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ABSTRACT

The diploma thesis addresses the design and experimental verification of a cooling system
and low temperature part of an UHV-STM working in temperature range of 20 K-300 K.
Due to the demand of variable temperature, the flow cooling system with cryogenic
(~5 K) helium (He) is used. Two variants of the low temperature part of the microscope
are studied, the first one with cooled sample holder only, and the second one with cooling
of the whole STM. Designed cooling system consists of a He flow cryostat allowing to
connect it to a Dewar vessel containing liquid helium (LHe) with a low-loss transfer
line. The cryostat consists of He inlet and outlet, heat exchangers and copper strands
(so called braids) for the thermal connection of both the sample holder/STM and the
radiation shield around the STM with the heat exchangers. The thesis describes the
design, heat flow analysis and initial tests of the flow cryostat in the designed vacuum
chamber. Heat flow through a spot contact is also discussed to estimate the thermal
conductance of insulation supports based on thermal resistance of spherical contacts.
The thesis was elaborated in collaboration with the Institute of Scientific Instruments of
the ASCR, v.v.i.

KEYWORDS
flow LHe cryostat, LT-STM, cryogenics

ABSTRAKT

Diplomova prace se zabyva navrhem a ovérenim chladiciho systému a nizkoteplotni ¢asti
UHV-STM mikroskopu, ktery bude pracovat pfi proménné teploté vzorku v rozsahu
20 K-300 K. Vzhledem k pozadované proménné teploté je pouzito heliového priitokového
systému chlazeni's vyuzitim studeného He (~5 K) jako chladiva. Jsou feSeny dvé varianty
nizkoteplotni ¢asti mikroskopu, v prvni verzi je chlazen pouze nosi¢ vzorkd, v druhém
verzi je chlazen cely STM mikroskop. Navrzeny chladici systém tvofi He pritokovy
kryostat, ktery umoznuje pfipojeni k zasobniku kapalného He (LHe) prostfednictvim
nizkoztratového He prepoustéce. Kryostat sestava z privodi He, tepelnych vyméniki
a médénych svazkd (tzv. “braidd”) pro tepelnou vazbu tepelnych vyméniki s nosi¢em
vzorkd/STM a s tepelné izolanim Stitem kolem stolku mikroskopu. V praci je popsan
navrh a konstrukce priitokového kryostatu s prvotnimi testy v sestrojené vakuové komore.
Déle je zde detailni rozbor tepelnych tokl tepelné izolacnimi podpérami zalozenymi na
styku sférickych ploch a analyza tepelnych toki v nizkoteplotni ¢asti chlazeného STM
mikroskopu. Téma bylo YeSeno ve spolupraci s Ustavem pistrojové techniky AV CR,
v.v.i. v Brné.

KLICOVA SLOVA
pritokovy LHe kryostat, LT-STM, kryogenika



VONKA, Jakub Design and verification of low temperature part of UHV — STM mi-
croscope: master's thesis. Brno: Brno University of Technology, Faculty of Mechanical

Engineering, Institute of Physical Engineering, 2013. 63 p. Supervised by Ing. Pavel
Urban, Ph.D.



DECLARATION

| declare that | have written my master’s thesis on the theme of “Design and verification
of low temperature part of UHV — STM microscope” independently, under the guidance
of the master's thesis supervisor and using the technical literature and other sources of
information which are all quoted in the thesis and detailed in the list of literature at the
end of the thesis.

As the author of the master’s thesis | furthermore declare that, as regards the creation
of this master’s thesis, | have not infringed any copyright. In particular, | have not
unlawfully encroached on anyone's personal and/or ownership rights and | am fully aware
of the consequences in the case of breaking Regulation §11 and the following of the
Copyright Act No 121/2000 Sb., and of the rights related to intellectual property right
and changes in some Acts (Intellectual Property Act) and formulated in later regulations,

inclusive of the possible consequences resulting from the provisions of Criminal Act No
40/2009 Sb., Section 2, Head VI, Part 4.

(author's signature)



ACKNOWLEDGMENTS

I would like to express my thanks to Pavel Hanzelka and Pavel Urban for guiding this
thesis and many valuable advice, whole Group of Cryogenics and Superconductivity

for pleasant and originative environment, and my parents for their loving support.



CONTENTS

(Introductionl

(1.1.1  Helium properties|. . . . . . . . . . ... ... ... ......

(1.2 Heat transport mechanisms| . . . . . . .. ... ... ... ......

[1.2.2  Thermal conductivity|. . . . . . . . ... ... ... ... ...
(1.3 Specific heat|. . . . . . . . . ..o
(1.4 Thermal expansion| . . . . . . . . . ... ... ... ... ...,

(1.5 Mechanical properties at low temperatures| . . . . . . . .. ... ...

2 LT-STM platform with cooled sample holder|

[3 Flow cooling system|

[3.1.2  Anchoring the braid on output tubef. . . . . . . . .. ... ..
[3.2  Heat exchangers|. . . . . . ... ... ... .. ... ...
[3.2.1 Assembly| . . . . . . . ...
B22 Calculationd . . . . . . ... ... ...
[3.3  Testing vacuum chamber| . . . . . . . . .. ... ...

[3.4  Tests of the cooling system|. . . . . . . ... ... ... ... .....

[3.4.1 Pressure drop measurement| . . . . ... ... ... ... ...

4 Four ball supports|

[4.1 Description ot the support| . . . . . .. ... ... ... ... ... ..
[4.2  Spot contact|. . . . . . .. ..
[4.2.1  The simplest model| . . . . . . .. ... ... ...

[4.3.2  Temperature Huctuations and LHe consumption| . . . . . . . .

[4.3.3  Heat flow analysis|. . . . . . ... ... ... ... ...
4.3.4 Mechanical stiffness measurement| . . . . . . . . ... ... ..

10
12
14
16

18

20
21
23
24
25
25
27
29
30
30
31
33



[> New design of the STM platform|
[b.1 Steady state heat flow calculation| . . . . . . . . ... ... ... ...

6 Conclusionsl

[List of symbols, physical constants and abbreviations|

48
49
26

59

62



LIST OF FIGURES

(1.1  Monochromatic emissive power ot a blackbody.|. . . . . . . . ... .. 7
(1.2 Radiative heat flow between two parallel surfaces.| . . . . . . . .. .. 9
1.3 Radiative heat flow for coaxial cylinders or enclosed spheres.| . . . . . 10
(1.4  Thermal conductivity of some common cryogenic materials.|. . . . . . 12
(1.5 Heat capacity of some common cryogenic materials.| . . . . . . . . .. 14
(1.6 Lennard-Jones potential| . . . . . . .. ... ... ... ... ... . 15
(1.7 Elongation of various materials with temperature.| . . . . . . . . . .. 16

(2.1 'The scheme of the STM platform with scanning head at room tem- |

perature]. . . . . .. 19
[3.1 'T'he scheme showing the principle of the flow cooling.| . . . . . . . .. 20
[3.2  T'he flow cryostat without heat exchangers.|. . . . . . . . .. ... .. 22
[3.3 Input tube heat calculation scheme)|. . . . . . . . .. ... ... ... 24
[3.4 Input tube temperature profiles.|. . . . . . . . ... ... 24
[3.5  The design of the anchor of the braid on the output tube|. . . . . . . 25
[3.6 T'he section view of the heat exchanger assembly| . . . . . . ... .. 26
[3.7  T'hree main parts of the heat exchanger.| . . . . . . . ... ... ... 27
[3.8  Testing vacuum chamber with the flow cryostat. . . . . . . . ... .. 30
[3.9 Pressure loss measurement with room temperature helium gas.| . . . . 31
[4.1  Principle of the four ball support.| . . . . . . ... ... ... ... .. 34
[4.2  'T'he first model for calculation of heat flow through a spot contact.| . 35
[4.3  Scheme of the numerical model of the spot contact calculaton.| . . . . 36
[4.4  Numerical model of the spot contact calculation|. . . . . . . ... .. 37
[4.5 Calculated temperature distributions around the spot contact.| . . . . 38
[4.6  Calculated temperature profile of the spot contact. . . . . .. .. .. 38
4.7 Model with flat isothermal contact area) . . . . . ... ... ... .. 39
4.8 Measured and calculated thermal conductivity of the spherical support.| 40
[4.9 Sample holder dummy,| . . . . . ... ... o000 41
[4.10 Cooldown of the dummy sample holder.|. . . . . . . . ... ... ... 42
[4.11 Thermal oscillations) . . . . . . ... .00 43
[4.12 The dummy sample holder suspended on polyester fibers.|. . . . . . . 45
[4.13 The apparatus for measurement of mechanical stiffness| . . . . . . . . 46
[4.14 Dependence of deflection on lateral force.|. . . . . . . .. .. ... .. 47
[4.15 Measured dependence of mechanical stiffness on the preload. . . . . . 47
[>.1 Schematic representation of the LT-STM platform.| . . . . . ... .. 49
0.2 The scheme of the calculated model of IT-STM.I . . . ... ... . .. 50

[5.3  Comparison of capacity of the sample holder dummy and the STM. . 57




LIST OF TABLES

[I.1 Some important physical properties of “He.|. . . . . . . . . ... ... 6
(1.2 Importance of latent heat for cooldown.|. . . . . . . .. ... ... .. 6
(1.3 Values of absorptivity for various materials.| . . . . . ... ... ... 8
(1.4 Debye temperature Op of some elements and substances.| . . . . . . . 13
[3.1 Basic parameters of the heat exchangers.| . . . . . . .. ... ... .. 29
(3.2 Results of the test with the old transfer linel . . . . . . ... ... .. 32
3.3 Results of the tests with the new transfer line) . . . . . .. .. .. .. 33
[4.1  Convenient consumption and fluctuations amplitudes.|. . . . . . . .. 43
[4.2  Heat flow analysis of sample holder dummy.| . . . . . . ... ... .. 45

[>.1 Parasitic heat flow calculation for some commercially available cryo-

genic wires.| . . . .. ... L L 53

[>.2 Parasitic heat flow calculation for some commercially available cryo-

genic mini-coaxial cables.|. . . . . . ... ... 00000 53
[>.3  Calculated parasitic heat flows on the STM block.| . . . . . .. .. .. 55
[>.4  Calculated parasitic heat flows to the radiation shield.. . . . . . . .. 55

[5.5 Calculated cooldown times and final temperatures of the STM core.| . 58




INTRODUCTION

This thesis addresses low temperature parts of a scanning tunneling microscope
(STM) together with a flow cooling system with liquid helium (LHe) designed in the
Group of Cryogenics and Superconductivity at the Institute of Scientific Instruments
(ISI). The low temperature STM (LT-STM) with atomic resolution will be used for
studying nanostructures in the variable temperature range of 20 K to 300 K and will
be utilized in the existing ultra-high vacuum (UHV) chamber at the Institute of
Physical Engineering (IPE) at Brno University of Technology.

Due to the demand of variable temperature of the sample, one of the suitable
solutions is to use a flow cooling with changing the temperature by regulating the
flow rate of coolant. Cooling under 80 K requires the use of liquid helium with
boiling point at normal pressure at 4.2 K. Helium is led from a storage vessel (Dewar
vessel) to the heat exchangers which serve to cool the sample holder and possibly
the radiation shield around it. Helium streams through the heat exchangers as
liquid, gas or as a mixture of both phases. The samples are placed either directly
on the heat exchanger or are thermally linked with the heat exchanger with highly
conductive fine copper wires, so called braids. The lowest reachable temperature
depends on the system design, i. e. thermal link of the sample holder to the heat
exchanger, quality of the thermal contact of the sample, shielding against parasitic
heat flows, etc. Commercially available variable temperature STM systems with
LHe reach the lowest temperature of about 2K (by pumping the He vapor) where
the sample is attached directly to the heat exchangers [I] and about 25 K if thermal
connection to the sample holder is realized by braids [2, [3]. Our case will require the
variant with braids and a two stage system - cooling of the sample and the radiation
shield around it.

This work is a direct continuation of my bachelor thesis [4], which deals with the
selection of materials for their potential application in the low temperature parts
of the LT-STM and with the study of available braids focused on their thermal
conductivity. Furthermore, the design of insulating supports for the fixation of the
sample holder on the table at room temperature based on the spot contact between
glass balls is explained there.

Chapter [1] introduces the properties of cryogenic helium as well as the cryogenic
properties of materials used in the flow cooling system and outlines the implications
of the discussed properties on the designed low temperature apparatus. Heat trans-
port mechanisms at cryogenic temperatures needed for the calculations of the heat
flows in the designed system are also described. The setup of the LT-STM platform
with cooled sample holder and scanning head at room temperature is briefly pre-

sented in chapter 2 Next chapter [3] describes the design of the flow cooling system



and especially the design of the cryostat consisting of He inlet/outlet and the heat
exchangers. The vacuum chamber designed and built for testing of the cryostat is
also mentioned. The results of initial tests are presented in the last part of this
chapter. The following chapter [4] links to my bachelor thesis [4] and continues to
characterize the insulating supports, especially the study of the heat flow through
the spot contacts. This part was performed in close collaboration with P. Hanzelka
who designed the supports and V. Musilova who derived the relations for heat flow
through a spot contact. The obtained results are already in review process for pub-
lishing in Review of Scientific Instruments [5]. The last chapter [5| outlines the new
design with both scanning head and sample holder at low temperature. Solution
of possible mounting of the microscope inside the vacuum chamber on the table
insulated from vibrations is proposed and the analysis of heat flows is performed
and obtained results are commented.

The work was done within the Group of Cryogenics and Superconductivity at the
Institute of Scientific Instruments of the ASCR, v.v.i. in Brno. The experimental
setups were built and tested in close collaboration with P. Hanzelka. Cryogenic
calculations and principles of the cooling setup were discussed with both P. Hanzelka
and P. Urban.



1 THEORY

When designing the STM flow cooling, it is necessary to keep in mind the specifics of
cryogenic temperatures. Material properties at low temperatures often significantly
differ from those at room temperature and changes of values by even a few orders
of magnitude after cooling down are not uncommon. Being aware of these specific
aspects is thus very important for cryogenic calculations and proper design of the

flow cryostat.

1.1 Helium

For cooling below the temperature of the boiling point of liquid nitrogen, 77 K at
normal pressure, liquid helium (LHe) is usually used as a coolant due to its lowest
boiling point of all technical gases, 4.2 K. Since the lowest temperature desired in
the developed STM is about 20 K, cooling by LHe will be utilized. Helium exists
in two stable isotopes: normal *He and much more rare *He with extensive use in
sub-Kelvin temperature range. While the designed flow cooling will only work with

the *He, this thesis restrains to this isotope only and refers to it as “helium”.

1.1.1 Helium properties

Helium is a rare gas (only 5 x 10~ % of mass in atmosphere) that is the hardest of all
to liquify. Table shows some physical properties significant for the flow cooling.
Most imporant value to point out is the latent heat of evaporation of LHe, which is
very small compared to its enthalpy to room temperature. For illustration, 1 W will
evaporate 1.391/h of LHe when using only heat of evaporation. The same 1 W will
evaporate only 0.021/h of LHe if the enthalpy to room temperature is utilized. As
a result, it is very important that the cooling power of remaining cold helium gas is
used as well with the heat of evaporation. In order to reduce the LHe consumption
in a flow cryostat, helium gas should leave the cooling apparatus as close to room
temperature as possible. The Table expresses the phenomenon in a similar way
showing how many liters of LHe are needed in order cool down 1kg of material.
Another property to keep in mind is the room temperature gas to liquid volume
ratio. When helium evaporates, its volume increases more than 700 times. This
is of key importance in cryostat design, especially for safety reasons. Even though
the density of cold helium gas at 5K is lower only 10 times compared to LHe,
in case of the flow cryostat, the expansion of gas can create strong vibrations on
places where helium boils (heat exchangers, thin-walled capillaries etc.). The gas

expansion also often causes temperature fluctuations on heat exchangers and will be



further discussed in one of the following chapters as this effect was also encountered
in the designed flow cryostat.

Dynamic viscosity of liquid helium is about 1000 times lower than that of water
and about 100 times lower than that of liquid nitrogen. Viscosity of 5K helium

vapor is only about 2 times lower than that of liquid.

Tab. 1.1: Some important physical properties of “He. All of the properties are referring to normal

pressure. Data from [0, [7] [§].

Boiling point 421K

Density of liquid 125kg/m?

Latent heat of evaporation 20.7kJ/kg
Enthalpy (4.2K to 77K)* 405kJ/kg
Enthalpy (4.2K to 300K)! 1563 kJ /kg
Gas to liquid volume ratio? 757

Dynamic viscosity of liquid®  3.26 x 107% Pas
Dynamic viscosity of gas®  1.26 x 107% Pas

Specific heat at constant pressure® 6.7kJ/kg K
Specific heat at constant pressure® 5.2kJ/kg K

I'Without heat of evaporation.
2Liquid at 4.2K, gas at 300 K.
3Liquid at 4 K.

4Gas at 5K.

Gas from 20K to 300 K.

Tab. 1.2: Amount of liquid helium needed in order to cool down a kilogram of a material from
300K to 4.2K with and without latent heat of cold helium gas. Calculation based on
data from [6].

Pb In Cu Al

Only heat of evaporation 12 22 31 66 liters of LHe
Including latent heat 0.2 0.3 0.4 0.9 liters of LHe

1.2 Heat transport mechanisms

Two major heat transport mechanisms that play significant role in calculation of the
heat flows in the UHV LHe cryostat are discussed in this section: the heat trans-
fer by radiation and by conduction. There are other mechanisms of heat transfer



encountered in cryogenics, such as heat transport by residual gas molecules. In the
pressure range of about 1074 Pa to 107% Pa the heat exchange is comparable with
other heat transfer mechanisms, but for pressures lower than 1076 Pa it can be ne-
glected. Because the vacuum space of the flow cryostat will be connected with the
UHV chamber, the pressure inside it will be well below 107 Pa.

1.2.1 Radiative heat transfer

Radiative heat transfer takes place in form of electromagnetic waves in a wide range
of wavelengths . For a blackbody, the energy emitted per unit surface area at a
specific wavelength A is described by the Planck’s radiation law in terms of the

monochromatic emissive power [9]

Cy
N lexp(Co/NT) — 1]

E\(T) = (1.1)

where T is the temperature of the blackbody and C; and C5 are so called radiation

constants

Cy = 2rhc® = 3.7415 x 107" Wm? (1.2a)
Cy = he/kg = 1.4388 x 1072 Km. (1.2b)

h represents the Planck constant, ¢ the speed of light and kg the Boltzmann constant.
Fig. [1.1] shows the dependence of Ey on A for a few temperatures. It is evident
that a body at given temperature emits the radiation mainly around one specific
wavelength A, which corresponds to the maximum on the emissive power curve.
We can find A\, simply by setting derivation of the Planck’s law with respect to
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Fig. 1.1: Monochromatic emissive power of a blackbody as a function of wavelength.



wavelength to zero and obtain the Wien displacement law

2898
m = (nm, K). (1.3)
Radiative heat flow gg can be derived by integration of Planck’s law and thus

Stefan—Boltzmann law is obtained
qr = oT*, (1.4)

where o is the Stefan-Boltzmann constant.

No real material behaves like a blackbody, thus for a real material the right
hand side of the equation needs to be multiplied by the emissivity coefficient ¢.
It describes the ability of a surface to emit energy by radiation relative to that of
a blackbody. Real material also does not absorb all of the radiation, so similarly
an absorptivity coefficient a is used, defined as the ratio of the radiative heat flux
absorbed by the material to the heat flux absorbed by a blackbody. When a material
is in a thermal equilibrium with its surrounding, emissivity and absorptivity are
equal. (If the two differed, there could be a net heat flow between two bodies at same
temperature resulting in violation of the second law of thermodynamics.) Typical
values of absorptivity for a few common materials with various surface treatment are
listed in Tab.[I.3] Normally, the absorptivity decreases with decreasing temperature
of the radiation source. There is a strong dependence on surface treatment of the
material, however only a weak dependence on the temperature of the absorbing

material.

Tab. 1.3: Values of absorptivity a in % for various materials at ~ 5K for three different temper-
atures of a radiating blackbody. Data from [10] [IT].

Material 300K 150K 4K
Al, chemically polished 1.0 0.7 0.3
AlCu (AA2024) 3.0 2.0 0.7
Cu, abraded 1.9 1.3 0.7
Cu, chemically polished 0.6 0.5 0.3
Cu, old surface 2.6 1.5 04

Stainless steel, finely turned 6.0 22 -

For usual applications, heat flow between two surfaces S; and S5 at temperatures
T, and T5 is more important then the heat flow that body radiates to its surroundings

and is defined as follows

Qo1 = 0 B9 Sy (T — T}), (1.5)



where Fs; is the coefficient of mutual emissivity takes into account the emissivities
of both materials and the geometry.

Equation tell us that the parts cooled with LHe should never be exposed to
even small surfaces at room temperature. For illustration, heat radiated from 10 cm?
equals to 0.5 W, which evaporates 0.71/h of LHe. The same area at temperature
of boiling nitrogen (77 K) radiates heat flow of only 2mW and reduces the LHe

evaporation to 3ml/h.

Radiation between two parallel surfaces

In case of two parallel infinite surfaces shown in Fig. the mutual emissivity

coefficient has the form

£1&2 1
Ey = = ) 1.6
2 g+ (1 —e9)ey i%—é—l (1.6)
Moreover, for the two common cases below FEs; further reduces to
g1 kK ey Egl = £, (17&)
81282:€<<12 E21:6/2. (17b)
6
6
6
21 0,
6
€2 T1
6
€1
6
—_>

Fig. 1.2: Radiative heat flow between two parallel surfaces.

Radiation from a surrounding body
Another very common case are two coaxial cylinders or spherical enclosures, see
Fig. [1.3] The coefficient S5; reduces to S;

Qo1 = 0B 5 (T24 — Tf) (1.8)
and the mutual emissivity coefficient has the form

By — E1€9
2 go + (51/52) (1 — &9) &1




when the surroundings has much greater surface or its emissivity is close to unity,

the mutual emissivity coefficient further reduces to

Eg 1: E21 = &1, (1103)
Sl <K SQ . E21 =£&1q. (110b)

Fig. 1.3: Radiative heat flow for coaxial cylinders or enclosed spheres.

Radiative heat flow through an orifice

For calculation of radiative heat flow to a closed volume through an orifice, usually
we consider the mutual emissivity coefficient Es; as unity. The radiation is absorbed
by the closed volume due to multiple reflections. Thus for the radiative heat flow

we obtain

Qu =S (T - T}), (1.11)

where S is the cross-sectional area of the orifice.

1.2.2 Thermal conductivity

The mechanisms of heat conduction in solids were already discussed in my bachelor
thesis [4] and thus this section only briefly describes the notation necessary for cal-
culations. Local heat flow density ¢ is equal to the product of thermal conductivity
k(T) and the negative local temperature gradient. This relation is so called Fourier’s

law of heat conduction.
qg=—k(T)VT. (1.12)

10



From Fourier’s law we can derive the relation for heat flow in a simple case of a solid

bar of constant cross-sectional area and with isotropic thermal conductivity

S (T
Q=7 [ k(1) dr. (1.13)

T

where S is the cross-sectional area, L is the length of the bar and T} and T, are
temperatures at the ends of the bar.

As can be seen in Fig. [1.4] at low temperatures thermal conductivity has fre-
quently very strong dependence on temperature. Integral thermal conductivity
K (T1,Ts) is often used instead of k(T

K(T\,Ty) = /T2 k(T) dT. (1.14)

T

Values of integral thermal conductivity for materials often used in cryogenics are
tabulated [6]. An integral form of K is convenient, because it gives the possibility

to determine values of K to any reference temperature

/T P k() dr = TTzk(T) a7 — Tle(T) T (1.152)
K(1h,T3) = K (1o, T3) — K (1o, Th) (1.15b)

for Ty < Ty < Ts.

11
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Fig. 1.4: Thermal conductivity of some common cryogenic materials. Data from [6] 12} [13].

1.3 Specific heat

To estimate the cooldown times or heating powers required for changing the temper-
ature of the sample holder within certain time limit, the knowledge of heat capacity
of used materials is essential. The heat capacity ¢ is one of the most informative
properties of material [7]. It is a measure of how much energy is needed to in-

crease the temperature of a material. Specific heat at constant volume V' of 1 mol

ou oS
v (or) -7 (G, o

where U is the internal energy and S is the entropy of the system. Specific heat at

of material is defined as

constant pressure c, is easier to estimate experimentally, but for solids and technical
applications the difference between the two can be neglected. For estimation of the
specific heat at room temperature, Dulong-Petit law can be derived considering
lattice vibrations as classical harmonic oscillations along each degree of freedom.

0

Cy = 87T (NA3]€BT) = 3kBNA = 3R, (1.17)
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where N, is the Avogadro constant, kg is the Boltzmann constant and R is so called
universal gas constant. However, when the temperature of a material becomes close
to or lower than Debye temperature ©p, one sees deviations from Dulong-Petit
law and specific heat decreases with decreasing temperature. Debye temperature is
defined as follows

hwp,
On = —2
D .

with A as the reduced Planck constant. ©p thus proportional to maximum frequency

(1.18)

of elastic oscillations wp. High value of Op corresponds to strong interatomic forces
(e.g. diamond) and vice versa [I4]. Values of Debye temperature for a few elements

and substances are listed in table [L.4]

Tab. 1.4: Values of Debye temperature ©p for some elements and substances. Data from [15].

Diamond Si Al Cu NaCl ZnS Au In Pb
Op [K] 1850 625 390 310 275 270 180 100 86

For derivation of specific heat relation at temperatures around or lower than
Op, one needs to approximate lattice vibrations by quantum harmonic oscillator

potential and obtains

4 3 3
ey (T) = 227 Ny <T> = 1944 (@T> . (1.19)
D

This relation is valid for an insulator, where specific heat of electrons is negligible.
This is not the case for metals. Using free-electron model one can derive electron
increment to the specific heat

2 T

s
eCV(T) = ?NAkB?F = "}/T, (120)

where v is so called Sommerfeld constant and is, due to its dependence on Fermi
temperature, material dependent. Generally, for any material specific heat is a sum

of both lattice and electron increments
_1 e _ 3
ey = oy +¢ ey = BT° +~T. (1.21)

Electron increment of specific heat of most of the metals is negligible for tempera-
tures T' > 10720p, but around temperatures of liquid helium it might become dom-
inant [6]. From equation it is evident that this trend will be even stronger
with further decreasing the temperature due to different exponents in temperature

dependence.
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Fig. 1.5: Temperature dependence of the specific heat at constant pressure ¢, for a few materials

commonly used in cryogenics. Data from [12]

A number of further effects can contribute to the specific heat. Only single
chemical element materials were discussed here and if more than one element is
present, additional frequencies of oscillations are possible. Other effects that can
lead to heat absorption are for example during order-disorder transitions or during
heating over Curie temperature [16]. Heat capacities of some common cryogenic
materials are shown in Fig.

1.4 Thermal expansion

Thermal expansion process is described by the coefficient of thermal expansion, «,

defined for one-directional case as
1 0l
a(T) = 9T (1.22)
with [ as a length of a specimen.

To explain the effect of thermal expansion at low temperatures, one needs to con-
sider the asymmetry of the potential between atoms. If this potential was quadratic,
linear expansion would not exist. The potential between atoms can be approximated
by the Lennard-Jones potential as a consequence of Pauli repulsion force and van
der Waals attraction force, see Fig. [1.6] For excitations of atoms to low vibrational
states that occur at low temperatures, the average position r; is near the classical
equilibrium position at "= 0 K. At higher temperatures, higher excitations occur
and the average position 79 is at slightly larger interatomic distance. This corre-

sponds to the thermal expansion effect. Hence, as the crystal is heated slightly above
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absolute zero, negligible thermal expansion takes place. When the temperature is
raised further, expansion begins, and its rate of increase rises.
Fig shows the relative elongation (Lt — Ly k)/ L1k of a few materials. In gen-

E

T I L,

T,>T,

T
\ T=0K

Fig. 1.6: Schematic representation of Lennard-Jones potential with average position of atom for
three different temperatures T'= 0K, 77 and T5.

eral, metals contract by about 0.2-0.4 % and plastics around 1-2 % when cooled from
temperature to low temperatures. From rather big differences in thermal contrac-
tion arises great care that needs to be taken when choosing materials in cryogenic
design, especially when joining different materials. Luckily, most of the material
contract substantially when cooled from room temperature to temperature of liquid
nitrogen (77K) and the contraction when cooling further is not significant. This
fact makes testing the connections of two different materials, especially with glues

and solders, very simple just by submersing connected parts to liquid nitrogen.
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Fig. 1.7: Temperature dependence of relative thermal elongation (Lt — L1k)/L1k of a few ma-

terials. The ratio of length Lt at temperature 7" to the length Lk at 1K is plotted.
Data from [12].

1.5 Mechanical properties at low temperatures

Mechanical properties such as yield and tensile strength, hardness or ductility are
of key interest in low temperature design. Often necessity to reduce weight (e.g. to
reduce cooldown time) or cross-sectional area (usually to reduce heat conduction)

impose high demand on these properties.

Metals

In general, lowering the temperature of a solid will increase its strength and hard-
ness, but lower its ductility. Young’s modulus of elasticity does not vary much
with temperature, but it typically increases in accordance with empirical law by
0.03% K= [6]. For purposes of cryogenics, normally the most widely used carbon
steel is not applicable, due to its brittleness at low temperatures. However other
metals such as aluminum, copper, nickel or most of their alloys including stainless

steel do not exhibit this phenomenon. In the most cases, metals with face-centered
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cubic unit cell do not become brittle while metals with body-centered cubic unit cell

usually do [6].

Polymers

Plastics are used in cryogenics especially as distance elements when low thermal
conductance is necessary. Most plastics at room temperature show flexibility (low
Young’s modulus) and high resistance to cracking, but when the temperature de-

creases this can change rapidly.
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2 LT-STM PLATFORM WITH COOLED
SAMPLE HOLDER

The LT-STM platform previously designed by J. Nekula [I7] and inspired by com-
mercial variable temperature STM [2] was redone to the state shown in Fig. [2.1]
Inside the UHV chamber on the table insulated from vibration by spring and elec-
tromagnetic damping there is a STM scanning head at room temperature and a
sample holder that can reach cryogenic temperatures. Sample holder is thermally
insulated from the table via low conductive supports discussed in chapter [4 Since
the scanning head and the sample holder are not mounted together as one body
but placed separately on the table, the rigidity of the setup is lowered. To avoid
tip-to-sample vibrations, both the scanning head and the sample holder must be
stifly mounted to the table. Thus the supports were specially designed for insulat-
ing of the sample holder with high mechanical stiffness. The sample holder is also
shielded against room temperature radiation by a shield placed around it. Both the
sample holder and the radiation shield are cooled by the cryogenic helium flow cool-
ing system with two heat exchangers. The thermal connection of cooled parts and
heat exchangers is realized by multiple fine high conductive copper wires, so called
braids. Sample holder is connected to the first heat exchanger and the radiation
shield to the second heat exchanger using warmed up helium from the first one.
For the described setup the total maximum heat load on the first heat exchanger
Qwm was estimated not to exceed 0.5 W and (s not to exceed 1 W. For the lowest
temperature of the sample holder (with mass less than 50 g) of 20 K, the temperature
of the first heat exchanger Ty; around 5K is needed, because of the temperature
drop on the braid. With the lowest expected temperature difference of the incoming
and outcoming helium in exchangers to be 5K and 10 K respectively, the required
mass flow rate . was estimated. Knowing the necessary mass flow rate, the flow

cooling system discussed in the next chapter |3l was designed.
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Fig. 2.1: The scheme of the STM platform with the cooled sample holder and the scanning head

at 300 K.
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3 FLOW COOLING SYSTEM

Based on the requirements of the Scanning probe microscopy group at the Institute
of Physical Engineering (IPE), the flow cooling system shown in Fig. m was de-
signed. Its principle is as follows: liquid helium from pressurized external Dewar
vessel flows through the transfer line with one end inserted in the vessel submersed
into liquid helium and other end inserted into the inlet of the flow cryostat. Here
helium enters a thin capillary and is transfered to heat exchangers. There are two
heat exchangers connected in series. The first heat exchanger on lower temperature
is thermally connected to the sample holder while the second warmer heat exchanger
is thermally connected with radiation shield around the sample holder. Warmed up
helium gas that leaves heat exchangers exits the system via thin-walled tube. Rel-
atively low temperature of the leaving gas is used to cool a radiation shield around
the inlet of the cryostat. Dewar vessel is pressurized by its own vaporization and
additional pressure can be applied from a pressure bottle with helium gas at room

temperature.

Pressure gauge

Choke valve Choke valve

Rotary pump Flow meter

UHV chamber

2x heat

exchanger‘ STM
Nt

Transfer line

/

Pressure bottle LHe

with warm He
\‘ shield

-—_| Radiation

Needle valve -—-"‘/jf
~ Copper

Dewar v 1 —1 .
ewar vesse braid

Fig. 3.1: The scheme showing the principle of the flow cooling.

The flow rate is regulated by valves on the pressure bottle and on the outlet
of the cryostat. When desired, additional pressure drop can be increased with the
rotary pump and regulated with the outlet choke valve. In case of a new transfer
line, that will be mentioned later, there is also a needle valve at the end of a transfer
line submersed in liquid helium inside the Dewar.

The flow cryostat is designed as a portable cooling device that can be mounted
to any vacuum chamber with a CF40 flange. Inside the chamber one only needs to
connect the cooled device with heat exchangers by a stranded wire made of highly

conductive copper, so called braid.
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3.1 Helium inlet and outlet

Fig. shows the section view of the helium inlet and outlet assembly. Note that
the heat exchangers are not displayed in this view as a special section is devoted
to their design. The entire cryostat has elongated T-shape and is about 400 mm long
and 170 mm high. The outer shell tube is 40 mm in diameter and the requirement for
its length comes from the temperature gradient from room to helium temperature
on the inlet stainless steel tube inside it, see section [3.1.1] The removable helium
transfer line is terminated with a connecting piece made of PTFE G405 machinable
plasticE]. It is a standard polytetrafluorethylen (PTFE) reinforced by 25 % of glass.
The material shows good machinability, ducktility and vacuum compatibility. A
leakless fit between this piece and the stainless steel capillary terminal is secured,
as PTFE is relatively soft material and it adopts oneself to the terminal. Moreover,
the thermal contraction of PTFE is higher than that of stainless steel (Fig.
and thus the fit is even tighter when cooled down. When the transfer line is fitted
in place, its position is locked with the tightening ring that presses a rubber O-
ring around the tube. When the position is locked, a closed space between the
transfer line and a stainless steel tube is created possibly with some amount of liquid
helium. As mentioned in theoretical section, when helium evaporates, it expands
and the overpressure could destroy the apparatus. Thus a simple safety relief valve
is mounted on the seal of the cryostat (only the screw hole is shown in Fig. .
The stainless steel inlet tube needs to be thin walled to reduce heat losses and
its mechanical stiffness is thus limited. To protect the tube against bending, 6 dis-
tance elements are placed around it perpendicular to the outside wall. The distance
elements are 0.5 mm far from the sidewall when the tube is coaxial. Some distant
elements might touch the sidewall, so their tips are sharpened to reduce the con-
tact surface and thus thermal conductance. Polymer Techtron® HPV was used for
the distance elements due to its low thermal conductivity and ultra high vacuum

compatibility.

! Acquired from Tribon Ltd., Stard Boleslav.
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3.1.1 Inlet tube calculation

To present preliminary a calculations conducted prior to the final design, the estima-
tion of an optimal length of radiation shield around helium inlet is presented here.
As discussed in theoretical section, all parts at liquid helium temperatures must be
shielded against room temperature radiation in order to minimize heat losses. It is
very advantageous to use the cold helium gas leaving the cryostat for this purpose.
Thus a copper tube thermally connected on one end to the outlet stainless steel
tube via copper braid is utilized as a radiation shield, see Fig.[3.2] The other end of
the shield is attached to the stainless steel inlet tube. Thus the helium outlet serves
as a thermal anchor that drains partially the heat flow conducted by the inlet tube
from its room temperature end.

The purpose of the calculation is to estimate the proper length of the shield.
Scheme on Fig. |3.3|shows the model used for the calculation with all considered heat
flows. In this model the inlet tube and the transfer line are replaced by a single tube
with such wall thickness that it has a cross-sectional area of both tubes together. The
left side of stainless steel inlet tube is mounted at room temperature while the right
end is at the temperature of liquid helium coming from the transfer line. The tube
is 300 mm in length with outer diameter of 14.4 mm and wall thickness of 0.35 mm.
At position [, the radiation shield is connected. As an input of the calculation, it
is necessary to estimate the heat flow through the braid and the temperature at
which it connects to the radiation shield. Based on the thermal considerations in
heat exchangers, which will be discussed later, the values were set as Q=325 mW
and Ty = 160 K and the thermal conductivity was of the braid was used from the
previous measurements [4].

When the radiation shield is too long, it collects too much radiative and con-
ductive heat flows which cannot be drained away by the braid. The shield warms
up and flows Qrst and Qsr to the capillary terminal increase. On the other hand,
when the shield is too short, the radiation to the unshielded part Qg is too high.

The problem was modeled in COMSOL Multiphysics™ and the calculated tem-
perature profiles are shown in Fig. 3.4, The solution was found for [ = 150 mm.
For this length the calculated heat flow @)y drained by braid to keep the tempera-
ture at the right end of the shield at 160 K is 315 mW. Due to very high thermal
conductivity of copper, the temperature at the other end of the shield is only 1.3 K
higher. Resulting heat flow to the helium capillary terminal is 51 mW. If there was
no shield present, expected heat flow would be 196 mW.

The verifying calculation with less complex program KRYOM [I8] was also per-
formed. In this program the whole complex problem can not be simulated, but

partial heat flows can be verified. Using a few simplifying assumptions, such as
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isothermality of radiation shield, heat flow to the helium inlet was estimated as
68 mW. The result is in agreement with COMSOL model within 25 %.

? IiShi Tg=160K 0 w
QRT T‘ B:325m
To 300K ST —_
e i i i \I Qrsty | The=4K
— = oo (Q_S \;—_: ............................ Q _ST_; ________________ —71;
Qs i

1=150mm

L=300mm

Fig. 3.3: Input tube heat calculation scheme. All heat flows taken into account are shown.
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Fig. 3.4: Temperature profiles calculated with Comsol Multiphysics.

3.1.2 Anchoring the braid on output tube

When Fig. is studied carefully, one can ask how the braid was connected to the
outlet tube and radiation shield. The braid needs to be mounted after the inlet
tube with radiation shield and the output tube are at their places. Then the only
access to the inside of the cryostat is through the top opening - the connection to
the vacuum chamber. Simple soldering on the spot does not come into consideration
as there is not enough room to operate.

A solution is shown in Fig. [3.5] Before inserting the radiation shield inside the

T-tube, one end of the braid is connected to the radiation shield. A small copper
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Fig. 3.5: The design of the anchor of the braid on the output tube.

sheet is soldered to the other end. The copper sheet has a U-shape fitting onto a
copper base ring on the stainless steel output tube. During assembly, the sheet is
carefully placed using tweezers on top of the base ring and secured with the copper
ring with a screw. The ring is screwed with a special tube screwdriver which is also
shown in Fig. The screwdriver can be used, because the heat exchangers are not
yet mounted on the output tube and nothing blocks putting another tube around
the output tube from the top.

The installation of the capillary is not such a big problem, because of its flexi-
bility. Before inserting, it is preshaped at the length of the bending and fine shaped
from the top opening. The contact with the sidewall must be avoided, since it would
create a significant parasitic heat flow and heat up the helium on its way to the heat

exchangers.

3.2 Heat exchangers

3.2.1 Assembly

There are two identical heat exchangers coupled in series, see Fig. [3.6f Helium
from thin-walled capillary enters the first heat exchanger thermally connected with
the sample holder via a copper braid. After it warms up it continues to the sec-
ond heat exchanger cooling the radiation shield around the sample holder. Both
heat exchangers are surrounded by a copper tube acting as a radiation shield, ther-
mally connected to the second heat exchanger. This ensures that radiation from
surroundings only elevates the second heat exchanger’s temperature while the first

heat exchanger, which lowest achievable temperature is important, is shielded.
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Thermal connection of the heat exchangers is realized by thin-walled stainless
steel tube only 16 mm in length. Even though the tube is short, it does not transfer
significant heat flow to the colder heat exchanger, because it is cooled by cold helium
that flows inside it.

There are two heaters and three thermometers placed inside the assembly. The
first thermometer measures the temperature of the inlet capillary which corresponds
to the temperature of helium prior to entering the first heat exchanger. Then there
is one thermometer on each of the heat exchangers. For applying the heat loads
during testing and also to regulate the temperature of the heat exchangers more
finely than by regulating the flow rate of helium, there is also a heater on each of
the heat exchangers. The heaters consist of simple 2k{) SMD resistors.

Input capilary

Helium inlet
thermometer

First heat exchanger

First heat exchanger
thermometer

Braid connections

Second heat exchanger
thermometer

Second heat exchanger

Radiation shield

Outlet tube

Fig. 3.6: The section view of the heat exchanger assembly.
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Fig. 3.7: Three main parts of the heat exchanger: the main body with the helical groove, the
copper tube that covers the groove around it and the closing cap to connect the tubing.

3.2.2 Calculations

The heat exchanger is basically a copper cylinder with helical groove in which the
helium is forced to flow, see Fig. The groove creates sufficient heat exchange
surface area where the heat can be absorbed by the fluid. To ensure good efficiency
of the heat exchangers, some flow calculations needed to be carried out prior to the
design.

The heat exchange efficiency is higher when the flow is turbulent inside the
groove. In order to achieve the turbulent flow, the speed of the flow needs to be
sufficiently high and thus the cross-sectional area of the groove sufficiently small.
On the other hand, with decreasing cross-sectional area the pressure drop increases
while the Dewar vessel has an operation pressure limit of only 0.6 bar and one needs
to find a compromise. The process of calculation is not straightforward since the

values of many variables are unknown and one often needs to use estimations.

Maximum transferable heat estimation

First of all, it is necessary to estimate the heat load () on each of the heat exchangers
for various temperatures of the sample holder and radiative shield. This calculation
will follow in chapter 5 Once the heat load is known, then the mass flow rate

can be estimated using simple equation
Q = me (T\/A — TVB) N (31)

where Ty, and Typ are the temperatures of helium gas entering and leaving the heat
exchanger and ¢, is the specific heat of helium. Note that ¢, is considered constant,

which is reasonable for small temperature differences. We assume that all liquid
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helium evaporates in the transfer line and only helium gas at about 5 K enters the
heat exchanger. One also needs to assume certain temperature drop on the heat
exchanger.

Knowing the mass flow rate, the speed of the gas uq and Reynolds number Re

in the groove can be calculated

4 m
= —— 2
Re = —1 (3.3)

where d is the diameter of the groove, 1, and 7 are kinematic and dynamic vis-
cosities of helium gas and p the density of helium gas. Using Reynolds number
and tabulated Prandtl number Pr, the effectiveness of the heat exchange can be

estimated. It is described by another dimensionless parameter - Nusselt number Nu

Nu = 0.023Re*® Pr?/®, (3.4)

This is the Dittus-Boelter correlation and is only valid for the turbulent flow [19].
Finally, now the heat transfer coefficient oy, can be calculated and used to estimate

the maximum transferable heat flow from gas to walls of the groove Qax

Nu k
ayp = T (3.5)
Qmax = ahSATv- (36)

Here S is the cross-sectional area and AT, is the temperature difference between
the mean temperature of the helium gas and the temperature of the heat exchanger.
It is important to distinguish between Q. and @ from equation (3.1]). The first
one tells the maximum amount of heat that can be drained by heat exchanger. It
does not take into account the heat capacity of the fluid, for that there is (). In

order to have an efficient heat exchanger, a condition

Qmax > @ (3.7)

should be valid for any flow rate and temperature.

Pressure drop estimation

When the groove is designed in such a way that condition ({3.7)) is valid, it is still
important to check if the groove, or any other part of the helium line, does not

create too high pressure drop. There are two types of pressure losses: Ap, caused
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by the changes of diameter of the tubing and the pressure loss caused by friction of

the gas Apy. Ap, is defined as follows

where £ is the loss coefficient. The values of ¢ are tabulated for various tubing
cross-section area ratios and can be found for example in [20]. The friction pressure

drop Apy is defined as

L3
=5 P
d 2
where L is the length on which is the pressure loss calculated and ) is the friction

coefficient. For the laminar flow, the expression A\; = 64/Re is used. In case of the
turbulent flow, \; is a function of Re and the groove wall roughness. Its value can
be found using Nikuradse diagram, found for example in [20].

The two identical heat exchangers were designed with respect to the results of
the calculations and some of its parameters can be seen in Tab. [3.1 below. The final

mechanical design was carried out by P. Hanzelka.

Tab. 3.1: Basic parameters of the heat exchangers.

Diameter of the helix 9.5mm
Pitch of the helix 1.5 mm
Length of the helix 300 mm
Cross-sectional area of the groove 0.75 mm?
Total heat exchange area 900 mm?
Maximum cooling power! 0.5W
Reynolds number! 5.00 x 10°
Pressure drop with 300 K He gas? 15 kPa
Pressure drop with 5K He gas? 0.6 kPa

Yor 0.31/h of LHe and boundary temperatures 4.2 and 20 K.
2for 0.31/h (8 x 10~%kg/s) of LHe.

3.3 Testing vacuum chamber

For quick tests at the ISI, a vacuum chamber was designed and manufactured, see
Fig. 3.8 It was designed as a small multipurpose cell primarily for testing of the
STM cooling, but allowing different experimental setups in the future.

The chamber is a simple cylinder 220 mm in diameter and 280 mm high. The
size was chosen so that the whole STM setup could fit in including the damping
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Fig. 3.8: Testing vacuum chamber with the flow cryostat connected to the bottom flange.

(using the current STM working at room temperature described in diploma thesis
of J. Nekula [I7]). There are two CF40 vacuum flanges to copy the existing UHV
chamber at the IPE, in which the STM is operating. Three KF25 flanges are also
placed at the bottom used mostly for the electrical feedthroughs. The same types
of the flanges are placed on top of the chamber as well, but positioned differently.
There is also a small KF16 flange both at the bottom and the top of the chamber on
its rotation axis in the middle for potential low temperature material characteristics

measurements.

3.4 Tests of the cooling system

3.4.1 Pressure drop measurement

From the table it is evident that the pressure drop will be the highest at the
beginning of the cooldown when the flowing helium gas is at room temperature and
has the lowest density. Therefore the first and easiest test to be carried out was to

verify the calculated pressure drop on the new flow cryostat. A pressure bottle with
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room temperature pressurized helium and regulation needle valve was connected to
the input system and the flow rate was measured with a precise wet drum flowmeter
on the output. The results can be seen in Fig. together with calculated values
for two extreme conditions considering both laminar and turbulent flow in the whole
setup using adequate coefficients \; from equation for the two cases. Measured
data sits in between the two, because different type of flow is expected in different

sections of the tubing.

1.2 T T T T T T T T
—®&— Measurement
10- Calculation - Turbulent flow |
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Limit of dewar vessel
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Fig. 3.9: Pressure loss measurement with room temperature helium gas. The calculated depen-
dence of the pressure in the Dewar on the mass flow rate in the cryostat is compared
with the experiment. Two calculation models are shown. One assumes the laminar flow
in the entire cryostat (blue triangles) and the other assumes the flow to be turbulent
(green circles). The measured values (red squares) sits in between the two in the region

of the values permissible by the safety limit of the Dewar vessel.

3.4.2 First cooldowns

The goal of the first experiments was to measure the time needed to cool down
the heat exchangers to a stable cryogenic temperature, to estimate the LHe con-
sumption of the cryostat and to test the general performance of the flow cryostat
under various conditions. When desired, the heat load could be simulated with the
heaters attached to both of the heat exchangers. There were three temperatures
measured: 77 on the capillary right before entering the first heat exchanger and the
temperatures Ty and T3 of the first and the second heat exchanger respectively. In
this experiment helium throughput was measured with standard diaphragm gas flow
meter instead of the more precise wet drum flow meter due to higher mass flows and

more convenient measurement.
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The time to cool down both heat exchangers without any heat load applied to
them was measured to be around one hour. The cryostat proved its functionality and
the lowest temperature of 11 K was reached. However, the low temperatures could
be reached only with unacceptably high LHe consumption, see Tab. [3.2 Moreover,
the unwanted effect of temperature oscillations was observed in the flow cryostat.
The oscillations were probably caused by the helium evaporation. When helium
evaporates, the pressure locally significantly increases. This local increase of pressure
prevents constant flow of helium through the heat exchangers and they warm up.
After a few seconds the liquid helium overcomes the pressurized vapor, gets to the

heat exchangers, lowers their temperature and the whole process repeats.

Tab. 3.2: Cryostat with the old version of the transfer line. Typical measured values of temper-
atures of helium before entering first heat exchanger 77, of the first and second heat
exchanger T, and T3 together with the throughput and additional heating on the first

heat exchanger.

Ty 75 15 Throughput Consumption Heating
K] [K] [K] GHe (300K), [I/s] LHe (4.2K), [I/h]  [mW]

11.2 11.0 11.2 0.722 3.71 0
23.2 239 249 0.309 1.59 200
25.7 272 285 0.275 1.42 392
43.2 43.1 44.3 0.147 0.76 0

Very high helium consumption was caused by the inappropriate helium transfer
line. This can be seen most apparently in the first line of the table[3.2] There, even
for a huge LHe consumption of more then 3.51/h the temperature of the helium
entering the heat exchangers did not get lower than 11 K. For the described exper-
iments, we used the helium transfer line than was not optimal for the use together
with the flow cryostat. It was designed for the refilling of liquid helium for the
sorption cryopump [2I]. Since this transfer line is only meant to use for short peri-
ods of time during refilling, some losses due to parasitic heat flows are acceptable.
However, in case of the flow cryostat helium flows continuously with much smaller
flow rates and there is enough time for it to warm up before it gets to the heat
exchangers.

P. Hanzelka designed a new low-loss transfer line specially for the use with the
flow cryostat with total parasitic heat loss of less than 900 mW. Moreover, the new
transfer line includes a small needle valve at the end that is inserted into the Dewar
vessel. The valve can be regulated from the outside even during the operation.

We believed that the regulation of the flow already at the inside the Dewar will
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significantly lower the thermal oscillations in the system.

3.4.3 Test with the new transfer line

By the time the new transfer line was finished, a dummy sample holder, which
will be discussed in detail in the next chapter, was already installed in the testing
vacuum chamber. A mass that serves as a model of the cooled sample holder was
thermally connected to the first heat exchanger via copper braid and its temperature
T, was also measured. Thus there is always a heat load of about 200 mW present at
the first heat exchanger (caused by radiation on the model and by conduction via
its insulation). Only the results of the measurements that are related to the flow
cryostat are discussed in this section while the rest concerning the dummy will be
mentioned in the next chapter.

The new low-loss transfer line significantly decreased the amount of liquid helium
needed to get the heat exchangers to low temperature. For the illustration, the
temperature 7} = 4.4 K was reached with consumption of 1.81/h while with the old
transfer line 77 = 11.2 K was reached with twice as high consumption. Moreover,
the cooldown time of heat exchangers decreased to about half from one hour to
30 minutes. Tab. below shows some typical values of temperatures and the

corresponding LHe consumptions reached using the new transfer line.

Tab. 3.3: Cryostat with the new transfer line. Typical measured values of temperatures of helium
before entering first heat exchanger 77, of the first and second heat exchanger T5 and
T3 together with the throughput and additional heat load on the first heat exchanger.
See how the LHe consumption decreased compared with Tab. [3:2] also note the lowest

temperature achieved is close to 4.2 K this time.

Ty Ty T Throughput Consumption Heat load
K] [K] [K] GHe (300K), [I/s] LHe (4.2K), [1/h] [mW]
4.4 45 45 0.36 1.86 200
9.8 139 16.6 0.14 0.73 200
21.7 31.6 40.3 0.06 0.32 200
29.3 424 53.5 0.04 0.22 200
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4 FOUR BALL SUPPORTS

To insulate the sample holder from the parts at room temperature, the low conduc-
tive supports with glass balls were designed and realized. The design of these four
ball supports (FBS) was already discussed in my bachelor thesis [4]. Nevertheless,
a chapter is devoted to them in this masters thesis as well, since they were studied
further. Specifically, attention was focused on the description of heat flow through
the spot contact between the balls. The FBS were also utilized as a thermal insu-
lation of the model of the sample holder and the setup was experimentally tested.
The experiment to roughly estimate the mechanical stiffness of the support was also

carried out.

4.1 Description of the support

The temperature difference between the cooled sample holder and parts at room
temperature will be over 250 K and therefore substantial thermal insulation is im-
portant. On the other hand, it is important to ensure high mechanical stiffness of
the mount. These two requirements contradict each other and a compromise needs
to be found.

The support consists of four borosilicate glass balls of 2.5 mm in diameter forming
a tetrahedron, see Fig. The presumption is that, due to high mechanical stiffness
of the balls, there is only a small contact area between the balls resulting in low

heat conductance of the support.

Fig. 4.1: (a) Principle of the support. (b) Bent section view showing contacts between the balls
and top ball with the metallic plate. The contact resistances between the balls and
bottom plate are neglected.
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4.2 Spot contact

The thermal resistance of the support is determined by partial resistances of the
spot contacts. There are three different types of contact in the support. First the
metallic plate with the top ball, then the contacts between the top ball and three
bottom balls and finally contacts of the bottom balls with the metallic seat (see
Fig. b). We assume that the thermal resistance of the third type is negligible,
because each of the bottom balls is in contact with the bottom seat twice (and one
of the contacts is even convex-to-concave) [4]. The two first types of the spot contact
were studied.

The first step of the heat flow calculation is the estimation of the contact surface
area using simple Hertz equations, already described in my bachelor thesis [4]. The
radius of the calculated contact surface did not exceed 0.1 mm assuming the highest
loading force of 10 N. The ball’s radius is 1.25 mm, thus the curvature of the ball
close to the contact area can be neglected. Once the contact area is known, the heat

flow trough the contact can be calculated.

4.2.1 The simplest model

First, we used a simple model derived by V. Musilova using Fourier law of conduction
shown in Fig. [1.2]

Fig. 4.2: The first model for calculation of heat flow through a spot contact. Constant tempera-

ture 77 of the hemispherical area around the spot contact with radius r; is assumed.

The model calculates the heat flow () from the half sphere with the radius equal

to the spot contact radius r; to the half sphere with infinite radius 7o

Q = 271'7“1 [K(Tl,Tg)] s (41)

where K (T3,T3) is an integral thermal conductivity described in section [1.2.2]
because the temperature dependence of thermal conductivity needs to be taken into
account. This model gives a reasonable insight into how much heat is transferred

from a spot contact to a half space, however it is still quite far from reality. Especially
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because it assumes that the whole half sphere with radius r; around the spot contact
is isothermal. Naturally, this simplification is hard to justify, because the biggest

thermal resistance occurs right near the contact area.

4.2.2 Numerical model

The problem of a spot contact was studied further using numerical methods by
commercially available software COMSOL Multiphysics. The model presented in
Fig.[d.3]was applied. The half spaces are approximated by two half spheres separated
by a small gap and connected in the middle with a circular contact of size calculated

from Hertz equations.

’\Q

Fig. 4.3: Scheme showing geometry of the numerical calculation and the boundary conditions.

Fig. [£.4] shows the actual numerical model. Ounly one side of the half spaces
is shown due to rotational symmetry of the problem. The choice of the proper
mesh construction and density proved to be the main problem. In order to have a
well defined mesh, there needs to be a tiny half sphere in the middle of the spot
contact (see Fig. ). However, this defect can be very small and at the used size
being about 25 times smaller than the contact surface diameter. It does not play
significant role on the resulting heat flow. The reasonable results were only obtained
with a mesh consisting of concentric circular sectors with strongly variable density
at places with expected high temperature gradient.

Fig. shows the temperature distributions for the contact with metallic plate
and for the two balls mutually. As expected, the thermal conductivity of aluminum
is much higher and in the glass-metal contact the temperature gradient occurs only
in the glass material. More importantly, the study confirmed the assumption of

isothermal ball-ball contact as it can be seen in Fig[4.6] which shows the temperature
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Fig. 4.4: The meshed model for the numerical calculation of the heat flow through the spot
contact. (a) The whole calculation area. Temperature boundary conditions (blue and
red) and the conducting spot contact area (green) are highlighted. (b) Detail of the
calculation area around the spot contact. Strong nonlinearity of the mesh is clearly
visible. (c) Detail of the half sphere defect needed for proper concentric meshing.

distribution of the ball-ball contact area. A steep slope of the curve in the middle
is caused by the earlier mentioned mesh defect. Except for the region around it,
the isothermality of the contact was found within 0.3 K. Note that temperature of
the contact T, is not the mean of 77 and T5. Due to the same materials in both
half spaces, the heat flows in both of them must be the same as well. Therefore, we

obtain the condition
K(T\,T,) = K(T., T3). (4.2)

Since the thermal conductivity is not constant, T, is not the mean of 77 and T5.
From this condition we find the T, = 199.0 K while the value obtained from the
numerical model is 196.5 K, see Fig[4.6] which is in a good agreement within 1.5 %.
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Fig. 4.5: Calculated temperature distributions around the spot contact for the (a) metal-to-glass

contact (b) glass-to-glass contact.
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Fig. 4.6: Calculated temperature profile of the spot contact between two glass balls. The border
of the small defect for proper meshing is also shown. Apart from the divergence in the

area of the defect, the isothermality of the contact was confirmed within 0.3 K.
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4.2.3 Model with flat isothermal contact area

Using analytical methods, V. Musilova later validated the isothermality of the con-

tact area for a contact of two identical materials and derived the analytical equation
for the model shown in Fig. [£.7]

300

_— Tl - Helium inlet
_— T2 - 1st heat exch.
T3 - 2nd heat exch.

250

200

—— T, - Dummy

LHe consumption: 0.5 1/h
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T [K]
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Fig. 4.7: More accurate model for calculation of heat flow through a spot contact. Constant

temperature 17 of the circular spot contact area with radius r; is assumed.

Heat flow through the isothermal circular contact to the material with constant

thermal conductivity k& can be found [22]
Q=drk-(Th—T). (4.3)

V. Musilova showed that this relation can be adapted to the use of temperature
dependent thermal conductivity k(T') using so called Kirchhoff transform [23] to the
form

Q=4rK (11,T3). (4.4)

This equation is similar to , only with the coefficient 4 instead of 27. The plots
in Fig. [4.8/show the comparison of the new model with the numerical simulation and
with the measurement. The contact conductivity apparatus and method of measure-
ment is described in my bachelor thesis [4]. The plots show the dependence of the
heat flow ) on loading force applied F' at the contact for the temperature difference
AT of 50K, 100K, 200 K and 300 K. Naturally, higher the loading force, higher the
contact area and thus the heat flow. There is very good agreement of analytical
model with the numerical simulations. The experiment confirms the calculation as
well. Significant deviation can only be observed for the highest temperature differ-
ence of 300 K, where the radiation heat flow in the apparatus becomes significant

and was not considered in the calculations.
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Fig. 4.8: Comparison of the analytical model with flat isothermal area (black line) and the numer-
ical simulation (blue line). Results are also compared with the measurement described
in [4] (red circles). Graphs show the dependence of heat flow @ through the spot ball-ball
contact on the applied loading force F'.

4.3 Testing application of the FBS

Based on the proposed design of the LT-STM described in chapter 2 a model
(dummy) of the cooled body representing the sample holder of the STM was cre-
ated to test the thermal insulation of the bearing with FBS and cooling power of the
cryostat. The model, shown in Fig. , consists of a Al alloy plate (dimmensions
30x30x4.5 mm and mass 26 g) placed on FBS. To create a well defined loading force
on the supports, the vertical preload of 10N is applied to the plate via a phosphor
bronze plate spring. The fourth FBS is placed underneath the spring to insulate the
dummy, because the spring is at room temperature. To monitor and regulate the
temperature of the dummy, there is a diode thermometer and a 2 k{2 SMD resistor
used as a heater.

The dummy is placed inside the testing vacuum chamber and a strand of high

conductive copper wires (i.e. braid) connects the dummy thermally with the heat
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exchanger. The braid needs to be thick enough to ensure good thermal connection
while still thin enough not to transfer too much vibrations to the sample holder
from the heat exchangers. One of the purposes of the following experiments was to
test the effectiveness of the heat transfer through it. The thickness of the braid was
calculated in such a way so that the dummy would be cooled down under one hour.

In all of the following experiments (except the one in section the new
low-loss transfer line was used and thus much lower LHe throughput was needed in

order to keep the heat exchangers at low temperatures.

Fig. 4.9: A testing model of the sample holder. (a) View of the model without thermal shielding.
The thermometer mount and the heater are shown. (b) Mounted model to the bottom of
the vacuum testing chamber and thermally connected to the heat exchanger via copper
braid.

4.3.1 Cooldowns

Cooldown time of the setup is definitely an important aspect not only for the conve-
nience of the use (time), but also for the reasonably economical performance (LHe
consumption).

Fig. shows the typical time behavior of the temperatures on the helium inlet
(T1), both heat exchangers (75 and T3) and the dummy (7)) during cooldown. With
the LHe consumption of 0.51/h both heat exchangers cooled down within 20 minutes
and the stable temperature of the dummy was reached within 50 minutes. Note that
there is only a little additional heat load on the second heat exchanger, since there is
no radiation shield around the dummy, and the temperatures of heat exchangers 75
and T3 have similar values. Temperature T3 of the second heat exchanger is about
3 K higher as this heat exchanger is loaded by the radiation to the tube around both
heat exchangers. The temperature drop on the braid is about 10 K.
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Fig. 4.10: Time dependence of the temperatures during cooldown of the dummy sample holder.

4.3.2 Temperature fluctuations and LHe consumption

The new transfer line with the choking valve inside the Dewar significantly reduced
the amplitude of thermal oscillations discussed in the the previous section |3.4.2]
However, the oscillations were not suppressed completely and they still occur some-
times with amplitudes on the heat exchangers of even a few Kelvin (the difference
between highest and lowest measured value of the period of 30s is considered as
amplitude in this text). Nevertheless, the amplitudes transfered by the braid are
much lower. Fig. shows the usual waveform of fluctuations for the temperature
of the dummy 7, = 25 K. One can see that even when the amplitude of oscillations
on the heat exchanger reach 4 K, the dummy’s oscillations are less than 60 mK.

The amplitude of oscillations as well as the LHe consumption depend on the
convenience of the operation. For each temperature it is possible to reduce the
oscillations to minimum and to optimize the helium flow rate by pressurizing the
Dewar vessel and fine tuning the valves on the transfer line and on the outlet of the
cryostat. Nevertheless, it is obviously less time consuming and more convenient to
set a little higher flow rate and regulate the temperature of the dummy by heating.
Unfortunately, the used PID controller Lakeshore LS-340 is too slow to dump the
oscillations efficiently and is only useful to regulate the mean temperature. When
using the controller, long-term temperature stability in range of minutes and more
is better than the amplitude of oscillations. Faster controller could possibly damp
the oscillations.

Table shows the convenient (i.e. not fully optimized) values of LHe con-
sumption and amplitude of oscillations for a few temperatures of the dummy sample

holder. Notice how the oscillations lower with increasing the temperature.
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Fig. 4.11: The typical waveform of fluctuations for the temperature of the dummy 7T, = 25 K.

The oscillations of the heat exchanger reach 4 K while the amplitude on the dummy

does not exceed 60 mK.

Tab. 4.1: The convenient not fully optimized values of LHe consumption together with the ampli-

tude of temperature fluctuations for various temperatures of the dummy sample holder.

Dummy temperature Temperature fluctuations Consumption

T, [K] 5Ty, [+ mK] LHe, [1/1]
23 202 0.86
25 40 0.80
30 28 0.47
40 33 0.35
50 9 0.32
70 4 0.22
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4.3.3 Heat flow analysis

The sample holder dummy also allows to confirm previously calculated heat flow
through the FBS in a real scenario of a body fixed by multiple supports. To mea-
sure the thermal insulation of the bearing with FBS, a simple substitution method
was used. At the first step the temperature of the dummy was set to 44 K and 41 K
respectively (the old transfer line was used for this experiment and lower temper-
atures of the sample holder dummy could not be reached). Once the stable state
was set, the temperatures on the heat exchangers and the helium flow rate were
measured. Then the whole setup was warmed up and dismantled.

In the second step the preloading spring was taken away and the dummy sample
holder was suspended on thin polyester fibers, see Fig. [£.12] Since the thermal
conductance of the fibers and of the current leads is negligible, the dummy was
not in contact with room temperature parts and only heat radiation affected its
temperature. The helium flow rate and the exchanger temperature was adjusted to
the same values as in the first step. Obviously, the sample holder dummy reached
lower temperature than in the first case, but the temperature was adjusted to the
same value as in the first case by heating. The measured heating power substituted
the heat flow Qrps by conduction, so the heat flows are equal.

When the dummy is suspended on the fibers one can determine the radiation
heat flow and the conduction of the braid using simple consideration of heat flows
in the states with and without heating. Heat flow through the braid equals to the

radiation on the dummy and possible heating Q)
R+ Qq = ATy —To), (4.5)

where A is the thermal conductance of braid. There are two unknowns in the
equation(.5): radiative heat flow R and the conduction A(Ty — Ty). However, if
the temperatures Ty (first heat exchanger) and T (dummy) in the state with and
without heating are similar, thermal conductivity of the braid can be considered

constant and we obtain a set of two equations for two unknowns

R+0=A-(T}-13), (4.6a)

R+Qq=A- (1] - 1}") . (4.6b)

Index ! is for the state without heating and I for the state with the heating. Solving
—Qq

(Ty —=T3) — (T - T3Y)

Once A is known, the radiation heat flow on the dummy sample holder can be

for A we obtain

A:

(4.7)

estimated
R=A- (T, —Ts) — Qq . (4.8)
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Fig. 4.12: The dummy sample holder suspended on thin polyester fibers used for estimation of
the heat conduction through FBS by the substitution method.

The table shows the values obtained by the method explained above together
with the calculated values. Radiation heat flow was calculated by equation for
a surface of 37 cm? and emissivity of Al alloy to 1%. Conductance A of the braid
was calculated using previously measured [4] thermal conductivity of the braid’s
material. In the experiment, the braid consisted of three bundles with 217 strains

of 75 um thick wires and its length was 100 mm.

Tab. 4.2: Measured values of conduction through the complete FBS bearing Qppg, radiation to
the sample holder dummy R and the thermal conductance of the braid A. Predicted
values from previous calculations are also shown.

Qres R A
calculation — 84 10.1
measurement 82 113 9.5

4.3.4 Mechanical stiffness measurement

Simple measurement was performed to test the mechanical stiffness of the bearing
with FBS. The main purpose of the measurement was to examine the behavior of
the bearing under lateral forces, rather than to measure exact mechanical stiffness of
the support. The results are very approximative, but some trends could be observed
and are described briefly.
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Measuring apparatus can be seen on Fig. [£.13] The experiment measures the
deflection of the model Az as a function of lateral force F'. The force is applied to
the side of the dummy through a wire with spring. The magnitude of the force is
regulated with micrometer feed movement and measured with a tension force meter
connected to the spring. The deflection of the sample holder dummy is measured
with a precise length gauge.

Fig. shows the measured dependence of deflection on lateral force for sets of
various preloading forces ranging from 5N to 45 N. Two runs of measurement were
performed starting from the lowest force to the highest (first run - filled squares,
second run - empty squares). A difference between the runs was observed with a
tendency to measure higher stiffness in further runs. We believe that the tendency
could be caused by the creation of flat surfaces at the spot contacts by inelastic
deformations. The flat spots on the glass spheres could be even observed by the
naked eye after the loading the support with the highest preloads. However, such
high preloads are not expected to be used in the STM bearing.

Loadil';fgr spring
K P —1-orcemeter §

¥

| Length gauge /

-,

Fig. 4.13: The apparatus for measurement of mechanical stiffness of the bearing with FBS.

As a result, Fig. shows the estimated dependence of stiffness K on the
preload Fp from calculation of the linear regression. The scatter in data is rather

large, but it gives some rough estimation of mechanical stiffness of the bearing using
FBS.

46



1.6 T T T T T T T T T T
1 5N . @
1.4+ 10N " o -
] . ] o Cm ]
15N LI e o
127 Preload F :20N s " oo i
| - |
1.0 30N L |
’ o m °© - -
] 40N
E o8- 45N I R §
ER RIS R M
8 ] " - i " [
N 0.64 s "0 m " L. LT
| o uﬂf.n ke 3] HDISF B a8
0.4 7 w_.l.l' T TS o of .
] ; ‘:"' (] . =0 ﬁn oo ]
02] afs umdB S ]
] il-.:aaﬂ"gﬂ } 1
%}
0.0 T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

FIN|

Fig. 4.14: Measured dependence of deflection Az of the sample holder dummy on lateral force
F for various preloading forces Fy, (from 5N to 45N). Two runs of measurements are

shown: first run with full squares and second with empty squares.
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Fig. 4.15: Measured dependence of mechanical stiffness K on the preload Fj,.

47



5 NEW DESIGN OF THE STM PLATFORM

The previous concept of the STM platform mentioned in chapter [2lincluded a cooled
sample holder and a scanning head at room temperature. The new solution involves
cooling both the sample holder and the scanning head tightly embedded inside a
copper block. The reason of this change is that no mutual thermal insulation of
the two pieces is needed and a very rigid connection is secured. This leads to
significant reduction of tip-to-sample vibrations. The new design also requires new
STM scanning head that can operate at low temperature.

Fig. shows the proposed setup. The hollow copper block with the scanning
head and the sample holder (named as the “core” in the following text) is placed on
three FBSs discussed in chapter [4] that insulate it from the table at room tempera-
ture. Since the FBSs need to be preloaded, there are three thin stainless steel wires
pulling the microscope to the table. These wires however also transfer heat from the
table and they need to be sufficiently long to reduce their conductance. Therefore,
each wire is anchored to a thin-walled stainless steel tube. In addition, the tubes
also hold the radiation shield around the core.

Unfortunately, the new concept imposes new difficulties for the cryogenic part.
The mass of the cooled object in the new design reaches 450 g compared to 26 g
of the studied sample holder dummy arising from the first concept. The copper
body of the microscope is about 50 mm in diameter and 70 mm in height. The main
difficulty is a big surface area which needs to be shielded against radiation and, even
more importantly, high heat capacity of the cooled object. In this chapter a solution
of mounting the core at cryogenic temperature on the table at room temperature is
proposed and the supporting calculations of the heat flows and cooldown time are
described. The design of the platform is preliminary, and will be developed further.
At this moment, careful vibration analysis of the proposed setup is needed and will
be performed at the IPE. Conclusions of the analysis might lead to another change
in the design. Nevertheless, the method of calculations was established and the

results will serve as a base for further solutions.
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Fig. 5.1: Schematic representation of the new LT-STM platform. Scheme shows: (a) cooled STM
core, (b)scanning head, (c¢) sample holder, (d) radiation shield, (e) four ball supports,
(f) stainless steel wire, (g) thin-walled stainless steel tube (h) copper braids, (i) colder
core heat exchanger, (j) warmer shield heat exchanger, (k) table with springs and elec-

tromagnetic damping, (1) cold He inlet, (m) warm He outlet.

5.1 Steady state heat flow calculation

The procedure of the calculation is as follows. First, it is necessary to estimate the
temperatures of the heat exchangers Ty, and Ty, radiation shield Ts and the core
Tc. The previous experience gained in experiments with the sample holder dummy
(chapter [4)) was used here. Then all of the individual heat flows shown in Fig. [5.2
are calculated. In thermal equilibrium, all parasitic heat flows are drained to the
heat exchangers either by the braid connected to the core or by the braid connected

to the radiation shield and thus we can write

Qc = Quc + Qwc + Qxc + Qo + Qre, (5.1a)
Qs = Qrs + Qcs + Qws + Qus — Qrc — Qwe — Qcc, (5.1b)

where Q)¢ and Qs are total heat flows to the core and radiation shield respectively.
The description of each of the partial heat flows can be found in tables [5.3] and [5.4]

for quick orientation.

Radiation heat flows

Both the shield and the metallic block inside it (the core) will be made of chemically

polished copper and the constant, temperature independent emissivity of e = 0.5 %
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Fig. 5.2: The scheme of the new calculated model. All calculated heat flows are shown together
with the temperatures for which are the flows evaluated in this text.

of both surfaces is used for further calculations. The calculations assume total
surface area of the shield to be equal to that of the core and the value of S = 220 cm?
is used. Naturally, in reality the surface of the radiation shield will be slightly bigger,
but for the purpose of these calculations the areas can be considered the same with
acceptable error.

o Radiation to the core from Ts: Qrwm

For the calculation of the radiation heat flow between the surfaces of the same
surface area, the equation and the condition is used.

o Radiation to the shield from 300 K: Qgs

Due to the fact that the vacuum chamber surrounds the shield and its surface is
much greater than that of the radiation shield, the equation is used in this
case.

o Radiation from 300 K through the openings in the shield: Quc and Qus
Naturally, the radiation shield can never completely surrounds the core. For con-
structional reasons, a few openings are necessary in the shield (for electrical leads,
supports etc.). For the calculation of the radiation heat flow through the openings
Qu, we assume that all the room temperature radiation is absorbed on the sur-
faces inside the shield and use the equation . Because the emissivities and the

surface of the shield and of the core are considered to be equal, both surfaces will
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absorb one half of the total radiation heat flow Qg

Quc = Qus = Qu/2. (5.2)

We assume that holes in the radiation shield cover 2.5% of shielding, which cor-
responds to about S = 5.7cm? of the surface area. This heat flow is the highest
of all in case of the core (see Tab. . To lower the Quc, the inside walls of the
radiation shield should be covered by a material with absorbtivity coefficient close
to unity. Then we could assume that a significant part of the radiation is reflected
by the copper core and absorbed by the shield. However, it is not trivial to find a
material with high value of absorbtivity and UHV compatibility.

Conduction heat flows

All conduction heat flows were calculated using equation . Temperature de-
pendent thermal conductivity for the materials of the wires was found using com-
mercial software Cryocomp [12]. The program enables to calculate various physical
characteristics of more than 60 materials in a temperature range from 1 K to 300 K.
For calculation of the conduction heat flows through the parts with temperature
dependent thermal conductivity with the possible radiation from the surroundings,
program KRYOM 3.3 [18] was used.

o Conduction through the stainless steel tubes: QQcs

The length of the stainless steel tube is 70 mm, outer diameter 3mm and wall
thickness 0.25 mm. One end is attached to the table at 300 K and the other holds the
shield (at temperature 7). Room temperature radiation heat flow from the vacuum
chamber on the tube with absorptivity of 6 % (stainless steel) is also included.

o Conduction through the stainless steel wires: Qoo

There are three wires creating preload on the FBS with one end at the temperature
Tc and other connected to the stainless steel tube at temperature Ts. The length
of the stainless steel wire is 90 mm and the diameter only 0.2 mm. Such a thin wire
is sufficient, because of high yield stress value of stainless steel. The highest loads
on each of the wire are expected not to exceed 10N. The wire is exposed to the
radiation from the vacuum chamber or from the stainless steel tube with varying
temperature from Ty to 300 K. To simplify the calculation, we assume the wire is
exposed to 300 K radiation on the whole length with emissivity of the stainless steel
of e =6%.

o Conduction through the FBSs: Qkc

Conduction through the supports was measured with the sample holder dummy
discussed in section [£.3.3] Three FBSs are utilized in this design.
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o Conduction through electric leads: Qws and Qwc

The choice of the electrical wires play significant role in the LT-STM, because many
leads are needed (piezoelectric scanners, thermometers, tunneling current wires etc.)
and the parasitic heat flow through them is not negligible. The values of the total
conduction heat flow though the wires in tables [5.3| and are very approximate
and depend on the final choice of the wires, their length and their quantity. There-
fore, tables and give an overview of calculated parasitic heat flows though
some commercially available low-conduction cryogenic wires and shielded coaxial
cables for the length of 100 mm. Naturally, the wires leading to cooled core will be
thermally anchored to the radiation shield, thus two heat flows Qws (from 300 K to
70K) and Qwc (from 70K to 25 K) are calculated.

It is evident that copper wires should be avoided due to their very high thermal
conductivity if not absolutely necessary. Copper alloys such as mentioned phosphor
bronze offer a good compromise between low thermal conductivity and low electrical
resistance. The signal leads often need electrical shielding and a mini-coaxial cables

are a good choice.
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Tab. 5.1: Parasitic heat flow calculation for some commercially available cryogenic wires for the

length of 100 mm. Conduction through the insulation material was neglected.

Type Comments Material Qws Qwc
KAPW1X015' ¢150 pm, single wire Cu 15 9.6
DT-362 ¢127 pm, 2 twisted ~ Phosphor bronze 2.6 0.3
MW-362 @127 pm, single wire Manganin 0.5 0.1

Tab. 5.2: Parasitic heat flow calculation for some commercially available cryogenic mini-coaxial
cables for the length of 100 mm. Conduction through the wire and the shielding is
included.

Type Conductor Shielding Qws Qwc

SC? 3180 pm stranded Cu braided copper 125 80
SS?  ¢180 pm stainless steel braided stainless 3.0 0.5
02-32-013%  ¢200 pm stainless steel braided stainless 10 1.6

Optimization of the braids

Once the total heat flows Q¢ and ()s are known, the cross-sectional area of the
braids is calculated to conduct these heat flows to the heat exchangers. The room
temperature radiation to the braids needs to be assumed as the braids are not
shielded. Thus we obtain

QBc = Qc + Qrae; (5.3a)
Bs = Qs + WQres, (5.3b)

where (Qpc and (Jg are the final heat loads at the heat exchangers.

Both absorptivity and the surface area of the braid are difficult to estimate
correctly. We suppose that the absorptivity of individual wires is 5%. Moreover,
the uncertainty in the surface area exposed to the room temperature radiation is

even higher. The braid consists of bundles containing 217 individual fine wires in

LewVac Components, Ltd.
2Lake Shore Cryotronics, Inc.
3CMR-Direct, Hertford Developments, Ltd.
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each bundle, with diameter of the single wire of 75 pm [4]. To minimize the vibration
transfer from the heat exchangers, the braid should be unraveled to the individual
wires. However, when the braid is unraveled it collects much more radiation due to
the increase in the outer surface area. Three bundles of fine wires were used in the
experiments with sample holder dummy. There are two extreme cases: If we assume
the braid as a simple rod, we obtain the circumference of the braid of 5.9 mm. If we
sum up the circumferences of all wires, we obtain the value 150 mm changing the
previous value by the factor of 25. Naturally, the solution is to use the unravelled
braid while keeping the wires close together, but the actuall surface area can only
be guessed. For the heat flows metioned in this section we assumed that 20 % of the
total surface of the individual wires is exposed to the room temperature.

Experimentally found thermal conductivity of the braids was used (the Residual
Resistance Ratio of the braid is 64), details can be found in [4]. From calculations in
Kryom 3.3 [I8] we obtain that for the length of 100 mm both braids need to consist
of at least 2 bundles of fine wires with total cross-sectional area of 1.92 mm? for each
braid.

LHe consumption estimation

Finally, using equation , minimal helium mass flow rate and the corresponding
LHe consumption through each of the heat exchangers is calculated with given inlet
and outlet temperatures on both heat exchangers Ty1a and Tyip (or Tyoa and Tyop
respectively, see Fig. . We suppose that the temperatures of the heat exchangers
are equal to the helium gas leaving them and that the helium does not warm up

between the heat exchangers

Tvi=Tvis , Tv2 =Ty, (5.4a)
Tiig = Tvoa- (5.4b)

We alter the temperatures of the shield and the core until the flow rate through
both heat exchangers is similar. As mentioned in section [3.4.2] the parasitic heat loss
in the transfer line is almost 900 mW. Based on the experience with previous tests of
the heat exchangers (sections [3.4.3|and [4.3.1)), throughput of at least 0.51/h of LHe

is needed to keep the temperature of the helium entering the first heat exchanger

under 5 K. Ideally, we want to calculate a mass flow rate that does not exceed this
value.

The tables 5.3l and 5.4l below summarize all calculated heat flows to the radiation
shield and to the core for one set of temperatures. In all of the calculations mentioned
in this section the temperature of the core T is assumed to be 25 K and the shield

temperature Ty is 70 K, as it apparent from Fig. [5.2
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Tab. 5.3: Calculated parasitic heat flows on the STM core. The LHe consumption estimated from
the total heat load is also shown.

Notation Description Q

Quc Absorbed radiation through the holes in the shield 131 mW
Qwc Electrical wires conduction 67 mW
Qxc 3x FBS conduction 57 mW
Qcc Stainless steel wires conduction 5 mW
Qrc Radiation from the shield 0.1 mW
Qc Total heat load on core 260 mW
QrBC Radiation to the braid 19 mW
QBc 1st heat exchanger heat load 279 mW

LHe consumption for Ty — Tyvia = 5K 0.331/hod

Tab. 5.4: Calculated parasitic heat flows to the radiation shield. The LHe consumption estimated
from the total heat load is also shown.

Notation Description Q

Qcs Stainless steel tubes conduction 299 mW
Qcc Stainless steel wires conduction to the core —5mW
Qws Electrical wires conduction from 300 K 172 mW
Qwc Electrical wires conduction to the core ~ —67mW
Qus Reflected radiation through holes in the shield 131 mW
Qrs Radiation to the shield from 300 K 50 mW
Qrc Radiation to the core  —0.1mW
Qs Total heat load on the shield 580 mW
QRrBs Radiation to the braid 19 mW
@Bs 2nd heat exchanger heat load 599 mW

LHe consumption for Tyep — Ty2a = 15K 0.251/hod
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5.2 Cooldown time calculation

doeAfter a suitable solution for the steady state is found, it is important to check
the cooldown time of such setup. A limit of two hours was settled as a maximum
time for the apparatus to reach its lowest temperature. From section we know
it took around 20 minutes to cool the heat exchangers and about 50 minutes to
cool down the sample holder dummy. However, the dummy’s mass was about 26 g
(mostly made of aluminum alloy) whereas the STM core’s mass will be about 450 g
mostly composed of copper and titanium. The temperature dependence of the heat
capacity of the core consisting of its copper and titanium parts in comparison with
the capacity of the sample holder dummy is shown in Fig. [5.3] The capacity of the
STM core is more than 6 times higher than that of the dummy at room temperature
and more than 8 times higher for temperatures below 50 K.

The program USTAL [24] developed at the ISI was used. The program nu-
merically calculates a time dependence of the temperature of a cooled body and
heat flows through the thermal links to its surroundings. The calculation includes
the temperature dependence of the thermal conductivity of the thermal bond, the
temperature dependent heat capacity of the sample and heat radiation from sur-
roundings. However, heat capacity of the thermal link is not included. In our case,
we calculate the cooldown time t¢ and the final reached temperatures T for the
STM core with known heat capacity, geometry and thermal conductivity of the
braid, conductance of the supports and for the constant temperature of the heat
exchanger Ty4. Only the calculated temperature T can be time dependent, so the
temperature of the heat exchanger and radiation shield must be assumed constant.

The lowest temperature and the cooldown time strongly depend on the radiation
heat flow to the braid, which was discussed in previous section [5.1} The table [5.5
summarizes the cooldown times t¢ as well as the reached temperature T for a few
configurations varying thickness of the braid characterized by the number bundles
N, its length [, absorptivity a and the fraction of surface exposed to the room
temperature radiation Sgaq.

In the steady state calculation was found that for a length of 100 mm 2 bundles
of fine wires are sufficient to drain all parasitic heat flows and keep the STM core
at 25 K for the temperature of heat exchanger at 10 K and shield at 70 K. However,
the results in table [5.5| show that using a thin braid would result in an unacceptable
cooldown time of more than 7h. To reduce the cooldown time under 2h, at least
three times as thick braid is needed. Braid consisting of 8 bundles would be better,
due to the uncertainty in radiation heat flow mentioned earlier. If the longer braid
with length of 150 mm is permissible, then at least 10 bundles will be required to

cool down the STM core under 2h. Nevertheless, a study of vibration transfer the
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Fig. 5.3: Comparison of the heat capacity of the sample holder dummy and the STM core. Partial
heat capacities of the STM core parts made of Ti and Cu are also shown. Temperature

dependence of heat capacity was found using the Cryocomp software [12].

braid is missing. The results of such study will surely settle limitations of maximum
braid thickness and its minimum length.

Cooldown time calculation of the radiation shield was not performed, because the
shield will have much lower heat capacity and it also operates at higher temperature.
Moreover, we suppose that the transfer of vibrations to the shield is not as critical

as to the STM core, so the braid can be thicker if necessary.
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Tab. 5.5: Calculated cooldown times t¢ and final temperatures T¢ of the STM core for various
configurations of the braid. N is the number of bundles the braid consists of, [ is the
length of the braid and Sgraq is the fraction of braid’s surface exposed to the room

temperature radiation.

N 1 Sgal| To te
[ ] [mm] %] | [K] [h]
2 100 20285 7.3
4100 20{209 31
5 100 20193 24
6 100 20182 2.0
7100 20 [17.3 1.7
8 100 20166 1.5
8 150 20200 23
8 200 20235 3.3
8 100 50181 1.5
8 100 100 | 204 1.6
9 100 20162 1.3
9 150 20193 21
10 150 20 |18.7 1.8
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6 CONCLUSIONS

Considering the requirements of the Scanning probe microscopy group at the Insti-
tute of Physical Engineering (IPE) at Brno University of Technology, two versions of
the low temperature STM platform with flow cooling system using cryogenic helium
were designed. First, a version of the STM platform with the cooled sample holder
and scanning head at room temperature was studied. Based on this setup, a flow
cooling system was designed consisting of a helium flow cryostat, a Dewar vessel
with liquid helium (LHe) and a low-loss transfer line. The cryostat is composed of
He inlet/outlet, heat exchangers and copper braids for the thermal connection of
both the sample holder and the radiation shield around it with the heat exchang-
ers. The calculations preceding the realization are explained and the implications
of the results on the design are commented. The cooling system was experimentally
tested and used to cool down the model of the sample holder in a testing vacuum
chamber designed and built for this purpose. During the tests, the temperature of
the sample holder model of 20 K was reached with the LHe consumption of 1.51/h
and 25K with 0.61/h.

The study of the thermally insulating four ball supports with contacts of glass
spheres [4] was continued focusing on estimation of the heat flow through a spot con-
tact both analytically and numerically. The application of the supports for mounting
the cooled parts of the STM on the table at room temperature was tested with the
model of the sample holder. Using the supports, the measured conductive heat flow
from 300K to 40K is less than 100 mW without compromising on mechanical stiff-
ness of the mount. The four ball supports are universal and can be used for any
application where low thermal conductance, mechanical stiffness and small dimen-
sions are desired. The idea, analysis and experimental results were summarized in
an article and submitted to a scientific journal for publication [5].

Finally, the second version of the STM platform, characterized by cooling both
the STM scanning head and the sample holder enclosed in a copper block is intro-
duced. A solution of mounting of the block and the surrounding radiation shield on
the table is proposed and a complex analysis of the heat flows in this system is per-
formed. Moreover, the cooldown time of the copper block with STM was estimated
for various thicknesses and lengths of the braid. At this moment, careful vibration
analysis of the proposed setup is needed and will be performed at the IPE. Con-
clusions of the analysis might lead to another changes in the design. Nevertheless,
the method of calculations was established and the results will serve as a base for

further solutions.
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LIST OF SYMBOLS, PHYSICAL CONSTANTS
AND ABBREVIATIONS

a Absorptivity | -]

c speed of light [ms™!]

¢,  specific heat at constant pressure [Jkg ! K™!]
¢y molar specific heat at constant volume [Jmol ™ K]
d diameter [m]

FE5  Mutual emissivity |- |

E\  monochromatic emissive power [W m? pm_l]
F force [N]

h Planck constant [Js]

h Planck constant [Js]

k thermal conductivity [W K™ m™]

kg Boltzmann constant [m%kgs 2K™!]

l length  [m]

m  mass [kg]

m  mass flow rate [kgs™!]

N Avogadro constant  [mol]

Nu  Nusselt number [ -]

D pressure [Pa]

Pr Prandtl number |- ]

r radius  [m]

R ideal gas constant [Jmol™! K]

Re  Reynolds number |- ]

S cross-sectional area [m?]

62



Ty

Uq

time  [s]

temperature [K]

Fermi temperature

velocity o

heat flow

K]

f gas [ms™!]

(Wi

coefficient of thermal expansion [K™!]

heat transfer coefficient

Emissivity |- |

Dynamic

viscosity

Debye temperature

wavelength  [m]

conductance

Poisson’s

ratio [ - |

kinematic viscosity

[-]

[kgm~"s™!]

K

[WK]

[m

pressure loss coefficient

density

[kgm™']

]

2 S—l]

[-]

Stefan-Boltzmann constant

frequency

[s7]

[(Wm=2 K]
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