistance of 0.5 K/W
applied in all joints. Temperature at trap shown.

The simulation results shown in Table 4.5 indicate that there is an increase of approximately
0.2K between the 1 m assembly and the 1.5 m assembly. For a change in length of 0.5 m, this
is not a signi cant change and does not necessitate a decrease in the length of the 300K vacuum
chamber. The negative impact of the interference of the stainless steel anges with the magnetic
eld far outweighs the possible bene t of a slight temperature decrease.
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