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Chapter 1

Introduction

In the 1960s, Murray Gell-Mann and George Zweig observed particles in bubble chamber experiments,
that could not be explained with the already existing particle models. To explain these particles, they
postulated the existence of quarks, which form the substructure of the nucleons. Explaining this sub-
structure, the composition of matter and its interaction is the main challenge of particle physics. The
standard model of particle physics consists of the following particles [1]:(

u
d

) (
c
s

) (
t
b

) (
e
νe

) (
µ

νµ

) (
τ

ντ

)
Within the standard model 6 quarks - u up, d down, c charm, s strange, t top, b bottom - , 6 leptons - e
electron, µ muon, τ tauon and the three corresponding neutrinos νi - and the corresponding anti particles
are known, which form the basis of all matter. Hadrons are formed by the strong interaction between
the quarks. They consists of two quark states (mesons) or three quark states (baryons). For protons this
results in (uud) and for neutrons (udd). In particle physic experiments, particle accelerators, detectors
and target systems are used to investigate new and exited hadron states to improve the knowledge about
the interaction between the quarks.

For example, the discovery of the Ω− baryon [2] showed that mesons and baryons are composed of
constituent quarks, but like the ∆++ (1232) and the ∆− (1232) it consists of three identical quarks. The
spin and parity of these baryons are Jp = 3

2
+, which results for a quark spin of s = 1

2 to a total quark
spin of S = 3

2 . Thus the Pauli principle, which forbids two fermions with identical quantum numbers,
was violated.

A new quantum number was introduced to solve this problem. Due to the necessary local gauge in-
variance, a new theory of strong interactions, Quantum Chromo Dynamics (QCD), was deduced [3][4].
This theory assigned a new triple-valued charge called colour. With it, a state like the Ω− baryon with
(sss) is possible, because every quark is able to carry a different colour and the Pauli principle is full-
filled.

Nevertheless, there are some interesting physical problems in hadron physics to investigate. It is cur-
rently not understood how QCD generates the structure of hadrons and how symmetries influence their
structures and their dynamics. At lower energies, several resonances were measured and are fitting well
with the predictions from QCD, but additional measurements for other decay channels could bring more
information about the coupling of the quarks and the inner structure of the nucleon. At higher energies,
a large number of nucleon and ∆ resonances were predicted and experimental proof for them is still
missing [5].
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Chapter 1 Introduction

The CBELSA/TAPS experiment uses photo production reactions to study the baryon resonance spec-
trum. In this case, four complex amplitudes for nucleon spin-flip, non-flip and for photon and nucleon
spin aligned or anti-aligned, exist. Then 16 polarisation observables become accessible, which can be
reduced to eight for the measurement of the differential cross section of a specific reaction [6]. Thus, if
the polarisation of the target and the beam can be controlled and the recoil polarisation can be determ-
ined, the total cross section is given by

dσ
dΩ

(ϑ, φ) =
dσ
dΩ

(ϑ) [1 − PT Σ (ϑ) cos (2φ) (1.1)

+ Px (−PT H (ϑ) sin (2φ) + P◦F (ϑ))

− Py (PT P (ϑ) cos (2φ) − T (ϑ))

− Pz (−PTG (ϑ) sin (2φ) + P◦E (ϑ))][7].

PT and P◦ are the linear or circular polarisation of the photon beam and Px, y, z the polarisation of the
target whereas z is the direction of the beam. ϑ is the angle of the particle reaction and φ the angle
between the reaction surface and the polarisation of the photon beam which is shown in Fig. 1.1. σ
represents the cross section, Σ, T and P gives the asymmetry for the beam, the target or the recoil for
a single polarisation measurement and the polarisation observables E, G, F and H are representing the
four asymmetry observables for beam-target double polarisation reactions.

y
x

zp

π0

N(p,n)

γ ϑ

φPγ

Figure 1.1: Reaction surface for a photo production reaction with the corresponding angles of the reaction.

Fig. 1.2 shows the total cross section for γp → pπ0 and the Breit-Wigner shapes of the different
contributing resonances. There are three clean peaks which can be easily analysed but there are other
contributing resonances which are not seen as obvious peaks. Baryon resonances are broad, which
makes it challenging to extract them from the total cross section. Thus, using photo production reac-
tions, the eight observables of Eq. 1.2 need to be measured over the full solid angle with high precision.
This means a 4π acceptance of the detector is needed.

This also defines the requirements for the photon beam to study light-baryon resonances. The accel-
erator has to deliver unpolarised and polarised electrons with a large duty cycle from which an intense
photon beam can be created. This photon beam is unpolarised, circular or linear polarised, depending
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Figure 1.2: Total cross section of γp → pπ0 from the CBELSA/TAPS-data [8]. Also indicated are the Breit-
Wigner shapes of the different resonances contributing to the reaction.

on the polarisation of the electron beam. In Bonn, for the CBELSA/TAPS experiment, the ELectron
Stretcher Accelerator (ELSA) [9] provides an electron beam with the needed polarisation and energies
up to 3.5 GeV. After the extraction from the stretcher ring, a radiator target within a goniometer is
used to produce the unpolarised or polarised photon beam via bremsstrahlung. Fig. 1.3 shows the ex-
perimental area for CBELSA/TAPS including the detector system, the polarised target and the tagging
system, used to analyse the momentum of the electrons after the bremsstrahlung process. The electron
beam dump is used to catch the electron beam after production of the photon beam. The photon beam
is guided through the beam line to the polarised target which is located in the centre of the CB detector.

The Crystal Barrel (CB) detector is suited to measure the decay of neutral mesons into photons. The CB
consists of three layers scintillation fibres (513 fibres), used for the identification of charged particles,
and of an electromagnetic calorimeter consisting of 1230 CsI(T1)-crystals. To measure particles in for-
ward direction, below polar angles of 30°, two further calorimeters are used: the forward plug with 90
CsI(T1)-crystals, and the forward TAPS-wall consisting of 216 BaF2 crystals. For the next measurement
period of the CBELSA/TAPS experiment the CB detector has been upgraded [10]. Thus the readout of
the CB calorimeter has been extended by a timing branch to gain trigger capability for the detector. This
allows to measure completely neutral final states in photo production reactions. The readout for the
inner crystals of the TAPS detector has been modified to be capable of high event rates for higher beam
intensities. Due to higher beam intensities, a high cooling power for the polarised target is necessary,
which is one of the reasons for designing a new dilution refrigerator.

3



Chapter 1 Introduction

Gamma Intens-
ity Monitor

Mini-TAPS

Beamdump

Gas Cherenkov
Detector

Crystal Barrel

Polarised Target

Tagging System

Goniometer

Polarised Target,
Pumping System

Figure 1.3: Experimental setup of the CBELSA/TAPS experiment

In the centre of the detector an unpolarised or polarised target is set. As explained later, for a high
polarisation of a solid target, temperatures below 200 mK are mandatory. A dilution refrigerator is used
to reach these temperatures. Due to the necessary 4π acceptance, the geometry of such a refrigerator
within the CB detector is limited. This leads to a horizontal dilution refrigerator built around a beam
tube connected to the beam line of the accelerator. Due to the inner diameter of the detector (� 105 mm)
and the inner diameter of the existing polarising magnet (� 95 mm), the geometry of the front part is
given.

For the measurements within the SFB project, a frozen-spin target system was used. The same re-
frigerator was used to measure the GDH sum rule, published by Gerasimov [11], Drell and Hearn [12],
and is described by Bradkte [13]. This target system enabled, by the use of the frozen spin technique
with an internal holding coil, the measurement of a spin dependent cross-section in combination with a
polarised solid state target [14]. With this technique, the polarisation of the target material is maintained
by holding coils for a transverse and a longitudinal polarisation with a magnetic field of 0.4 − 0.7 T.
The thickness of these coils of less than 2 mm enables outgoing particles to pass through. This reduces
the threshold for the detection of them as good as possible. In former target systems, a vertical dilution
refrigerator was used leading to a reduction of the angular acceptance [15].

Within this thesis, a new horizontal dilution refrigerator for the CBESLA/TAPS experiment has been
built. This new system, with its horizontal alignment of the refrigerator, allows the placement of the
cryogenic components around the beam-axis in the backward region. This design extends the angular
acceptance to almost 4π in the laboratory frame. It allows measuring with a 4π detector in frozen spin
mode, if it is possible to remove the detector to polarise the target with an external magnet, as for the
last frozen-spin solid state target, operated by the polarised target group in Bonn. Nevertheless, the data
taking has to be interrupted every 2 d to 4 d, depending of the relaxation time of the target material. The
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design of the new dilution refrigerator, presented in this thesis, allows a continuous operating target.
The idea to built a continuous mode target with a 4π acceptance for the CB detector was first presented
by H. Dutz in [16] and [17]. The design is also based on his work [18].

The goal is to increase the luminosity of the scattering experiment and an enhancement of the Figure of
Merit (FOM) of the polarised solid target. Both quantities characterise the quality of the experiment and
how fast it can be performed for a given accuracy. The luminosity L, which is defined as the product of
the beam Intensity I and the target thickness nt

L = I · nt, (1.2)

is connected to the counting rate N with the differential cross section dσ
dΩ

and the angular acceptance ∆Ω

of the detection system like

N = L
dσ
dΩ

∆Ω. (1.3)

Typical luminosity’s reached in particle experiments with polarised targets are of the order of 1030 cm−2 s−1

to 1034 cm−2 s−1. An improvement of the cooling power of a solid target leads to a higher possible lu-
minosity and is always the goal by improving the cryogenic systems of a polarised solid target. The
FoM of an external polarised solid state target can be defined as

FoM = ρ · κ · P2
T · f 2, (1.4)

with

f =
Npol. nucleons

Nnucleons
. (1.5)

Here ρ is the density of the target material, κ the filling factor of the target container, f the dilution
factor of the material himself and PT is the target polarisation. An enhancement of the FoM leads to a
shorter running time to achieve a chosen accuracy in the measurement of a polarisation observable. The
improvement of the cryogenic system and the usage of a continuous mode operating target increases the
target polarisation PT and improves the FoM. Due to the higher base temperature in continuous mode
(200 mK), a higher cooling power is accessible which increases the possible luminosity of the experi-
ment. In Chap. 2 the polarisation mechanism for solid targets, used to reach high nucleon polarisation, is
presented. Afterwards the difference between a continuous operating and a frozen-spin target, and how
it increases the FoM, is described in detail. The geometry of the detector and the necessary parameter
for a continuous operating target leads to the following parameters for the new dilution refrigerator:

• Support for high current (90 A) internal superconducting magnets

• High cooling power at temperatures of 200 mK for continuous polarisation during the experiment

• Minimal temperature of 30 mK for high relaxation times in frozen-spin mode

• Maximum diameter of 94 mm for the target region due to the geometry of the detector and the
geometry of the external polarisation magnet for frozen-spin mode (� 95 mm)

5



Chapter 1 Introduction

To reach temperatures as low as needed for a polarised target, the usage of liquid helium is necessary.
Chap. 3 describes the most important physical properties of the two helium isotopes used in a dilution
refrigerator. A 3He-4He mixture cools the target material down to 30 mK (for frozen-spin mode), under
the usage of the dilution effect. This 3He-4He mixture has to circulate in a closed system, due to the
high costs of 3He. Liquid 4He is used to precool and liquefy the circulating mixture. By the process of
evaporation, it is possible to cool the circulating mixture down to ≈ 1 K before it is used in the main
cooling unit of the refrigerator.

In designing a dilution refrigerator, the calculation of the performance of the different cooling stages
is of major importance. Hence, it is possible to calculate two stream heat exchangers, as described in
[19] or [20], analytically, three stream counter flow heat exchangers are hard to calculate in an accurate
way. Also, for complex geometries, it is difficult to determine the characteristic flow parameter like the
Prandlt and Nusselt numbers. Due to this problems, a iterative procedure was used to calculate the
performance of the precooling stages of the refrigerator. Chap 4 describes this mathematical method to
analyse the precooling stages which are used for the cooling of the circulating 3He-4He mixture. These
Computational Fluid Dynamic simulations are based on the Navier-Stokes equations and uses a Finite
Volume Method to solve these with an iterative procedure. Thus, a full vector field for the important
flow parameter of each heat exchanger is available for the first time, which enables a new way for the
optimisation of the different cooling parts of dilution refrigerators like it is described in this thesis.

The description of the target system itself is given in Chap 5. The refrigerator consists of two main
parts:

• The precooling unit, which cools the circulating 3He-4He mixture to a temperature of 1 K

• The dilution unit, cools the polarised solid target to temperatures below 200 mK depending on
the operation mode of the refrigerator.

First the possible heat sources, which increase the temperature of the target material, were calculated.
To reach temperatures below 50 mK, it is important to reduce the heat to the mixing chamber as much
as possible. The different parts of the precooling are explained and the results of the CFD simulations
for the different parts are discussed. The dilution unit was analysed by the usage of the calculations of
Frossati [21][22]. A simulation like for the precooling stages was not possible, due to the necessary
computer performance needed to build a simulation mesh for a copper sintered heat exchanger.

Chap. 6 describes the test facility built to measure the performance of this new horizontal dilution
refrigerator. A new DAQ was implemented and the test facility includes a measurement system for the
temperature, the flow and the outlet pressure for each cooling stage. In addition a mass spectrometer
was installed to control the 3He-4He rate during the operation in dilution mode.

First tests with pure 4He were performed to measure the performance of the precooling stages. In
this tests, a minimal temperature of 900 mK was reached. The liquefaction rate of the precooling unit
was measured by the usage of 4He as a test fluid. Due to a cold leak, it was not possible to test the
refrigerator in dilution mode. Thus, fixing this leak and finishing the refrigerator for the usage at the
CBELSA/TAPS facility is ongoing. Also, first tests with the internal polarisation magnet were done to
test the possibility of a continuous mode operating solid target.

6



Chapter 2

Polarisation Mechanisms

For double polarisation experiments like those performed at CBELSA/TAPS in Bonn, a polarised target
is required. The polarisation of the protons (or deuterons) of a target material is of especially interest.
In Fig. 2.1 the polarisation in thermal equilibrium at a constant magnetic field B, dependent on the
temperature, is shown. It is obvious that high proton or deuteron polarisation in thermal equilibrium

Figure 2.1: Polarisation in thermal equilibrium depending on the temperature

can only be reached with low temperatures. An additional parameter is the magnetic field strength, in-
creasing the magnetic field leads also to a higher nucleon polarisation. A description for the polarisation
in thermal equilibrium and how to reach high polarisation with the brute force method can be found in
chapter 2.1. In the case of a polarised target for particle physics experiments, the so called DNP method
is used. The idea of the Dynamic Nuclear Polarisation is to translate the high electron polarisation to
the nucleon. Two models for this process are described in chapter 2.2. Afterwards, the two techniques
used to provide a high target polarisation for the experiment will be outlined in detail (chapter 2.3).

7



Chapter 2 Polarisation Mechanisms

2.1 Polarisation at Thermal Equilibrium

E
ne

rg
y

E
po

t

N1

N2

Occupation Number N

Figure 2.2: Occupation of the sub-levels of a spin- 1
2 -system

The target material is an ensemble of nucleons, made up of protons and neutrons. Under the conditions
of a polarised target, the target material is cooled to a temperature of less than 1 K and is permeated by
a magnetic field of about 2.5 T. The splitting of the energy levels of a particle system with spin s in an
external magnetic field into 2s+1 sub-levels can be described by the Zeeman effect. The energy of these
levels depends on the Landé factor g, the magnetic moment ~µ, the z-component of the spin m and the
magnetic field B and is given by [23]

Epot = −µB = −gµNmB, (2.1)

with

B = B · êz. (2.2)

The spins interact with the crystal lattice and after a specific time depending on the temperature and
the external magnetic field, the spins relaxate into a thermal equilibrium. In thermal equilibrium, the
occupation of the sub-levels follows the Boltzmann statistics, which is shown in Fig. 2.2. In this
situation, the occupation number Ni of the sub-level Ei is given by

Ni = ni ·
N
Z
· e−

Ei
kBT , (2.3)

with

Z =
∑

i

ni · e
−

Ei
kBT . (2.4)

kB is the Boltzmann constant, ni the distribution of uncoupling of the energy levels and N =
∑

Ni the

8



2.1 Polarisation at Thermal Equilibrium

number of all particles of the system, which have the energy Ei at the temperature T . In case of a
spin- 1

2 -system like in Fig. 2.2, the ratio between the occupation numbers N1 and N2 is given by

N1

N2
= e−

∆E
kBT = e−

gµN B
kBT

(m2 − m1). (2.5)

The polarisation of a macroscopic system, with a nucleon spin I, is defined as

Pz :=
Iz

I
, (2.6)

thus the polarisation of a spin 1
2 and a spin 1 system can be written as

P 1
2

=
N 1

2
· 1

2 + N− 1
2
·
(
−1

2

)
1
2

(
N 1

2
+ N− 1

2

) =
N 1

2
− N− 1

2

N 1
2

+ N− 1
2

= tanh
(
µ̂B

2kBT

)
, (2.7)

P1 =
N1 − N−1

N1 + N0 + N−1
=

4tanh
(
µ̂B

2kBT

)
3 + tanh2

(
µ̂B

2kBT

) . (2.8)

Table 2.1 shows the polarisation at the temperature of liquid nitrogen (77 K), at 1 K which can be reached
in a 4He evaporation refrigerator and at 50 mK, which is a moderate temperature for a dilution refriger-
ator. The reason for this huge difference in the polarisation at thermal equilibrium is the difference in
the magnetic moments of the particles. The magnetic moment of the electron µe is 660 times higher
than the magnetic moment µp of the proton. If neutrons are necessary as a polarised target, deuterised
materials are used, due to the lack of stable pure neutron materials.

Table 2.1: Magnetic moment [24] and the polarisation at thermal equilibrium for protons, deuterons and electrons

Particle µ[J T−1] T[K] B = 2.5 T B = 5 T

electron −9.2848 × 10−29
77 2.18% 4.36%

1 93.3% 99.8%
0.05 100% 100%

proton 1.4106 × 10−26
77 0.003% 0.007%

1 0.26% 0.51%
0.05 5.1% 10.18%

deuteron 4.3307 × 10−27
77 0.0007% 0.001%

1 0.05% 0.1%
0.05 1.05% 2.09%

It is not reasonable to perform double polarisation experiments with such low nucleon polarisation, be-
cause the necessary measurement time for a specific statistical error goes with 1

P2 . One way to reach
higher values for the proton or deuteron polarisation is the brute force method. In this method, temperat-
ures below 10 mK and magnetic fields up to 15 T are used to increase the polarisation. It is very difficult
to realise temperatures this low for the polarised target at a particle experiment, due to the heating of

9



Chapter 2 Polarisation Mechanisms

the beam. In addition, magnets to generate magnetic fields of around 15 T need a huge support structure
and it is difficult to move them. The dilution refrigerator, described within this thesis, is designed for
the usage inside a 4π-detector, to measure the reactions of the double polarisation experiments. This
means, if an external magnet is used to create the polarisation, the possibility to replace the magnet with
the detector is mandatory. The internal magnets, used to create or hold the polarisation, have to be as
thin as possible. Otherwise, low energy particles are stucked in the surrounding refrigerator parts and
can not be detected. Another disadvantage of the brute force method is the high build up time for the
polarisation. Using the brute force method, it takes weeks or months to build up a polarisation high
enough to measure reactions depending on the target polarisation.

Thus, the process of Dynamic Nuclear Polarisation is used for the polarisation of the target mater-
ial. With this method a higher polarisation at higher temperatures and lower magnetic fields can be
achieved. Due to this method, a compromise between low temperatures, high magnetic fields, build up
time of the polarisation and mobility of the external polarisation magnet can be found.

10



2.2 Dynamic Nuclear Polarisation

2.2 Dynamic Nuclear Polarisation

DNP is a method to transfer a high electron polarisation to the nucleon of the target material. For this,
paramagnetic centres are necessary. If a spin-flip of this paramagnetic centres is induced, it is possible
to translate the polarisation of the electron, via dipole-dipole coupling, to the nucleon. A simple model
to explain the process is the Solid State Effect (see next section). An enhanced description is given by
the Equal Spin Theory (see Chap. 2.2.2). With the DNP method, a high proton or deuteron polarisation
of the target can be reached in a few hours and provided for the scattering experiment.

2.2.1 Solid State Effect

The SSE was first observed by Abragam and Proctor within a Li-F sample [25]. In this case, the fluorine
was used for the paramagnetic centres, necessary for the DNP process. Later, Abragam and Goldman
described this effect with the dipole-dipole coupling for an electron and nucleon spin system [26]. The
Hamiltonian of this system can be written by

Ĥ =
(
νeŜ z − νI Îz

)
Zeeman

+
(
cŜ z Î+ + c∗Ŝ z Î−

)
dipole

' ĤZ + ĤD. (2.9)

In this case, Ŝ z is the operator for the z - component of the electron spin, Îz the operator for the z -
component of the nucleon spin and νi is the Lamor - frequency of the corresponding particle. Î± = Îx±iÎy
are the operators to full-fill a spin flip and c ∼ µBµK

r3 . The interaction between electron and nucleon is
induced by their local magnetic fields. This results in a mixing of the states of the systems with the same
electron spin, as described in [26]. The grade of this mixing is

|q| =
c

hνp
'

BS

B0
≈ 10−4. (2.10)

In Fig. 2.3, this is depicted for a spin- 1
2 -system. Due to the mixing of the states, it is possible to induce

the forbidden transitions 1 and 3 by using microwaves with a frequency of ν =
(
νe ± νp

)
. As shown in

Fig. 2.3, the orientation of the electron and the proton spin changes caused by this transition. Due to
the allowed transitions 2 or 4, the electron spin flips back and the proton is polarised. For this process,
Abragam and Goldman showed that the condition

T1p �
Np

Ne
T1e (2.11)

has to be fulfilled [26]. Eq. 2.11 shows that the relaxation time of the electron has to be much lower
than the relaxation time of the proton, and that the ratio between protons and electrons that are able to
do a spin flip is important. In target materials like chemical doped butanol, irradiated ammonia or 6LiD,
one electron flips the spins of ∼103 protons before the first proton spin flips back.

The dipole coupling of this system goes with ∼ 1
r3 , so there are not many protons that can be reached by

the electron [27], but the polarisation of the protons can propagate through the target by spin diffusion.
If a proton spin flips back, it is possible that it transfers his polarisation to an other proton by the dipole
coupling of the nucleons. In this way protons that can not be reached by electrons, can be polarised.

11
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Figure 2.3: Zeeman splitting of an electron-proton system. The transitions in red are forbidden, the blue ones are
allowed.

2.2.2 Equal Spin Temperature Theory

Most of the target materials, used for double polarisation experiments, can not be fully described by
the simple model of the SSE. The fact that the coupling of the electron spins among each other is
smaller than the Zeeman-coupling, but, due to the high electron density, is no longer negligible leads
to an additional splitting of the energy levels. Then discrete Zeeman levels do no longer exist and the
energy levels become a band structure like Fig. 2.4 (a) shows. An enhanced fitting model to describe

E
e
− E

kBTSS

TG = TSS = TZe 0 < TSS < TZe |TSS | < TZe

TSS < 0

E E

e
− E

kBTZe e
− E

kBTSS

N N N

Figure 2.4: Energy of the electrons in thermal equilibrium (a) and after the radiation of microwaves (b and c) [28]

the DNP for these materials is the Equal Spin Temperature theory, first introduced by Redfield [29] and
described by S. Goertz et all [30]. In this section, only a rough description of the EST will be given. The
population distribution of the spins follows the Boltzmann distribution and can be characterised with
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2.2 Dynamic Nuclear Polarisation

the specific temperature reservoirs TZe and TZp that corresponds to the occupation of the electron and
the proton Zeeman levels. TZe and TZp are in relationship with the polarisation by the occupation of the
Zeeman levels. An additional temperature reservoir for the spacial distribution of the electron spins and
for the lattice can be defined:

TSS is the temperature of the spin spin coupling for the electrons and stands for the distribution of the
spins in space.

TL is the temperature of the lattice.

Now, an exchange of heat between all of this reservoirs is possible. Due to this, all four temperatures
are equal in thermal equilibrium. If TZe is constant, only the average of the spins oriented to the external
magnetic field axes is constant. For the explicit setup of the spins, leading to this polarisation, different
spacial distributions are possible.

Under usage of microwaves with a frequency of νe − δ, where δ is the width of the Zeeman band, it
is possible to induce a transition from the band with low energy to the band of higher energy. This
energy hδ, which is needed for the transition, is provided by changing the spacial spin distribution. It
is shown in Fig. 2.4 (b). This leads to a lower TSS, which results in an increased polarisation. Due to
the contact between the electron spin-spin reservoir (TSS) and the nucleon Zeeman reservoir (TZp), TZp
follows TSS. Under the use of microwaves with an frequency of νe + δ, the effect is the same but TSS
becomes negative (see Fig. 2.4 (c)).
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Chapter 2 Polarisation Mechanisms

2.3 The frozen spin technique and the continuous mode

In cases like the COMPASS experiment, there are several continuous operating polarised solid targets
that reaches a polarisation up to 95 %[31][32]. Here, the target material is cooled to temperatures around
200 mK and polarised by the usage of microwaves with a frequency of 70 GHz and a magnetic field of
2.5 T. Normally, an external magnet is used for the polarisation. In the case of the CBELSA/TAPS
experiment, a 4π acceptance is needed. This means that the geometry of the detector does not allow
an external magnet during the experiment, because the aperture of the detector has a diameter of only
110 mm. Thus, the frozen-spin technique had to be used for the measurements at CB.

target (∼ 200 mK)

external polarising magnet

horizontal dilution refrigerator

CB-TAPS

∼ 30 mK

Figure 2.5: The frozen spin technique [33]

In Fig. 2.5 the principle of this frozen spin technique is illustrated. First, the target material will be
polarised at low temperatures and an external magnetic field of 2.5 T by the usage of microwaves at
≈ 70 GHz. To obtain a magnetic field of this strength, an external polarisation magnet with an homo-
geneity of better than 10−4 is used. Afterwards the temperature is lowered as much as possible to sustain
the relaxation of the protons. Then a holding coil with a magnetic field strength of 0.6 − 0.7 T and a
homogeneity of better than 10 × 10−3 is used to create a holding field, while the field of the polarisation
magnet will be reduced down to B = 0. At this point, the external polarisation magnet can be removed,
the detector is pulled over the target and data collection can start. For transverse and longitudinal target
polarisation, two different types of superconducting coils are used. More information about these coils
is given in the thesis of Gehring [34].

This technique can be used to increase the relaxation time of the nucleon, but not to preserve the max-
imal reached polarisation. In the setup for the CB-ELSA experiment, relaxation times of 200 h to 600 h
were reached as mentioned in [14] and [35]. Due to this, it is necessary to repolarise the target material
every two or four days, depending on the relaxation time of the target material. Thus, for the frozen spin
mode, only an average polarisation lower than the maximum polarisation is reached. This is illustrated
in Fig. 2.6. First, the target will be polarised (black line) until the polarisation is high enough for the
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2.3 The frozen spin technique and the continuous mode

experiment. Afterwards, the material is cooled down. The polarisation through this process is given in
blue. The polarisation falls slow in the frozen-spin mode, due to the increased relaxation time at lower
temperatures. The difference in the relaxation times during the cooling phase and the measuring phase
comes from the different magnetic fields. During the cooling phase, the external polarisation magnet is
used to sustain the polarisation. Afterwards, a holding magnet with a lower magnetic field is used for
the measurement.

Polarising
Cooling
Measuring

Continuous mode

Frozen spin mode

0 20 40 60 80 100 t [au]
55

60

65

70

75

80

85

90

P [%]

Figure 2.6: Polarisation for the frozen spin and the continuous mode. The diagram is inspired by Rohlof [36]

As in Chap. 1 mentioned, the figure of merit of a polarised target characterises the quality of the target.
Thus, the necessary measurement time to reach a specific statistical significance depends on the FoM,
given in Eq. 1.4. An important parameter for increasing the FoM is to increase the target polarisation
PT. For the frozen spin mode, it is the average target polarisation during the data taking. Reducing the
target temperature would increase the relaxation time of the target polarisation and, due to this, it will
increase the average polarisation during the data taking. If a continuous polarised target is used, PT is
the maximum polarisation which could improve the FoM by a factor of two, compared to a frozen spin
target. For both concepts, a good performing cooling machine is necessary. In the case of the polarised
target for CBELSA/TAPS, a dilution refrigerator is used. This refrigerator cools the target material with
a 3He-4He mixture.

This work aims to provide a continuous mode target for the CB detector for a longitudinal polarisa-
tion. To reach this goal, an internal superconducting polarising magnet is necessary. A first design can
be found in [36]. The problem of this concept was, due to some winding errors, the necessary homo-
geneity of ∼ 10−4 could not be reached. Based on this, Fehér recalculated an inverse notched coil [37].
With this design, it should be easier to reduce the winding errors and obtain the necessary homogeneity.
This superconducting coil, operated with a Current of ∼ 90 A, gives a magnetic field strength of 2.5 T.
Afterwards, several tests were done by Bornstein [38] to improve the winding process.
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Chapter 2 Polarisation Mechanisms

Thus, the parameter for the new dilution refrigerator, which was designed for the experiment are given
below:

• Support for high current (90 A) internal superconducting coils for the usage of an internal longit-
udinal polarisation magnet

• High cooling power at temperatures of 200 mK for continuous polarisation during the experiment

• Minimal temperature of 30 mK for high relaxation times in frozen-spin mode. This is necessary
for transverse polarised targets

• Maximum diameter of 94 mm for the target region due to the geometry of the detector and the
geometry of the external polarisation magnet for frozen-spin mode (� 95 mm)

The design of the refrigerator was created by Dutz [18]. This refrigerator uses a 3He-4He mixture to
cool the target material and the mixture is cooled and liquefied by liquid 4He before it enters the central
part of the refrigerator, the so called dilution unit. Helium is an important liquid in cryophysics and
has many applications. In the following, the physical properties of helium are summarised, which are
important for the construction and the operation of a dilution refrigerator.

16



Chapter 3

Cooling Fundamentals

As mentioned before, temperatures below 1 K are necessary for a polarised solid target. Cryogenics,
‘the production of coldness‘, is a branch of physics that studies methods to obtain temperatures well
below room temperature and methods to measure these temperatures. Normally, the lowest temperature
existing in the universe is ∼ 2.7 K. This is the background temperature depending on the presence of
the microwave background, ‘fossil photons‘, of the big bang [39]. It is possible to reach temperatures
down to ∼ 500 pK, but only for a small number of atoms or molecules. If a large amount of material
and higher cooling power is needed, cooling methods with cryo-liquids are more common.

There are several liquids in use in cryophysics like liquid oxygen, hydrogen, argon or nitrogen, de-
pending on the temperature. If it is necessary to reach temperatures� 20 K (for liquid oxygen) helium
is the only possible liquid, due to its boiling point. For polarisation experiments, it is necessary to cool a
‘huge‘ amount of target material to temperatures below 1 K. To compensate heating from the microwave
system, the particle beam and other sources, a good performance and a high cooling power are indis-
pensable. Nowadays, temperatures around 1 K can be easily obtained by means of refrigerators using
the evaporation process of helium. This principle is used for different cooling parts in the described
refrigerator.

To reach temperatures below 300 mK, a 3He-4He mixture has to be used. This mixture circulates in
a closed system and cools the target material. The so called dilution unit is the most important part of a
dilution refrigerator, operating with this principle.

This chapter will describe the relevant physical properties of helium to build a high performance di-
lution refrigerator. A more detailed description of the properties of 3He and 4He is given by the book
of Keller [40]. Afterwards, there will be an explanation of the dilution effect and how it will be used to
reach temperatures around 30 mK in a dilution refrigerator.
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Chapter 3 Cooling Fundamentals

3.1 Liquid helium

Helium is inert, non-corrosive, non-flammable, and one of the most interesting and most used elements
in cryophysics. There exist two stable isotopes: 4He, which is a boson with nuclear spin I = 1, and 3He,
which is a fermion with nuclear spin I = 1

2 .

In nature, 3He is present with a concentration of ∼ 10−7 of that of 4He and the separation is not ef-
fective. It is obtained as byproduct of the tritium production in nuclear reactors by the beta decay of
tritium. Due to the high costs of 3He, it is used in a closed system.

In Appendix A.1 the thermophysical properties of the two helium isotopes are summarised. Helium
has a very low boiling and critical point, low density and no triple point. Also, there exists a superfluid
phase for 4He and 3He.
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Figure 3.1: Phase diagram of 4He

Fig. 3.1 and Fig. 3.2 (Data from [41]) show the phase diagrams of the two isotopes. Note that a zone
with changing slope is present in the melting curve in Fig. 3.2. These properties are due to the fact
that the zero-point energy of helium is large owing to its small atomic mass and the very weak Van der
Waals force between the atoms. Also, note the different temperature scales in these diagrams. Thus, it is
possible to reach lower temperatures by the evaporation of 3He instead of 4He (see Chap. 3.1.1). In the
temperature region above 30 mK, where the dilution refrigerator described in this thesis should operate,
only 4He has the possibility to get superfluid.
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Figure 3.2: Phase diagram of 3He

3.1.1 Latent heat and evaporation
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Figure 3.3: Latent heat of the two helium isotopes used in a dilution refrigerator [42]

The latent heat and the vapour pressure are fundamental parameters for using cryogenic liquids in a
refrigeration process. In this process, a bath of a liquid is cooled by lowering the vapour pressure of
the liquid. The cooling power of this process is then proportional to the latent heat. This leads to high
cooling power, if the latent heat L has a large value. The vapour pressure can be calculated by the
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Clausius-Clapeyron equation (
dp
dT

)
vap

=
S gas − S liq

Vgas
m − V liq

m

≈
L(T )
RT 2 · p, (3.1)

with S the entropy and Vm the molar Volume. The difference of the entropy for the liquid and the
gaseous state is the latent heat over the temperature. Also, the molar volume of the gas is much larger
than the molar volume of the liquid, so that the volume of the liquid is negligible and the difference of
the molar volumes can be written as RT

p . Then, the vapour pressure is given by

pvap(T ) ∝ e−(
L

RT ), (3.2)

where it is assumed that the latent heat is approximately constant. Fig. 3.3 shows that the latent heat is
a function of the temperature, but as a rule of thump Eq. 3.2 is a good assumption. If a bath of liquid
helium is pumped, helium particles will evaporate, resulting in cooling of the remaining bath. In this
case, the cooling power depends on the latent heat and the amount of particles removed from the bath

Q̇ = ṅ · L with ṅ = k · pvap(T ). (3.3)

ṅ in Eq. 3.3 is given for the usage of a volumetric pump. With Eq. 3.3 and 3.2, the cooling power of the
evaporation process of liquid helium can be written as

⇒ Q̇ ∝ kL · e−(
L

RT ). (3.4)

Due to pvap, the cooling power decreases exponentially. Finally, a limit temperature is reached at which
the cooling power, supplied by the evaporating particles, is balanced to the external heat input. With
this simple cooling process, it is possible to reach temperatures of:

• 4He: ∼ 800 mK

• 3He: ∼ 300 mK

A 4He refrigerator is used, by the Bonn polarised target group, to perform polarisation measurements
for new target materials [32] [43]. As will be described in Chap. 5, the evaporation process of 4He is
also used in the dilution refrigerator, described in this thesis, in the precooling stages to precool and
liquefy the incoming mixture and to cool the internal superconducting magnet.

3.1.2 Specific heat and superfluid helium

Compared to other materials, helium has a large specific heat in the temperature range of a polarised
target (see Fig. 3.4). This large specific heat, compared to other materials at low temperatures, makes it
possible to cool other materials with helium with high efficiency. This means that the temperature of a
refrigerator rapidly follows any temperature changes of its refrigerating helium bath.

Many of the properties of a material are revealed by its specific heat and at low temperatures. These
properties are influenced by statistical or quantum effects. As Fig. 3.5 shows, the heat capacity of 4He
has a very prominent peak at a temperature of about 2.17 K at saturated vapour pressure. This peak
indicates a phase transition to a new state of the liquid. Above the so called λ-transition, 4He behaves
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Figure 3.4: Specific heat of liquid helium at vapour pressure compared to the specific heat of Cu. Data from
[44],[45] and [46].

like a classical fluid or, due to its low density, as a classical gas (called 4He I). Below the λ-transition
(4He II, the superfluid 4He), its entropy and specific heat decrease rapidly with the temperature, due to
its Bose-Einstein condensation. For more details see [48].

4He in its normal fluid state (4He I), above 2.17 K, shows transport properties like a classical gas. The
same applies to liquid 3He above 10 mK. Conversely, if T < Tλ, where Tλ is the critical temperature
for the transition to the superfluid state at a specific pressure, the thermal conductivity of 4He II is in-
finity for ideal experimental conditions, where no heat flow occurs, or under realistic conditions it is
finite but quite large compared to other materials. This high thermal conductivity makes 4He II a very
efficient medium for establishing temperature homogeneity. Below 0.4 K and at p ≤ 2 bar the thermal
conductivity is given by

κ4 ∝ 20dT 3 W K−1 cm−1, (3.5)

where d is the diameter of the helium column in centimetres [49]. Keller [40] and Wilks[50] gave a de-
tailed description for the thermal transport properties of helium. Another consequence of the superfluid
state is that 4He II has a vanishing viscosity (ηs = 0) for flow through fine capillaries. It is superfluid
until a critical velocity is reached, similar to the critical current in a metallic superconductor. Thus, the
viscosity is smaller than for its gaseous state.
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Figure 3.5: Heat capacity of liquid 4He at saturated vapour pressure (Data from [47])

This is a challenge for the construction of refrigerators for temperatures below 2 K. An apparatus which
seems to be leak tight at higher temperatures may suddenly develop a so called superleak, when super-
fluid helium has contact to the structure. Also, the superfluid can flow up walls against gravitational
forces. In constructing a dilution refrigerator, a superfluid film, flowing out of the thermal sinks or the
dilution unit described later, has to be avoided.
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3.2 The dilution effect

3.2 The dilution effect

Since the cooling by evaporation of a pure 4He or 3He bath does not meet the requirements of the po-
larised target for the CBELSA/TAPS experiment, a dilution refrigerator has been built. In this case, a
mixture of 3He and 4He is used to reach temperatures below 300 mK. The phase diagram at saturated
vapour pressure is presented in Fig. 3.6. The phase diagram shows that the super fluid transition temper-
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Figure 3.6: Phase diagram of the 3He-4He dilute [42]

ature, for the fluid, is decreased by the 3He. Below the temperature of the tricritical point (0.867 K), the
two isotopes can no longer be admixed at all ratios. If a helium mixture is cooled below this temperature,
the liquid will spontaneous separate into two phases:

• A 3He rich phase, which floats on top due to its lower density. If the temperature is decreased
close to zero, this liquid becomes pure 3He.

• A 4He rich phase, where the concentration of the diluted 3He does not approach zero if the tem-
perature approaches 0 K. At this temperature the dilute reaches a constant concentration of 6.6%.

This finite solubility is of utmost importance for a dilution refrigerator. The limiting concentrations of
the diluted isotopes on the phase separation line at saturated vapour pressure are given by

x4He = 0.85T
3
2 · e−

0.56
T [51], (3.6)

x3He = 0.066
(
1 + 8.3T 2

)
(for T < 0.1 K) [52]. (3.7)
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The cooling in a dilution refrigerator is achieved by transferring 3He atoms from the concentrated to the
diluted phase. The cooling capacity in this process is the heat of mixing of the two isotopes

Q̇ = ṅ3 [Hdil (T ) − Hcon (T )] . (3.8)

Whereby Hcon is the enthalpy of the concentrated 3He phase. At temperatures below 100 mK, the
concentration is above x3He > 99% and the phase behaves like a Fermi liquid. The enthalpy is then
given by

Hcon (T ) = H3 (0) +

∫ T

0
cpdT̄ ,

⇒ Hcon (T ) = H3 (0) + 11T 2 J/molK2. (3.9)

Below 50 mK, the specific heat of 3He follows approximately cp = 22 ·T J/molK [45]. The diluted side
is composed of ∼ 7% 3He in 4He. Below 500 mK, this admixture is super fluid and does not interact
with other particles. The enthalpy of the mixture can be described with the equations of a Fermi gas
with cp = 108 · T J/molK below 40 mK and whereby an effective mass m? equal to 2.34 times the mass
of an 3He atom, to take the influence of the neighbouring 4He atoms into account. If both phases are in
thermodynamic equilibrium, they have the same chemical potential

µ = H − TS . (3.10)

At temperatures below 200 mK the entropy of Fermi liquids equals the heat capacity. This leads to

Hcon (T ) − T · S con (T ) = Hdil (T ) − T · S dil (T ) ,

⇒ Hdil (T ) = Hcon (T ) + T · [S dil (T ) − S con (T )]

= H3 (0) + 95T 2 J/molK2. (3.11)

ṅ3 is the 3He circulation rate, T0 the temperature of the incoming liquid and Tmc the temperature of the
outgoing 3He. The cooling power at the phase boundary can be calculated by Eq. 3.8 with the usage of
Eq. 3.9 and 3.11

Q̇ = ṅ3 [Hdil (Tmc) − Hcon (T0)]

= ṅ3 ·
[
95 · T 2

mc − 11 · T 2
0

]
J/molK2 (3.12)

⇒ Q̇ = ṅ3 · 84 · T 2
mc J/molK2, (3.13)

where Eq. 3.13 shows the maximum cooling power in a discontinuous operation mode, when no further
3He is supplied to the mixing chamber and T0 = Tmc. If T0 is close to Tmc, the cooling power goes
with T 2

mc. As Eq. 3.8 shows, 3He diffusing across the phase boundary from the concentrated to the di-
luted phase absorbs heat analogous to the evaporation process of a liquid into a gas. For a continuously
dissolve of 3He atoms from the concentrated to the diluted phase, the balance of these two phases has
to be disturbed. This has to be done by distillation of the 3He from the diluted phase which creates
an osmotic pressure that makes an continuous 3He circulation possible. All dilution refrigerators work
with this principle, introduced by London and Clarke [53].
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3.2 The dilution effect

Fig. 3.7 shows the basic components of a dilution refrigerator. The three core components of the
dilution refrigerator are the mixing chamber, the still and the heat exchanger between them. The mixing
chamber contains the two separated phases. The diluted phase is connected to the still through an heat
exchanger. This heat exchanger cools the incoming 3He before it enters the mixing chamber. Inside the

mixing
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heat exchangerstill

heater

condenser

pumps

3He ≈ 6.6%

3He ≈ 100%

3He < 1%

3He > 90%

heat flow

to 4He pump
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boundary
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flow impedance

flow impedance

liquid 4He

Figure 3.7: Principle of a dilution refrigerator

still, a heater has to be used to heat the liquid to around 700 mK to increase the vapour pressure of 3He.
This leads to an evaporation of the 3He out of the diluted liquid at the still. Due to the different 3He
concentrations between still and mixing chamber, an osmotic pressure between them occurs and 3He
streams from the mixing chamber to the still. Now, the balance between the two phases is disturbed and
3He from the concentrated side can diffuse into the diluted side. For a continuous operating refrigerator,
the distilled 3He will be removed from the refrigerator and then refilled and liquefied in a condenser. In
Chap. 5 the details of each part for a real horizontal dilution refrigerator will be discussed and presented.

25



Chapter 3 Cooling Fundamentals

3.3 Kapitza Resistance

At temperatures below 1 K, the thermal boundary resistance between liquid helium and a solid is ref-
ereed to as Kapitza resistance. In this temperature region, the heat transfer between solid and liquid
is dominated by thermal phonons. The acoustic impedance, which are the product of density and first
sound of velocity, of most solids differ by more then two orders of magnitude from that of liquid helium.
This mismatch interferes with the passage of the thermal phonons across the interface and reduces the
transmission. At the boundary, this leads to a discontinuity ∆T in the temperature distribution, which is
given for a small heat transfer Q̇ across the interacting surface A by

∆TKap =
ρKap · Q̇

A
. (3.14)

The Kapitza resistance ρKap depends on the properties of the solid, the pressure of the liquid and the
temperature. In Fig. 3.8 the resistivity between a copper sintered material and the helium streams inside
the dilution unit is shown. It can be seen that the Kapitza resistance increases strongly with decreasing
temperature.
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Figure 3.8: Kapitza resistance for pure 3He and a 3He-4He mixture in a copper sintered heat exchanger [54][55]

The Kapitza resistance is of major importance for the performance of the heat exchanger between the
still and the mixing chamber of a dilution refrigerator. To reach the necessary cooling power, those heat
exchangers need a huge surface area between the liquids and the solid. Thus, the Kapitza resistance has
a huge influence on the design for such a heat exchanger.
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CFD-Simulations

For the design of a dilution refrigerator the cooling power of the different heat exchangers has to be
calculated. The initial calculations for the cooling stages of the precooling were done similar to Bradtke
[13], Borisov [56] and Pobell [42], based on energy conservation for each stream. The main challenge
for the calculation of heat exchangers used in horizontal dilution refrigerators is the determination of
the heat exchange between the different streams through the solid

Q̇solid(∆Tm) = α · A∆Tm with α ∝ Nu(Re,Pr) ·
λ

L
. (4.1)

α is the heat transfer coefficient at the surface area and A the surface area itself. λ corresponds to the
thermal conductivity and L to the length of the heat conducting part. Nu is the Nusselt number, which
depends on the Reynolds/Prandtl number Re/Pr referring to Prandtl [57]. This three values are used
to characterise the stream behaviour. Equation 4.1 shows that the heat exchange depends on the charac-
teristic flow parameter and the geometry. Unfortunately, it can be a great challenge to determine these
numbers. For the initial calculations, the Prandlt and the Reynolds numbers for the 3He-4He mixture
back stream were estimated to be Pr = 0.7 and Nu = 3.66. For the other streams, the fluid flows
through tubes and the calculations by Bradtke [13] were used, for the calculation of Re and Pr see [19].
Nevertheless, the characteristic flow parameters are used to rewrite the Navier-Stokes equation with
dimensionless parameters to characterise the fluid behaviour. If it is possible to solve the Navier-Stokes
equation in a direct way, this flow parameter can be avoided.

The calculation is also more complicated, due to the fact that the heat exchangers in this refrigerator
are counter flow heat exchangers with three or four streams. In the past, all calculations were done for
two stream counter flow heat exchangers and the influence of the back streaming 3He-4He mixture to
the cooling of the heat exchangers was ignored.

Thus the Navier-Stokes equations were solved for the precooling stages of the dilution refrigerator,
described in this thesis. For this, a Finite Volume Element method was used. Then the different fluid
streams and the heat exchangers are discretised in finite volume cells, where it is possible to solve the
Navier-Stokes equations in a direct way. Convergence of the system is reached by a suiting algorithm.
This method is called Computational Fluid Dynamics and has many applications in engineering. The
idea to use this simulations for a dilution refrigerator was to adapt this principle for the precooling of
the circulating 3He-4He mixture. In this section of the refrigerator, 3He and 4He behave like an ideal
fluid until the temperatures for a superfluid phase transition are reached.
These simulations were performed with OpenFOAM [58]. The meshes for the calculation were created
with the included mesh generating code called snappyHexMesh. This chapter will give a brief introduc-
tion into CFD-Simulations with a finite volume method and into the physical basics which were used
for the simulations.
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4.1 Governing equations of conservation

The basis of these simulations are the Navier-Stokes equations which consider the continuity equation,
the equations for the conservation of the momentum and for the energy. The fluid behaviour can be
described by these three equations where the fluid parameters:

• u the fluid velocity,

• T the temperature of the fluid

• h the enthalpy or the inner energy e of the fluid,

• p the pressure,

and the fluid properties:

• ρ the density,

• η the dynamic viscosity,

• k the heat conductivity of the fluid

are expressed as a function of space and time, where their balance is evaluated on a fixed volume of space
traversed by the fluid. Hence, the system can be described by a set of partial differential equations. In
this case, the Eulerian approach is used, as it allows to separate the time dependence from the spatial
dependence. The simulations, that were performed within the scope of this thesis, are all steady state
problems and the contribution of time variation is zero. If the Lagrangian approach would be used, the
time dependency, even for a steady state phenomenon remains due to its connection to the integration
volume that must be followed and which varies as a function of time. It is possible to write an equation
of conservation of a generic physical property φ in a control volume Ω delimited by the boundary surface
S by

d
dt

∫
Ω

ρφ
(
x, t

)
dΩ =

∫
Ω

Qφ dΩ +

∫
Ω

Dφ dΩ. (4.2)

The left side of Eq. 4.2 represents the total variation in time of the physical parameter φ

d
dt

∫
Ω

ρφ
(
x, t

)
dΩ =

∂

∂t

∫
Ω

ρφ
(
x, t

)
dΩ +

∫
S
ρφ

(
x, t

)
u · n dS . (4.3)

u is the fluid velocity. Dφ and Qφ in Eq. 4.2 are source terms for the fluid parameter φ. Afterwards Eq.
4.2 can be rewritten

∂

∂t

∫
Ω

ρφ
(
x, t

)
dΩ +

∫
S
ρφ

(
x, t

)
u · n dS =

∫
Ω

Qφ dΩ +

∫
Ω

Dφ dΩ. (4.4)

Due to the surface integral, the value φ can not be calculated for all points in the control domain. This
issue can be solved by the Gauss theorem in order to translate the surface integral to a volume integral∫

S
ρφ

(
x, t

)
u · n dS =

∫
Ω

∇ ·
(
ρφ

(
x, t

)
u
)

dΩ, (4.5)

⇒
∂

∂t

∫
Ω

ρφ
(
x, t

)
dΩ +

∫
Ω

∇ ·
(
ρφ

(
x, t

)
u
)

dΩ =

∫
Ω

Qφ dΩ +

∫
Ω

Dφ dΩ. (4.6)
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If the control volume is constant in time, it is possible to express the balance equation by the partial
derivative without reference to a particular volume

∂

∂t
(ρφ) + ∇ ·

(
ρuφ

)︸    ︷︷    ︸
Fφ

= Dφ + Qφ. (4.7)

The source terms are defined as follows:

• Fφ: convective flow, describes the transport of the stream given by φ

• Dφ: diffusive flow, describes the changes in space given by φ

• Qφ: all other distributions given by φ

With the Source terms given in Tab. 4.1, the equations of conservation for a compressible fluid model
can be written as:

1.
∂ρ

∂t
+ ∇ ·

(
ρu

)
= 0

2.
∂

∂t

(
ρu

)
+ ∇ ·

(
ρuu

)
= ∇ · σ + ρg (4.8)

3.
∂ρh
∂t

+ ∇ ·
(
ρuh

)
=
∂p
∂t

+ u · ∇p + ∇(k∇T ) + ∇ ·

(
τ · u

)
σ is the stress tensor which describes the deforming forces in the fluid and g is the gravity. This system
of equations is the basis of the CFD-simulations performed for the dilution refrigerator. The following
sections will describe this equation system in more detail.

Table 4.1: Source terms for a compressible fluid flow
Equation φ Dφ Qφ

1. Continuity 1 0 0
2. Motion u ∇ · σ ρg

3. Energy h ∇ (k∇T ) ∂p
∂t + u · ∇p + ∇ ·

(
τ · u

)

4.1.1 Continuity equation

Using Eq. 4.6, the continuity or mass conservation equation follows by setting the fluid parameter φ = 1

∂

∂t

∫
Ω

ρ dΩ +

∫
Ω

∇ ·
(
ρu

)
dΩ = 0. (4.9)

Due to the fact that no additional mass sources exist, Qφ and Dφ are assumed to be zero. Using a
infinitesimal small control volume, this leads to a differential coordinate-free form of the continuity
equation

∂ρ

∂t
+ ∇ ·

(
ρu

)
= 0. (4.10)

This means that the change of mass for a specific volume in time equals the sum of the incoming and
outgoing masses of this volume. If the fluid is incompressible, which is assumed if the Mach number is
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below 0.3, the density is approximately constant which leads to:

∇ · u = 0 (4.11)

4.1.2 Momentum equation

Similar to the section above, Eq. 4.6 can be used to find an equation for momentum conservation. Thus,
setting the parameter φ to the fluid velocity u, for a fixed, fluid-containing volume of space, leads to

∂

∂t

∫
Ω

ρu dΩ +

∫
Ω

∇ ·
(
ρuu

)
dΩ =

∫
Ω

Qu dΩ +

∫
Ω

Du dΩ. (4.12)

The left side of this equation shows the change of the motion in time and the incoming and outgoing
motion flows. To express the right side in terms of explicit properties, one has to consider the forces
which may act on the fluid in a control volume:

• For Du they are represented by surface forces like the pressure, normal and shear stresses and
surface tension

• Qu can be represented by body forces like the gravity

The surface forces, due to pressure and stresses, are the microscopic momentum fluxes across a surface.
They can lead to a system of equations which is not closed, if these fluxes cannot be written in terms
of the fluid properties. It can be avoided by the assumption of a Newtonian fluid. This means that the
viscous stresses arising from its flow are linearly proportional to the local strain rate which is the rate of
change of its deformation over time. Then the stress tensor σ can be written as

σ = −

(
p +

2
3
η∇ · u

)
1 + 2ηS . (4.13)

In this case, η represents the dynamic viscosity, 1 is the unit tensor, p the static pressure and S represents
the rate of strain or deformation tensor

S =
1
2

(
∇ · u +

(
∇ · u

)T
)
. (4.14)

Using the Newtonian stress tensor and g representing the body forces due to gravitation the momentum
conservation equation can be written by

∂

∂t

∫
Ω

ρu dΩ +

∫
Ω

∇ ·
(
ρuu

)
dΩ =

∫
Ω

ρg dΩ +

∫
Ω

∇ · σ dΩ. (4.15)

For non-Newtonian fluids, the relation between the stress tensor and the velocity is defined by a set of
partial differential equations and the problem is far more complicated. As in Chap. 4.1.1 this equation
can be expressed in a coordinate-free vector form for infinitesimal small control volumes:

∂

∂t

(
ρu

)
+ ∇ ·

(
ρuu

)
= ∇ · σ + ρg, (4.16)

Using Eq. 4.13 and Eq. 4.14 this leads to

∂

∂t

(
ρu

)
+ ∇ ·

(
ρuu

)
= −∇p + η∇ ·

(
∇u

)
+ ρg (4.17)
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4.1.3 Energy equation

For a full description of a compressible flow the enthalpy is necessary. Once again, Eq. 4.6 gives an
equation of conservation

∂

∂t

∫
Ω

ρh dΩ +

∫
Ω

∇ ·
(
ρhu

)
dΩ =

∫
Ω

Qh dΩ +

∫
Ω

Dh dΩ. (4.18)

In this, φ was set to be the enthalpy h in the system and the additional source terms Qh and Dh have to
be found. The diffusive transport of energy is given by Fourier´ s law of heat transfer and can be written
as

q′′ = k∇T with: k =
ηcp

Pr
. (4.19)

In this case k is the thermal diffusivity with the dynamic viscosity η, T the temperature, cp the specific
heat at constant pressure and Pr is the Prandtl number. In addition the surface forces, like the pressure,
the normal and shear stresses perform mechanical work on the control volume and have to be taken into
account. Thus, the conservation of energy is given by

∂

∂t

∫
Ω

ρh dΩ +

∫
Ω

∇ ·
(
ρhu

)
dΩ =

∂

∂t

∫
Ω

p dΩ +

∫
Ω

u · ∇p dΩ +

∫
Ω

∇ ·

(
τ · u

)
dΩ +

∫
Ω

k∇T dΩ, (4.20)

which leads to
∂ρh
∂t

+ ∇ ·
(
ρuh

)
=
∂p
∂t

+ u · ∇p + ∇(k∇T ) + ∇ ·

(
τ · u

)
. (4.21)

τ is the viscous stress tensor τ = σ+ p1 which results from friction stresses at the surfaces of the control

volume. ∂p
∂t + u · ∇p represents mechanical work done on the control volume by pressure. A detailed

review on the Navier-Stokes equations is given by the book of Prandtl [57].
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4.2 The Finite Volume Elements Method

Eq. system 4.8 can be solved with a FVE method. The basis of the FVE method is the solution of Eq.
4.7 within a control volume of a mesh. After, the principle of this discretisation is described for the
simple case of a mesh consisting of cubic cells. There are several other possible shapes in OpenFOAM
for the cells of the mesh [59], but the basic principle holds.

t

t1

t0

x

y

Figure 4.1: Behaviour of a fluid element in time and space. (Drawing inspired by Schwarze [60])

Fig. 4.1 shows the scheme of a two dimensional flow region at time t0 and t1. A fluid element at t0
moves through the mesh from the initial control volume to another position at t1 along the velocity
vector drawn in the centre of the cells in Fig. 4.1. At time t1, the fluid element has the new position
in the mesh. This element transports all conservation values like the mass, motion and enthalpy from
the position at the time t0 to the position at t1. This means the source terms for convective and diffusive
flow Fφ and Dφ in Eq. 4.7 exist outside the limits of the control volume. Hence, the determination of
this source terms is essential. The main advantage of the FVE method is, that it solves Fφ and Dφ at the
boundaries of every cell in the mesh and is able to determine this sources beyond the boundaries.

For the determination of the fluid parameter, Eq. 4.7 is used:

∂

∂t

∫
Ω

ρφ
(
x, t

)
dΩ +

∫
Ω

∇ ·
(
ρφ

(
x, t

)
u
)

dΩ =

∫
Ω

Qφ dΩ +

∫
Ω

Dφ dΩ,

⇒
∂

∂t

∫
Ω

ρφ
(
x, t

)
dΩ =

∫
Ω

[
Dφ − ∇ ·

(
ρφ

(
x, t

)
u
)

+ Qφ

]
dΩ. (4.22)

With the Gauss- theorem this can be rewritten as

∂

∂t

∫
Ω

ρφ
(
x, t

)
dΩ =

∮
S

(Γ∇φ) · n dS −
∮

S

(
ρφ

(
x, t

)
u
)
· n dS +

∫
Ω

Qφ dΩ. (4.23)
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Now there are 4 terms in Eq. 4.23 which describe the problem for each flow parameter in any control
volume that is surrounded by the closed surface S . The left side is the behaviour of ρφ in time, the first
two terms on the right side the diffusive and convective flow of ρφ through S and the last one is for any
other sources for φ.

Before Eq. 4.23 can be calculated for a specific geometry, the computational fluid domain has to be
discretised into a finite number of control volumes Ω. It constitutes a three-dimensional mesh and in-
cludes the information for the boundaries to the neighbouring cells. The centre of Ω is defined as the
computational node and calculated as the centre of gravity of the volume on which the equation system
is solved. This centre represents the mean value for the flow parameter in the control volume. The
conservation property is given due to the fact that the surface integrals of the internal faces cancel out
and only the surface integrals on the global boundaries remains, while the contributions of the volume
integral add up to a global single term. More details about the necessary mesh for the calculation and
its structures can be found in [61].

4.2.1 Time discretisation

The discretisation methods in time, used for CFD, are described by Schwarze [60] or Ferziger [61].
Herein, only a brief introduction in time discretisation is given since a steady state solver is used for
the simulation of the different cooling stages for the dilution refrigerator. The time derivative term is
usually discretised by means of a finite difference ratio. The simplest scheme is the Euler scheme

∂φ

∂t
≈
φn − φn−1

∆t
. (4.24)

The index n denotes the time step and ∆t the duration of this time step itself. The Euler method is only
a first order method. For a higher accuracy several CFD-codes uses the backward differencing scheme

∂φ

∂t
=

3φn − 4φn−1 + 4φn−2

2∆t
. (4.25)

4.2.2 Space discretisation

After the creation of the mesh, Eq 4.23 has to be discretised. This section will explain the principle
of discretisation for the finite volume method, following the description in the book of Versteeg [62].
The case of a steady state diffusion, as it is used for the heat transfer through the solid parts of the heat
exchangers, is shown as an example. The process is governed by

∂

∂x

(
Γ
∂Φ

∂x

)
+
∂

∂y

(
Γ
∂Φ

∂y

)
+
∂

∂z

(
Γ
∂Φ

∂z

)
+ QΦ = 0, (4.26)

where Γ is the diffusion coefficient and QΦ is a generic source term. Fig. 4.2 shows the cells of a three-
dimensional mesh. After the mesh is divided into discrete control volumes, a nodal point is placed in the
centre of each cell. It is common practice to set up the control volumes at the edges in such a way that
the physical boundary conditions coincide with the boundary conditions of the control volumes. The
usual convention of the CFD methods is shown in Fig. 4.2a for the one-dimensional case. A general
nodal point is given by P, the neighbouring nodes are identified by W and E, as the nodes are in the
west and east of P. The west side face is referenced by w and the east side control volume face by e.
The distance between the nodes W and P and between the Nodes P and E are given by δxWP and δxPE.
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Similarly, the distance between w and P and between P and e is given by δxwP and δxPe, hence the
control volume is given by ∆x = δxwe.

δxWP

δxwP

δxPE

δxPe

∆x = δxwe

W w P e E

(a) 1D mesh

y

z

x

W

N

B

T

E

S

P
w

n

b

t

e

s

(b) 3D mesh

Figure 4.2: Mesh in different dimensions for the discretisation in space

In the case of the three-dimensional grid given in Fig. 4.2b, four additional nodes for north (N), south
(S), bottom (B) and top (T) are defined. This leads to a control volume given by ∆x = δxwe,∆y =

δyns and ∆z = δzbt.

The key step of the finite volume method is the integration of the governing equations over a control
volume to yield a discretised equation at its nodal point P. For the three dimensional control volume,
defined above, this leads to∫

∆V

∂

∂x

(
Γ
∂Φ

∂x

)
dV +

∫
∆V

∂

∂y

(
Γ
∂Φ

∂y

)
dV +

∫
∆V

∂

∂z

(
Γ
∂Φ

∂z

)
dV +

∫
∆V

Q̄Φ dV = 0 (4.27)

[
ΓeAe

(
∂Φ

∂x

)
e
− ΓwAw

(
∂Φ

∂x

)
w

]
+

[
ΓnAn

(
∂Φ

∂y

)
n
− ΓsAs

(
∂Φ

∂y

)
s

]
+[

ΓtAt

(
∂Φ

∂z

)
t
− ΓbAb

(
∂Φ

∂z

)
b

]
+ Q̄Φ∆V = 0 (4.28)

Ai is the cross-sectional area of the control volume face, ∆V the volume and Q̄Φ is the average source
term over the control volume. Eq. 4.27 shows that the diffusive flux of Φ leaving one face, minus the
diffusive flux entering through the counterpart face, is equal to the generation of Φ.

For the derivation of the discretised equations, the interface diffusion coefficient Γ and the gradient
∂Φ

∂x, y, z for the different boundary faces are required. The values of the diffusion coefficients and Φ are
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4.2 The Finite Volume Elements Method

defined at the nodal points, whereas the gradients and hence fluxes at the control volume faces have
to be calculated. A linear approximate distribution (central differencing) of the properties between the
nodal points is used to do that. Thus, the diffusion coefficient can be written as:

Γw, s, b =
ΓW, S, B + ΓP

2

Γe, n, t =
ΓP + ΓE, N, T

2
(4.29)

The diffusive fluxes through the faces are evaluated as:

ΓwAw

(
∂Φ

∂x

)
w

= ΓwAw

(
ΦP − ΦW

δxWP

)
ΓsAs

(
∂Φ

∂y

)
s

= ΓsAs

(
ΦP − ΦS

δySP

)
ΓbAb

(
∂Φ

∂z

)
b

= ΓbAb

(
ΦP − ΦB

δzPB

)
ΓeAe

(
∂Φ

∂x

)
e

= ΓeAe

(
ΦE − ΦP

δPE

)
ΓnAn

(
∂Φ

∂y

)
n

= ΓnAn

(
ΦN − ΦP

δyPN

)
ΓtAt

(
∂Φ

∂z

)
t
= ΓtAt

(
ΦT − ΦP

δzTN

)
(4.30)

For most cases, the source term QΦ is a function of the dependent variable, so the source term can be
approximated by the linear form

Q̄Φ∆V = Qu + QpΦP. (4.31)

Under the usage of 4.30 and 4.31, Eq. 4.28 is obtained[
ΓeAe

(
ΦE − ΦP

δPE

)
− ΓwAw

(
ΦP − ΦW

δxWP

)]
+

[
ΓnAn

(
ΦN − ΦP

δyPN

)
− ΓsAs

(
ΦP − ΦS

δySP

)]
+

[
ΓtAt

(
ΦT − ΦP

δzTN

)
− ΓbAb

(
ΦP − ΦB

δzPB

)]
+

(
Qu + QpΦP

)
= 0.

(4.32)

Identifying the coefficients of Φi in Eq. 4.31 as ai and for ΦP with aP, the above equation can be written
as

aPΦP = aWΦW + aEΦE + aSΦS + aNΦN + aBΦB + aTΦT + Qu =
∑

i

aiΦi + Qu, (4.33)
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with

aP =
∑

i

ai − Qu (4.34)

for the coefficients around point P. Eq. 4.33 can always be reduced to two- or one-dimensional problems.
A summary of the neighbour coefficients for diffusion problems is given in Tab. 4.2. The boundary con-

Table 4.2: General neighbour coefficients for a diffusive
flow

aW aE aS aN aB aT

1D ΓwAw
δWP

ΓeAe
δPE

- - - -
2D ΓwAw

δWP

ΓeAe
δPE

ΓsAs
δSP

ΓnAn
δPN

- -
3D ΓwAw

δWP

ΓeAe
δPE

ΓsAs
δSP

ΓnAn
δPN

ΓbAb
δBP

ΓtAt
δPT

Table 4.3: Neighbour coefficients for a heat flow
through a solid

aW aE aS aN aB aT

1D kwAw
δWP

keAe
δPE

- - - -
2D kwAw

δWP

keAe
δPE

ksAs
δSP

knAn
δPN

- -
3D kwAw

δWP

keAe
δPE

ksAs
δSP

knAn
δPN

kbAb
δBP

ktAt
δPT

ditions are incorporated by cutting the link to the boundary side and introducing the boundary side flux
through additional source terms Qu and Qp. This linear discretisation scheme is used to calculate the
heat transfer through the solid of the heat exchanger in the performed simulations. In this case Γ is given
bei the thermal conductivity k and the parameter Φ is represented by the enthalpy h. The coefficients
are given in Tab 4.3.

In problems where fluid flow plays a significant role, the effects of convection has to taken into ac-
count. The steady convection-diffusion equation can be derived from the transport equation Eq. 4.7 for
a general transport property φ by

∇ ·
(
ρuφ

)
= ∇ · (Γ∇φ) + Qφ. (4.35)

After the integration over a control volume this gives similar to Eq. 4.23∮
S

(
ρφ

(
x, t

)
u
)
· n dS =

∮
S

(Γ∇φ) · n dS +

∫
Ω

Qφ dΩ. (4.36)

This equation represents the flux balance in a control volume. The left hand side gives the net convect-
ive flux and the right hand side contains the net diffusive flux and the generation of destruction of the
property φ within the control volume.

Due to the fact that the diffusion process affects the distribution of a transported quantity along its
gradients in all directions, whereas convection spreads influence only in the flow direction, it is possible
that higher order discretisation schemes have to be used. In the case of low mass flows and low Reyn-
olds numbers the central differencing method still gives good results.

Then the discretisation leads to a very similar structure like in Eq. 4.33

aPΦP = aWΦW + aEΦE + aSΦS + aNΦN + aBΦB + aTΦT (4.37)

where the coefficients are given in Tab. 4.4.
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4.2 The Finite Volume Elements Method

Table 4.4: general neighbour coefficients for a convective-diffusive flow for a fluid

aW aE aS aN aB aT aP

Dw +
Fw
2 De +

Fe
2 Ds +

Fs
2 Dn +

Fn
2 Db +

Fb
2 Dt +

Ft
2

∑
i ai + (Fe − Fw) + (Fn − Fs) + (Ft − Fb)

Here the following definitions were used

Fw, e = (ρu)w, e , Fs, n = (ρv)s, n , Fb, t = (ρw)b, t , (4.38)

Dw, s, b =
Γw, s, b

δxW, S, B P
, Dw, s, b =

Γw, s, b

δxW, S, B P
. (4.39)

For other discretisation schemes like the upwind differencing scheme or the hybrid scheme (central and
upwind combined) the equations have the same structure like Eq. 4.33 or 4.37. The main difference
is that the coefficients contains additional terms to account for convection as it is shown in the book of
Versteeg and Malalasekera [62].
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4.3 CFD Modelling

The computational code used for the simulations is OpenFOAM 2.4.0 [58]. It includes various types
of solvers for different fluids e.g. compressible, incompressible, multi-phase, heat transfer cases. The
OpenFOAM software contains tools for pre-processing and the solver tools. Useful features in the pre-
processing tools are for example the meshing tools blockMesh and snappyHexMesh for generating the
computational mesh. In the solving procedure of OpenFOAM there are two main parts:

• The executable applications which are referred to as solvers and utilities. The solvers are al-
gorithms for solving systems of differential equations with the finite volume method

• The case is an entity which specifies the solver to be used, the geometry and other problem specific
properties.

A full description of the tools provided by OpenFoam is given in [63].

4.3.1 Equations Used by OpenFOAM

The solver chtMultiRegionSimpleFoam is a steady state solver for conjugate heat transfer between a
solid and a fluid region, including steady-state turbulent flow of compressible fluids.

Governing equations in fluid regions

The solver uses the continuity equation and the Navier-Stokes equations for compressible flow in vector
forms as mentioned before

∂ρ

∂t
+ ∇ ·

(
ρu

)
= 0 (4.40)

∂

∂t

(
ρu

)
+ ∇ ·

(
ρuu

)
= −∇p + η∇ ·

(
∇u

)
+ ρg (4.41)

where u is the velocity vector, p the static pressure, g the gravitational acceleration and η is the dynamic
viscosity. The energy equation used by OpenFOAM can be written as

∂ (ρE)
∂t

+ ∇ ·
(
ρuE

)
= ∇ · (k∇e) − ∇ ·

[
u
(
p − ρg

)]
+ Qadd. (4.42)

k is the thermal diffusivity, Qadd is a thermal source term for additional heat sources, e the specific
internal energy and E the total specific energy of the fluid defined as E = e + u2

2 . In this case the energy
equation was defined with the inner Energy instead of the enthalpy as in Chap. 4.1.3. Both equations
can be used by the solver but due to a better stability of the simulation Eq. 4.42 was used. Due to the
steady state problem, the derivatives in time vanished.

Governing equations in solid regions

For the calculation of the heat transfer through the solid regions

∂ (ρh)
∂t

= ∇ · (k∇h) + Qadd (4.43)
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is used and h is the enthalpy. In the case of a steady state problem this reduces to

−∇ · (k∇h) = Qadd. (4.44)

Conjugate Heat Transfer

The fluid and the solid domain are simulated simultaneously for the conjugate heat transfer. The con-
stant temperature boundary condition is given for the outside surfaces of the solid regions in the model.
In order to provide the boundary conditions for the fluid governing equations, on the interface between
solid and fluid region a no-slip wall boundary condition is assumed.

For the used solver, the domain is divided in sub-meshes for each fluid and solid region. First the Navier-
Stokes equations and the energy equation in the fluid regions are solved. Afterwards, the heat transfer
equation in the solid regions is solved. The coupling between the different sub-meshes is achieved by
exchanging information at the fluid/solid interfaces to ensure the continuity of temperature and the con-
servation of energy [64].

When the energy equation is solved in the fluid region, a temperature at the interface has to be spe-
cified. The temperature Tw at the interface can be calculated as follows:

Tw =

ks
δxs

Ts

kf
δxf

+
ks
δxs

+ (1 − k)
(
Tf +

∇Tref

δxf

)
=

kf
δxf

Tf +
ks
δxs

Ts

kf
δxf

+
ks
δxs

, (4.45)

where Tf and Ts are the temperatures from the neighbouring fluid and solid regions, kf and ks are the
heat conductivities of the fluid and solid regions and Tref is a reference temperature. By introducing the
interpolation coefficient k as

k =

ks
δxs

kf
δxf

+
ks
δxs

, (4.46)

where δxf, s are the distances between the cell centers and the interface. The temperature gradient at the
interface can be calculated by the following equation

∇T I
f = k

Ts − Tf

δxf
+ (1 − k)∇Tref =

ks
δxs

kf
δxf

+
ks
δxs

Ts − Tf

δxf
. (4.47)

For the solid side of the interface a similar gradient relation exists. To ensure the energy conservation
near the interface, the following additional condition is required

ksT I
s = kfT I

f . (4.48)
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4.3.2 The SIMPLE Algorithm

chtMultiRegionSimpleFoam is a compressible solver for steady state heat transfer. It’s called Simple due
to the Semi Implicit Pressure Linked Equation algorithm which is used to solve the equation system.
Fig. 4.3 shows a workflow scheme of this algorithm. Here p is the pressure, u, v, w are the vector
components of the velocity and T is the temperature.

If an implicit method is used in the time domain, the discretised momentum equations at the new time
step are non-linear. Because of the coupling of this differential equations, the equation system resulting
from discretisation can not be solved directly.

The momentum equations are usually solved sequentially for each component. The pressure used in
each iteration is obtained from the previous time step and therefore the computed velocities do not ne-
cessarily satisfy the continuity equation. In order to fullfill the continuity equation, the pressure field
has to be modified, which can be done by solving the Poisson equation for the pressure.

After solving the equation and the correction of the pressure field, the velocity field is recalculated
at the next iteration step. This new velocity field satisfies the continuity equation, but velocity and pres-
sure field satisfies not necessary the momentum equations. Therefore, the procedure is iterated until a
velocity field is found that satisfies both the momentum and continuity equation.

Methods of this kind, which first construct velocity fields that do not satisfy the continuity equation,
are known as projection methods. The SIMPLE algorithm is such a method. Here p is the pressure,
u, v, w are the vector components of the velocity and T is the temperature.
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Start

Initial guesses for p?, the velocity components
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Convergence?
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Figure 4.3: Scheme of the SIMPLE algorithm
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Chapter 5

The 4π-Continuous Polarised Target

≈300 K

≈4 K
≈1 K

≈30 mK

Precooling

Dilution unit

Figure 5.1: The continuous mode dilution refrigerator

Figure 5.1 shows the design of the new 4π continuous polarised target. It consists of two main compon-
ents: the dilution and the precooling unit. In designing the refrigerator, it is important to consider the
special demands of a polarised target instead of other applications for dilution refrigerators. Different to
the dilution refrigerator described by Bradtke [13], the requirements for the two operational modes, as
mentioned in Chap 2.3, are:

• Continuous/polarisation mode: T = 200 mK and Q̇ = 100 mW

• Frozen spin mode: Tmin = 30 mK and Q̇ = 200 µW

• Support of an internal polarisation magnet with a current of 90 A

• Maximum diameter of the target region of �94 mm

• A target temperature below 160 K during the insert procedure
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Chapter 5 The 4π-Continuous Polarised Target

In any case, the minimum temperature attainable is limited by the heat leak to the mixing chamber.
Thus, all imaginable sources have to be taken into account which is done in Chap. 5.1. This heat leak
can not be avoided, due to the refrigerator geometry needed for the high angle acceptance of the exper-
iment and the heating by the beam itself.

The precooling stages are designed to provide a large refrigeration power for cavity temperatures of
30 mK ≤ T ≤ 200 mK and a 3He-4He mixture flow rate of 1 mmol s−1 ≤ ṅ ≤ 20 mmol s−1. Thus, the
precooling consists of 4 heat exchangers and two heat sinks, called separator and evaporator. Due to
the high 3He-4He mixture circulation rate, the heat exchangers are optimised for a huge surface area. In
addition, the incoming helium is cooled by the 3He-4He back-stream and liquid 4He supported from the
separator. A detailed description can be found in Chap. 5.2. The dilution unit, as described in Chap.
5.3, consists of a still, a copper sintered heat exchanger and a mixing chamber. In addition, a new design
to cool the internal superconducting coils was implemented and, due to use of an internal polarisation
magnet (see Chap. 5.4), the continuous mode for longitudinal polarisation is possible.

The refrigerator has to work for several weeks with the option to change the target material without
heating up the refrigerator and to preserve a target material temperature of ≤ 160 K during the proced-
ure. Therefore, an insert system as described in Chap 5.5 is necessary. However, the development of the
4π-continuous-mode refrigerator was determined not only by the cooling characteristics, but also under
mechanical characteristics given by the CB detector.

5.1 Thermal Insulation

As Eq. 3.13 shows, the available cooling power at temperatures below 100 mK does not exceed 20 mW
for the maximum flow-rate of 20 mmol s−1. Due to this, it is necessary to create a good thermal insula-
tion of the refrigerator and different sources of heat leaks have to be taken into account:

• Thermal radiation

• Gaseous heat conductivity

• Heat transfer through mechanical supply

• Mechanical vibrations

• Joule heating

All of these heat sources are discussed in the next sections. Any heat increases the minimal temperature
in the mixing chamber and reduces the supported cooling power for the target material. Thus, all of
these influences have to be minimised for a good performance of the refrigerator.

5.1.1 Heat transfer through the radiation shielding

The Stefan-Boltzmann equation describes the radiant power of an area A2 with a temperature T2, which
is totally enclosed by a surface area A1 of the temperature T1:

Q̇ = σ · A1 ·
(
T 4

2 − T 4
1

) ε1ε2

ε2 +
(

A1
A2

)
(1 − ε2) ε1

(5.1)
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The coefficients ε1, 2 represent the values of emissivity of the corresponding materials. For this relation,
it is assumed that the emissivity of a specific material equals the absorptivity. It has to be taken into ac-
count that ε is frequency dependent. At temperatures below 300 K, the distribution of the radiant power
has its maximum in the far-infrared range, due to Wien’s displacement law. Thus, an average value of
the emissivity for the far-infrared range can be assumed.

The idea based on Eq. 5.1 is to use radiation shields of low emissivity, surrounding the refrigerator
and decrease the temperature of each one. For this refrigerator, an inner and outer heat shield is used.
They are anchored to two heat exchangers outside the refrigerator himself to a temperature of:

• Outer heat shield: T ≈ 20 K

• Inner heat shield: T ≈ 2.5 K

In difference to the refrigerator for the GDH experiment described by Bradtke [13], the cooling of the
internal magnet and the heat shields is independent of the heat exchangers of the precooling unit. The
separator (or evaporator) supports an independent cooling system which is used to cool the internal
magnet, the heat shields and the leads of the internal magnet. In Fig. 5.2 the principle of this cooling
system is shown. Liquid 4He from the heat sinks of the precooling unit is used to cool down the magnet
and afterwards to cool the heat radiation shields. Thus, the whole system is located in the isolation
vacuum and has no direct contact to the inner parts of the refrigerator.

Precooling unit Dilution unit

HE coil

HE inner radi-
ation shield

HE outer radi-
ation shield Inner radiation shield

Outer radiation shield

Internal magnet and
holding structure

Figure 5.2: Block scheme for the cooling of the magnet and the radiation shields. The cooling system for the
radiation heat shields and the magnet surrounds the inner parts of the refrigerator and is located in the vacuum
shell.

Therefore, the temperature of the heat shields is independent of the 3He-4He circulation rate. In addi-
tion, this cooling system surrounds the precooling unit and reduces also the radiation heat to the inner
parts of the refrigerator. The heat shields are made of oxygen free copper for maximal thermal conduct-
ance. This provides a quick removal of the heat load. Only the front parts of small surface area and
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Chapter 5 The 4π-Continuous Polarised Target

low heat load consists of aluminium to lower the detection threshold for the outgoing particles. The
emissivity of the heat shield is decreased by a gold plating of 2 µm. Also, this prevents the heat shields
from oxidation which would increase the emissivity over time.

The calculation of the temperature distribution is similiar to the calculation by Bradtke [13]. The heat
shields were discretised by infinitesimal slices with the length ∆x. Then it can be assumed that the
radiative heat load on a slice is concentrated at its end and that the slice has to conduct the energy

Pi = Pi−1 + Q̇R, i. (5.2)

The thermal conduction along a tube of the cross section A and a thermal conductivity k (T ) is given by
the Fourier law

Pi = A · k (T )
Ti − Ti−1

∆x
(5.3)

These equations can be used to calculate the temperature distribution of the heat shields with an iterative
procedure. In Fig. 5.3 the calculated and measured temperature profile is shown.
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Figure 5.3: Temperature distribution on the outer heat shield

The temperature distribution in Fig. 5.3 leads to a total radiative heat load of about 13 W. Once the
temperature profile of the outer heat shield is known, the radiative heat transfer of the inner shield can
be calculated and then the heat load of the internal polarisation coil and the mixing chamber itself. The
radiative heat load of the different shielding parts is given in App. A.3. The heat load of the cryogenic
components (∼ 3 mW) is small compared to the cooling power of the precooling unit. In addition, this is
the heat load to the cooling components of the heat shields and the polarising magnet, which surrounds
the inner refrigerator parts. Thus, the influence of radiative heat to the precooling is negligibly.
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5.1 Thermal Insulation

The mixing chamber is surrounded by the internal holding coil, which operates at a temperature of
1 K. To minimise the radiative heat, a radiation foil is attached to its downstream end. Also in the beam
tube 5 radiative foils of decreasing temperature prevent radiative heat from the upstream side. Since the
last foil is attached to the still, it also operates at a temperature of 1 K. Therefore, the total radiative heat
load to the mixing chamber is evaluated to be 41 pW.

5.1.2 Heat transfer by gaseous conduction

An additional heat source, which has to be taken into account, is the heat transfer by gaseous conduction.
Gas molecules placed between two bodies of different temperatures give rise to an energy flow from the
hotter to the colder surface by collisions. In the range of turbulent flow the thermal conductivity is
independent of the pressure because the distance between the surfaces exceeds the mean free path λ. In
the case of the vacuum shell and the beam tube, the pressure is lowered such that λ � d. Then, the
molecule conduction is the most important source for heat transfer by gaseous conduction. Now, the
thermal heat transfer between two nearly parallel surfaces of an area A can be expressed by

Q̇gas = A · a0 ·
cp + cV
√

cp − cV

√
1

8πMT
· (T2 − T1) · p [65]. (5.4)

M is the molecular weight and T the temperature of the gas, whereas cp, V are the corresponding specific
heat coefficients. The thermo molecular pressure effect based on thermal transpiration leads to a fixed
pressure and temperature condition p = const · T 2 [66]. The accommodation coefficient a0 describes
the efficiency of heat transfer between the walls and the gas molecules. White [67] gives a0 ≥ 0.5 for
helium gas at the conditions of the isolation vacuum.

Eq. 5.4 shows that the heat transfer is largest for mono-atomic gas with low molecular weight. Un-
fortunately, the compression coefficient of turbo molecular pumps depends on K = exp

(√
M

)
[68].

The molecular weight and in this way the residual gas molecules are dominated by hydrogen, but in
cryogenic apparatus, the system is cryo-pumped and below 10 K the atmosphere is nearly pure helium.
Thus, Eq. 5.4 reads

Q̇gas = A · a0 · 2.12
m

s · K
· (T2 − T1) · p. (5.5)

In order to minimise gaseous heat transfer the dilution refrigerator is surrounded by a vacuum shell. The
pressure of the cold refrigerator is reduced to ≤ 1 × 10−5 mbar. The heat shields and the internal polar-
isation magnet are also located in the isolation vacuum. This prevents the gas molecules from travelling
from the room temperature side to the cold wall of the refrigerator directly.

In comparison to the thermal radiation, the heat load by conduction on the heat shields and the enclosure
of the cryogenic components is negligible, due to the fact that the heat load by gaseous conduction is
101 to 102 orders smaller than for the radiative heat transfer. For the mixing chamber it is different. In
this case and in the case of the internal super conducting magnet, the heat load by gas conduction is
the dominant process and around 1 µW. In addition, the mixing chamber is in contact with the isolation
vacuum of the beam tube. The insert of the beam tube, where the target is located, is sealed with an
cold indium seal against the mixing chamber. This means that the pressure of the isolation vacuum in
the beam pipe depends on this tightening and whether super leaks can be avoided at this seal.
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Figure 5.4: Additional heat load by gaseous heat transfer through the beam tube

Fig. 5.4 shows the heat load on the mixing chamber through the beam tube at different pressures. It is
obvious that for a good performance of the refrigerator the pressure of the beam tube has to be as small
as possible.

During the test measurements described in Chap. 6, a beam tube vacuum of ≈ 5 × 10−5 mbar could
be reached with liquid 4He in the dilution unit. Without liquid 4He in the dilution unit, a pressure of
≈ 2.4 × 10−7 mbar was reached. This shows that the indium ring did not seal the beam tube against the
mixing chamber perfectly, but good enough to reach a pressure region where the heat load to the mixing
chamber is in an acceptable region. In App. A.3 the calculated heat loads to the different parts of the
refrigerator are summarised.

5.1.3 Heat conduction by mechanical supply and vibrations

An additional heat source, which has to be taken into account, is the heat conduction along the mechan-
ical structure of the refrigerator and heat generation by mechanical vibrations. Remembering Eq. 5.3,
the axial heat conduction in an isotropic solid of length l and cross-section A can be described by

Q̇structure =
A
l

∫ T2

T1

κ (T ) dT. (5.6)

In this equation the intrinsic thermal conductivity is of utmost importance. Electrons can carry the heat
in a solid and, due to their mobility, this leads to κ ∝ T . Also, phonons can translate the heat through a
solid which gives a dependence of κ ∝ T 2. Since at low temperatures the number of phonons is small,
electron conduction represents the dominating process in pure metals. Then, the thermal conductivity
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can be expressed by the Wiedemann-Franz law [69]

κ (T ) =
σ

3

(
πk
e

)2

= σ · 25 nW Ω K−1 · T. (5.7)

Thus, metals like oxygen free high conductivity copper, which provide highest conductivity up to
1300 W/K2/m · T , are used for the heat exchanger components for optimised heat exchange. Stainless
steel, with a much lower conductivity [70], is used for the mechanical structure to reduce the heat con-
duction. The thermal conductivity of stainless steel is about 104 times less compared to copper, due
to the scattering of the electrons by impurity atoms in the structure. Thus, stainless steel is also used
to isolate the different components of the refrigerator from each other. In addition, thin walled tubes
are used to reduce the cross section along the axis of heat conduction, which is a common technique in
cryophysics reffered to Hands[71].

The mixing chamber is located at the end of a tube, which forms a part of the heat exchanger of the
dilution unit. Thus, the heat conductivity along this structure can be neglected. The main heat load,
through heat conduction along the mechanical structure to the mixing chamber, comes from the target
insert, the microwave- and the NMR-guide. To reduce the conducted heat, all of these parts are build
from thin walled tubes. The NMR guide used for this refrigerator is UT-T-85-B-B, which is a coaxial
conductor of beryllium copper alloy isolated by Teflon. Beryllium copper is a metal which has a high
electrical conductivity, but a low thermal conductivity. In addition, several heat sinks are used to reduce
the axial heat conductivity, the coldest one thermally anchored to the still at a temperature of 700 mK
and a distance of arround 1 m from the mixing chamber. Following, the calculations of Klostermann
[72], the heat conduction along the NMR guide, with length l, is given by

Q̇NMR =
12.2 µW cm

l

(
T 2.25

2 − T 2.25
1

)
. (5.8)

For a temperature of 30 mK at the mixing chamber, this leads to a heat load of 220 nW. For temperatures
below 1 K, the thermal conductivity for stainless steel can be written as

κ (T ) = 0.15 W K−1 m−2 · T − 4.8 W K−1 m−1 · T. (5.9)

Using Eq. 5.6, the resulting heat load is about 7.2 µW. At temperatures in the milli-kelvin region, the
heat generation by mechanical vibrations also has to be taken into account. Especially in the case of
a horizontal dilution refrigerator, like this continuous mode refrigerator, this effect is increased. The
refrigerator is more than 2 m long and the distance between the mixing chamber and the base of the
refrigerator is of the same order. This leads to a sensitive setup for vibrations of any sources. The main
source are vibrations from the pumping system. Thus the root pumps, which are operating at a frequency
of 50 Hz resulting in a typically building motion frequency of ≈ 2−4 Hz [73], are uncoupled by attaching
them with rubber pads to their mechanical supply. In addition, the pumping leads between root pumps
and refrigerator are uncoupled with flexible metal bellows. Following Lounasmaa [74], mechanical
vibrations easily cause a heat load of ≈ 100 nW and in the case of strong vibrations and poor damping
this heat load goes up to several micro-watts. In this system, the heat load due to vibrations should be
smaller than 100 nW.
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5.1.4 Joule heating

For thermometry, resistance thermometers are located at the mixing chamber, the heat sinks, the heat
exchangers and all other important parts of the refrigerator. The electric currents of these and the internal
polarization magnet cause a heat load, which can be calculated by

Q̇electric = I2R =
U2

R
. (5.10)

I is the current, R the resistance and U the voltage used for the measurement. The resistance thermo-
meters are measured with 4-wire AC bridges whose excitation is adapted to the particular temperature
region. To reduce the heat conduction along the measurement wire, a special quad twisted wire is used.
Also, the AC bridges measures only one resistance at one time to reduce the joule heating. This leads to
a heat load of less than 10 pW from thermometry.

5.1.5 Heat load on the mixing chamber

The above sections show that the heat transfer from the room temperature surroundings on the refri-
gerator is dominated by thermal conduction along the mechanical supply and by thermal radiation. To
reduce the heat load on the mixing chamber, it is important to have a pressure as low as possible in the
beam pipe to minimise the effect of gaseous heat conduction. The heat load from mechanical vibration
and Joule heating can be neglected since they are in the order of 100 nW. Tab. 5.1 summarises the heat
load of the different sources to the mixing chamber.

Table 5.1: Heat load on the mixing chamber

P

radiative heat transport 41 pW
gaseous conduction without beampipe 0.4 µW
gaseous conduction through the beam pipe ≤ 31.5 µW
conduction by solids 7.4 µW
mechanical vibrations < 100 nW
Joule heating < 1 pW
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5.2 The Precooling Stages

HE1

HE2

Separator HE3

Evaporator

300 K

3.5 K

1 KFigure 5.5: Sketch of the precooling unit

As mentioned before, the refrigerator consists of two main parts: the dilution unit and the precooling
stages. The precooling stages, which are shown in Fig. 5.5 and 5.6, have to precool and liquefy the in-
coming 3He-4He mixture entering the refrigerator. For this the precooling consists of a series of counter
flow heat exchangers cooled by two continuous flow 4He evaporation stages called separator and evap-
orator. Radebaugh et all [75] have shown that such a design reduces the 4He consumption and is used for
a refrigerator working more economical. There are three counter flow heat exchangers, where the first
two are supported by the separator, the third one by the evaporator. Each heat exchanger gets additional
cooling by the 3He back-streaming from the dilution unit. An additional heat exchanger is located inside
the evaporator and operates as an heat sink to get the incoming mixture cooled down to 1 K before it
enters the dilution unit.

First, the incoming 3He-4He mixture enters heat exchanger 1 (HE1) and is cooled from room temperat-
ure (300 K) to around 8 K. Afterwards heat exchanger 2 (HE2) cools the mixture to the temperature of
the separator (around 3.5 K). Then, the 3He-4He mixture enters heat exchanger 3 (HE3) and is cooled
to around 1 K. The 4He flowing from the separator to the evaporator is cooled by HE3, too. This heat
exchangers cool the incoming streams by 4He from the separator and the evaporator and by the back-
streaming 3He-4He. At the end of the precooling stages a heat exchanger (HE4) is located inside the
evaporator as a thermal sink to ensure that the incoming 3He-4He mixture is cooled to the evaporator
temperature of 1 K, independent of the circulating rate of the mixture. The following sections will give
a more detailed view to the different parts of the precooling.

The results of the CFD simulations, mentioned in Chap. 4, are presented in this Chapter. This sim-
ulations give access to a more detailed view in the fluid dynamics of the precooling stages. In addition,
all streams of the different heat exchangers are implemented in the simulations and the influence of the
back streaming 3He-4He mixture is taken into account.
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Figure 5.6: Scheme of the precooling unit and the different streams

5.2.1 Separator

The separator is formed by a cylindrical stainless steel chamber of 400 cm3 volume. It is operated at a
pressure range around 600 mbar to 700 mbar, which results in a temperature of the liquid 4He of around
3.5 K. This enables a continuous filling through the transfer line with liquid helium from a Dewar at
atmospheric pressure. The flow can be regulated by a needle valve, but depends on the different cooling
stages and the setting of the helium support from the separator to these cooling stages. Inside the
separator, a layer of sintered brass is mounted to purify the liquid helium. This is necessary to protect
the other parts of the refrigerator from blocking from dirt and ice, coming from the Dewar. After the
refrigerator is warmed up to room temperature, the separator can be evacuated to clean the filter brass.
The separator is the first heat sink of the refrigerator and provides the liquid 4He for liquefaction and to
cool down the structure. Thus, the separator supports

• the evaporator,

• heat exchanger 1 and 2,

• the cooling of the internal polarisation magnet and the heat shields during the cool down proced-
ure,

• a bypass to precool the dilution unit and in addition the indium seal of the insert (see Chap 5.5)
can be cooled with liquid helium.

To reach the operation pressure of the separator, a rotary vane pump with 100 m3 h−1 is used. Fig. 5.7
shows the dependence of the separator cooling power on its temperature. This relation was calculated
under the usage of the latent heat and the flow rate.
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Figure 5.7: Cooling power of the separator.

The gas, leaving the separator through this pumping line, is used to cool the transfer line. This reduces
the consumption of liquid helium in the precooling unit. The separator is also pumped by the heat
exchanger cascade 1,2 and the evaporator to support them with liquid helium. The flow to this parts can
be regulated by needle valves.

5.2.2 Heat exchanger 1 and 2

300 K

8 K
(a) All stages of heat exchanger 1

3Hein

4He

3Heout

(b) Detailed view of one stage of heat exchanger 1

Figure 5.8: Construction sketches of heat exchanger 1

As mentioned before the 3He-4He mixture, necessary to cool the target, circulates in a closed system.
Before it enters the dilution unit, the circulating mixture has to be cooled. For this, a series of counter
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flow heat exchangers is used. Heat exchanger 1 and 2 cool the incoming mixture from room temperature
(∝ 300 K) to the temperature of the separator (∝ 3.5 K). These heat exchangers are shown in Fig. 5.8
and 5.9. First the 3He-4He mixture enters HE1 and is cooled. Afterwards, the incoming mixture enters
HE2 which cools it to the temperature of the separator. In both heat exchangers, the incoming stream
is cooled with back streaming pure 4He from the separator and the 3He-4He mixture from the dilution
unit. The flow scheme is shown in Fig. 5.6. Thus, both heat exchangers can be seen as one cooling unit,
due to the in series connected cooling streams. The 4He back-stream is pumped by a rotary vane pump
with 100 m3 h−1 and the flow-rate of this back-stream can be regulated by an additional needle valve.

8 K

3.6 K
(a) Overview of heat exchanger 2

3Hein

4He

3Heout

(b) detailed view of heat exchanger 2

Figure 5.9: Construction sketches of heat exchanger 2

To suggest an assumption of the performance of the precooling stages, CFD-Simulations based on the
chtMultiRegionSimpleFoam [63] solver were performed. After the creation of the mesh, it is important
to choose the correct boundary conditions.

The boundary zeroGradient says that the condition ∇φ = 0 has to be full-filled at the wall were this
condition is used. Thus, the pressure condition zeroGradient is set to the walls and the outlet. The
pressure at the inlet of the heat exchangers was set to a constant value. To ensure mass conservation the
flow at the in- and outlet are set to a constant value but with opposite sign. This is necessary because the
direction of the flow through a face is always given along the face normal and this is always directed into
the mesh in OpenFOAM. The velocity of the fluid has to be zero at the walls. The boundary condition
compressible::turbulentTemperatureCoupledBaffleMixed is used to translate the temperature conditions
between the different sub-meshes of the simulation. For each fluid stream and each solid a sub-mesh is
created with an interface at the connecting surfaces for interaction. How this boundary condition works
has been described in Chap. 4.3.1. All other walls are set to zeroGradient which means that they are
assumed to be adiabatic. Heat exchanger 1 consists of 6 copper turbine stages. To reduce the thermal
conductivity along the structure these stages are interconnected with stainless steel tubes. Thus, the heat
conductivity along these tubes could be ignored for this simulations. In Appendix A.4 the boundaries for
heat exchanger 1 and 2 are summarised. Following the data for a 3He-4He circulation rate of 1 mmol s−1

are shown.
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5.2 The Precooling Stages

(a) Temperature data of heat exchanger 1

(b) detailed view of stage 6

Figure 5.10: Temperature data for heat exchanger 1 at 1 mmol s−1 3He circulation rate

Fig. 5.10 shows the simulated temperature profile for heat exchanger 1. It can be seen that the temper-
ature profile for all streams and all stages of the heat exchanger was calculated. Also, each stage has a
good defined mean temperature and is thermal uncoupled from the surrounding stages, as it can be seen
in Fig. 5.10a. Due to the well defined temperature gradient along this heat exchanger, the heat conduct-
ivity along the refrigerator to the cooler front part is reduced. Fig. 5.10b shows the temperature profile
for stage 6 in more detail and the three streams flowing through this stage. The out-going gaseous 3He
stream from the dilution unit is represented by the stream traces in this plot. The stream traces show
that this back-stream trough HE1 is laminar as expected. In Fig. 5.11 the pressure field for all streams
is presented.
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(a) pressure of the out-going 3He

(b) pressure of the in-streaming 3He

(c) pressure of the out-going 4He

Figure 5.11: Pressure data for heat exchanger 1 at 1 mmol s−1 3He circulation rate

The pressure at the inlet for the 3He-4He mixture at HE1 could be measured to be 100±5 mbar which fits
with the simulated data and the assumed inlet-pressure for the simulation. Also the measured pressure at
the outlet of the 4He stream of about 15±2 mbar fits to the simulated data. The outlet pressure of the out-
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going 3He-4He was measured to be 2.4±0.5 mbar. The measurement at other positions was not possible.

The temperature profile for all fluid streams of heat exchanger 2 are shown in Fig. 5.12. Fig. 5.12d
shows the temperature gradient of the out streaming 3He-4He mixture. Fig. 5.12a shows the temperature
profile of the incoming 3He-4He mixture without the 3He-4He back-stream and Fig. 5.12b shows the
temperature profile including both cooling streams. In comparison, the two data sets show that the addi-
tional cooling stream has a influence on the temperature at the outlet of the incoming 3He-4He mixture.

(a) Temperature gradient of the incoming 3He, without
cooling from the back streaming 3He

(b) Temperature gradient of the incoming 3He

(c) Temperature gradient of the outgoing 4He (d) Temperature gradient of the outgoing 3He

Figure 5.12: Temperature data for heat exchanger 2 at 1 mmol s−1 3He circulation rate

If the flow is turbulent, there are several turbulence models which can be used for the simulation. A
good description of the different most recent models is given in [61] and [62]. In the case of the dif-
ferent precooling heat exchangers, the fluid dynamic is well described by laminar flow. Therefore the
Navier-Stokes equations can be solved directly. Referring to [42], helium behaves like an ideal fluid
until the lambda point is reached. Thus, the thermophysical properties of a perfect fluid were used.
Depending on the temperature region, the viscosity η was modelled by the Sutherland equation

η =
As
√

T

1 +
Ts
T

, (5.11)
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where As is the Sutherland constant and Ts the temperature at which the Sutherland constant has been
calculated. Also polynomial fits to the data from [47], [49], [45] and [76] permit the description of the
behaviour of these values. The amount of 4He in the circulating 3He depends on the performance of
the dilution unit. For a ideal working dilution refrigerator, the amount of 4He in the circulation mixture
is less than 4 %. Depending on the temperature of the still (see Chap. 5.3), this can go up to 15 %.
This change in the mixture changes also the heat capacity and conductivity of the circulating 3He-4He
mixture and thus, the performance of the precooling heat exchangers. The simulation was done with an
4He amount up to 15 % in the circulating 3He-4He mixture, due to this fact. In addition, the simulations
were done with pure 4He, because the first test measurements were done with 4He instead of the 3He-
4He mixture.

The heat capacity and conductivity of the solid parts of the heat exchanger have to be modelled. This
was done by the polynomial fits from [77]

log cp, Copper(T ) =

7∑
i=0

ai · (log T )i, (5.12)

with

a0 = −1.918 44, a1 = −0.159 73, a2 = 8.610 13, a3 = −18.996, a4 = 21.9661 (5.13)

a5 = −12.7328, a6 = 3.543 22, a7 = 0, (5.14)

and

κCopper (T ) =

7∑
i=0

ai · T i, (5.15)

with

a0 = −186.672, a1 = 152.442, a2 = −5.187 05, a3 = 0.074 805 9 (5.16)

a4 = −5.609 29 × 10−3, a5 = 2.291 93 × 10−6, a6 = −4.840 49 × 10−9, a7 = 4.1374 × 10−12. (5.17)

Under usage of the simulations, it is possible to predict the 4He flow-rate, necessary to cool down a
specific 3He flow to the desired temperatures given in Fig. 5.8a and 5.9a, which is shown in Fig. 5.13.

These flow-rates, the pressure at the end of the outgoing streams, the inlet pressure for the dilute at
HE1 and the temperature is measured to test the performance of the different cooling stages as dis-
cussed in Chap. 6. The measurement is in good agreement with the simulated data, if it is taken into
account that the test fluid is pure 4He. Thus, the simulation seems to describe the performance of these
two heat exchangers very well. A more detailed description of the measurement is given in Chap. 6.2.
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Figure 5.13: 4He flow-rate necessary to cool the incoming dilute to the temperature of the separator

5.2.3 Heat exchanger 3

3.6 K

1.5 K
(a) Overview of heat exchanger 3

3Heout

3Hein
4Hein

4Heout

(b) detailed view of heat exchanger 3

Figure 5.14: Construction drawings of heat exchanger 3

The heat exchanger, shown in Fig. 5.14, is the part of the refrigerator having to liquefy the incoming
dilute. It consists of 6 plate stages. The incoming dilute and the liquid 4He from the separator, flowing
to the evaporator, have to be cooled down to around 1 K. In contrast to the first two heat exchangers,
this heat exchanger has two incoming streams which are cooled by two outgoing streams as shown in
Fig. 5.14b.
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The initial boundary conditions are mostly the same as for the different parts of heat exchanger 1 and
2. Only the low temperature data for the viscosity, the heat capacity and the heat conductivity have to
be implemented. For 4He, the Data collected by Donnely [47] and Keesom[78] [79] was used. The
physical properties of 3He are given by the book of Keller [40], the work of Black [80] and Greywall
[45].

At this temperatures, the incoming 4He stream from the separator to the evaporator becomes super-
fluid. Thus, the change in the heat conductivity and the heat capacity has to be taken into account to
get an approximation as good as possible for the cooling of this heat exchanger. To simplify the simula-
tion, the change in the viscosity was neglected. The incoming 4He is only precooled for the evaporator
and the change to the 4HE II state should not have a huge influence on the performance of the heat
exchanger. Nevertheless, the simulation gives only a upper limit for the performance of the refrigerator
and a lower limit for the needed 4He flow to cool the incoming streams.

Fig. 5.15 represents the temperature profile for a 3He circulation rate of 1 mmol s−1. As for heat ex-
changer 1, there is a well defined temperature gradient over the heat exchanger, due to the 6 cooling
stages. Fig. 5.15b shows the temperature profile of stage 6 in detail. It can be seen, that most of the
temperature drop is caused near the inlet of the incoming helium streams.

(a) Temperature data of heat exchanger 3 (b) Heat exchanger 3, temperature profile of stage 6

Figure 5.15: Temperature data of heat exchanger 3

The simulation shows that it is possible to use a small flow-rate of 4He to liquefy and cool the circulating
dilute. As in Chap. 5.2.2, the necessary 4He rate to cool the incoming 3He can be extracted from the
simulation data as it is given in Fig. 5.16. To compare the simulation with the operation parameter of
the refrigerator, the temperature at the in- and outlet of the incoming mixture has been measured and the
pressure of the out-streaming 4He can be measured outside the refrigerator. In addition, the flow-rate of
each stream is measured as described in Chap. 6.

As Fig. 5.16 shows, the measurement and the simulation data are not as good in agreement as the data
for HE1 and HE2. A possible source for this is the coarse model for the superfluid 4He flowing from the
separator to the evaporator. But as described in Chap. 6.2, due to a cold leak from the dilution unit to the
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Figure 5.16: 4He flow-rate necessary to cool the incoming dilute to the temperature of the evaporator

isolation vacuum it was not possible to reach the operation temperature of the evaporator of 1 K. The
temperature of the evaporator was around 1.8 K during the tests which also increases the temperature of
the 4He cooling stream and influences the cooling power of HE3.

5.2.4 Evaporator and heat exchanger 4

heat exchanger 4

evaporator out

evaporator in

Figure 5.17: Construction drawing of the evaporator

The evaporator (shown in Fig. 5.17) is a stainless steel cylinder like the separator, with a volume of
1500 cm3. It is fed with liquid 4He from the separator, which is cooled by heat exchanger 3 before
it enters the evaporator (see Chap. 5.2.3). In addition, a heat exchanger (HE4) is located inside the
evaporator. This heat exchanger, shown in Fig. 5.17, has to ensure that the incoming 3He-4He mixture
is cooled down to the temperature of the evaporator around 1 K. This thermal sink ensures a stable
temperature of the incoming 3He-4He mixture for all possible circulation rates. The cooling power of
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Figure 5.18: Temperature gradient for heat exchanger 4

the evaporator is also important, due to the fact that the evaporating gas is used to cool heat exchanger
3 and afterwards the beam-line through a set of turbine stages (see Chap. 5.5). To reach a evaporator
temperature of 1 K, a rotary vane pump with a flow-rate of 250 m3 h−1 is used. This leads to a pressure
at the evaporator of 10 mbar to 20 mbar, depending of the 4He flow rate. The cooling power depending
on the temperature is shown in Fig. 5.19. To ensure that the evaporator works as a heat sink for all
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Figure 5.19: Cooling power of the evaporator.

3He-4He circulating rates, the cooling performance of heat exchanger 4 was simulated. Fig. 5.18 shows
the temperature profile for the maximum circulating rate of 20 mmol s−1. It is obvious that the cooling
power of the evaporator is high enough to ensure a temperature of 1 K for the dilute before it enters the
still. It is also possible to support the cooling of the internal coil and the heat shields with liquid 4He
from the evaporator instead of the separator. The lower temperature of the liquid provides a lower base
temperature of the internal magnet if needed. The flow-rate of the evaporator and the flow to the cooling
of the internal magnet can be regulated by needle valves.
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5.3 The Dilution Unit

mixing chamber

dilution heat exchanger

beam tube

still

Figure 5.20: Construction sketch of the dilution unit

In Chap. 3.2, the principle of the dilution effect and the main components of a dilution refrigerator were
discussed. It is obvious that the precooling unit of this new dilution refrigerator represents the condenser
shown in Fig. 3.7. Due to the special geometry of the CB detector, the necessary 4π acceptance and
the diameter of the external polarising magnet, the mixing chamber and the dilution heat exchanger,
with the surrounding vacuum shell, is limited to a diameter of 94 mm. Fig. 5.20 shows the construction
drawing of the dilution unit. After the 3He-4He mixture exits heat exchanger 3, it is guided through heat
exchanger 4, located inside the evaporator, to the still. There, an additional heat exchanger ensures that
the incoming dilute is thermalised to the temperature of the still around 700 mK. This heat exchanger
consists of a 5 m long copper tube located in the helium bath of the still. Afterwards, the incoming
mixture is guided through the main flow impedance to the last heat exchanger. This heat exchanger
consists of 10 copper sintered stages to maximise the surface area and to uncouple the different stages
for heat conductivity along the structure of the heat exchanger. Finally, the mixture enters the mixing
chamber where the target is located. The mixture flows back through the heat exchanger to the still, and
with the heater located there, it is possible to create the concentration gradient between mixing chamber
and still which is necessary for the dilution effect.

A flow diagram of the dilution unit is shown in Fig. 5.21. The still is pumped by a series of root blowers
of the pumping system. The whole test facility is described in Chap. 6. In the following, the different
parts of the dilution unit will be described in more detail. The outgoing 3He-4He mixture is used for
additional cooling on each main heat exchanger of the precooling unit before it exits the refrigerator at
room temperature. The flow of the circulating 3He-4He mixture can be regulated with a needle valve
before the incoming dilute enters the heat exchanger at the still. Also, a 4He bypass from the separator
to the dilution heat exchanger can be used to cool the refrigerator down from room temperature (300 K)
to around 900 mK, where the refrigerator can be used as an 4He evaporation system, too.
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3Hein

4Hein

4Heout, Eva

3Heout

Evaporator Still

HE4

HE Dil Mixing
chamber

Figure 5.21: Flow diagram of the dilution unit

5.3.1 Mixing Chamber

Target

Internal magnet

Inner radiation shield
Outer radiation shield

Beam tube

Figure 5.22: Cut through the mixing chamber

The mixing chamber is shown in Fig. 5.22. It is of a cylinder of aluminium situated in the front part of
the refrigerator at the end of the beam-tube. It is surrounded by the heat shields and the internal magnet
inside the vacuum jacket. Through the beam-tube, a NMR wire and a microwave guide enter the mixing
chamber to polarise the target material and to measure the polarisation (see Chap. 2 and 6.1.4). Thus,
the mixing chamber serves simultaneously as microwave cavity during the DNP.

The mixing chamber holds 180 ml of helium and is designed to provide target samples of up to 2 cm
in length and diameter. As a consequence of the enthalpy balance given in Eq. 3.13, the temperature
T0 of the circulating 3He leaving the last stage of the dilution heat exchanger and entering the mixing
chamber may exceed the temperature of the diluted phase Tmc at most by a factor of T0

Tmc
≤ 2.8. The

maximum is reached when no additional heat is applied to the mixing chamber. Chap 5.1.5 shows the
heat load through the thermal insulation. Dependent on the beam energy and flux an additional heat
source increases the minimal target temperature.
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5.3.2 Still

The still, which is surrounded by the last part of the precooling stages, the evaporator, is of major
importance for the performance of the dilution refrigerator. Like the separator and the evaporator, it is a
stainless steel vessel with a volume of 0.3 l. As shown in Fig. 5.23, a heater and a level meter is located

heater

level-meter

pumping line

Figure 5.23: Cut through the still

at the still. The heater is necessary to heat the still to an operational temperature of Tstill ≈ 700mK. The
temperature of the still has no direct effect on the temperature of the mixing chamber Tmc, but on the
vapour pressure ratio of the 3He-4He mixture at the still. Thus, the temperature of the still affects the
osmotic pressure πstill between still and mixing chamber. This pressure can be calculated by

πst =
xst · R · Tstill

V4He
. (5.18)

It is the van’t Hoff law with the gas constant R, the volume V4He of 4He and can be used for Tstill >

150 mK. Below this value, the osmotic pressure is independent of the temperature and proportional to
the 3He concentration by ∝ x

5
3 . Thus, for the mixing chamber, where xst = 6.6 %, πmc, it is around

20 mbar. In order to suck 3He from the mixing chamber to the still, πst � πmc has to be fulfilled,
which corresponds to xst = 0.9 % at 700 mK. For this, it is necessary that the temperature of the still is
constant. This is maintained by a conventional heater. With a resistance of 100Ω, it is possible to use
low currents and voltage to heat the still to the necessary temperature. This heat should compensate the
cooling due to the heat of evaporation at the still

Q̇still = ṅ3He · L3He, still, (5.19)

where L3He, still represents the latent heat of the 3He depending on the still temperature and ṅ3He is the
circulation rate of 3He. Pobell [42] gives 40 mW mmol−1 s as a rule of thumb.

One of the most crucial points in the design of the still is the 4He super-fluid film flow. It leads to
an increase of the 4He evaporation rate and to a contamination of the circulating dilute by 4He. This
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does not affect directly the mixer temperature, due to the enthalpy balance of the mixing chamber, but
a higher amount of 4He in the circulating dilute lowers the effective 3He circulation rate. The reason of
this is the constant total volume flow, given by the pumping system. This should not increase the tem-
perature of the mixing chamber dramatically, but due to the specific heat of 3He-4He mixtures, which
is considerably higher than for pure 3He, the efficiency of the dilution heat exchanger decreases with
increasing 4He amount.

In order to minimise the film flow, the still is evaporated through the pumping line shown in Fig. 5.23,
since the effect is directly proportional to the inner circumference of the pumping aperture.

In addition, the still contains a level meter (see Fig. 5.23) to measure the helium level inside the dilution
unit. The level meter consists of two brazen cylinder which are working as an electric capacity. De-
pending on the liquid helium level, the measured capacity changes from 226 pF (empty still) to 238 pF.
Due to the non linear behaviour of the capacity, a LCR measurement bridge of the type E4980A from
Keysight is used.

5.3.3 Main Flow Impedance

Before the incoming dilute enters the last heat exchanger, it passed through a flow impedance Z, which
provides a pressure drop, depending on the volume flow V̇ and the dynamic viscosity η

∆p = Z · V̇ · η. (5.20)

It is important to find the optimum value for the flow impedance, since an isenthalpic expansion of the
liquid causes a temperature rise by(

∂T
∂P

)
H

= −
1

c3He,p

[
v3He − T

(
∂v3He

∂T

)
P

]
, (5.21)

with v the molar volume and c3He,p the heat capacity of 3He. At low temperatures, the second term be-
comes negligible and the heat load, which would charge the heat exchanger, is given by the first term. At
0.7 K this gives

(
∂T
∂P

)
H

= 1 mK mbar−1, which is an significantly heat load to the dilution heat exchanger
as Radebaugh and Siegwarth mentioned in [81].

The dilution heat exchanger is a design which is already used for the frozen spin target of the A2
collaboration in Mainz [82]. Thus, the same value for the flow impedance of 1.5 × 108 cm−3 is used as
in the Mainz/Dubna dilution refrigerator. The flow impedance in the dilution refrigerator, described in
this thesis, consists of two parallel stainless steel tubes with an annulus surface. With a length ltube = 1 m
and the diameters douter tube = 1.6 mm and dcore = 1 mm The flow impedance can be calculated by

Z = 128 ·
ltube

π · d4
hydraulic

= 3 × 108 cm−3 (5.22)

with the hydraulic diameter

dhydraulic = douter tube − dcore. (5.23)

Due to the parallel arrangement of the two annulus tubes this gives a flow impedance of 1.5 × 108 cm−3.
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5.3.4 Heat Exchanger

700 mK

30 mK

Flow impedance and bypass

Discrete heat exchanger

(a) Copper sintered heat exchanger

Incoming 3He

Out streaming 3He

(b) Detailed view of the dilution heat exchanger

Figure 5.24: Construction sketches of the dilution heat exchanger

As a consequence of the above mentioned condition T0
Tmc
≤ 2.8, the quality of the last heat exchanger

gives a limit for the performance of the dilution refrigerator. Fig. 5.24a shows the construction draw-
ing of the heat exchanger used in this refrigerator. This cooling stage consists of two parts: The flow
impedance (see Chap. 5.3.3) and a discrete heat exchanger. Continuous heat exchangers are favourable
when the total heat conductance is small compared to the total heat transfer. Thus, the stainless steel
tubes containing the flow impedance is used as a first step continuous heat exchanger before the fluid
enters the discrete heat exchanger. The flow impedance of 1.5 × 10−8 cm−3 prevents bubble building
after the still, due to reevaporation of the gas-mixture. This reevaporation and recondensation would not
change the enthalpy and would not cause a direct thermal heat load, but it would affect the temperature
difference and the heat transfer, which should be avoided.

In the temperature region below 200 mK axial conduction becomes more important, such that the heat
exchanger is broken into several, isolated segments. This discrete part consists of 10 stages in order to
compensate the increasing Kapitza heat resistance for decreasing temperatures which was mentioned in
Chap. 3.3. Fig. 5.24b shows a cut through the last two stages. The incoming dilute streams through
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stainless steel connecting tubes inside the copper sintered cooling stages and is cooled by the out-
streaming 3He around the stages. Since the Kapitza resistance of the concentrated and the diluted side
are in series, the thermal boundary resistance on both sides should best be equal. Due to a thin film of
4He (with density ρdl) coating the surfaces of both sides (σcon and σdil), leading to

RKapitza =
ρdl

(σcon + σdil)
, (5.24)

the best performance is reached if the surface area of both streams is equal. The heat exchanger consists
of 10 stages which provide a total surface area of ∼ 27 m2, which results in 2.7 m2 per stage. Each stage
consists of two sintered copper parts to provide this huge surface area in the small space around the
last 1 m of the beam-tube. It is designed for a low flow impedance to prevent Joule heating in the last
cooling stages.

The sintered heat exchanger was designed and constructed in cooperation with the Joint Institute for
Nuclear Research (JINR) Dubna. The minimal temperature at the mixing chamber for this dilution re-
frigerator has to be calculated to Tmc ≈ 30 mK [56]. In addition, this design is used in the frozen-spin
target for the A2 collaboration in Mainz [82] and reached temperatures around 25 mK under experi-
mental conditions. Due to the fine structure of the copper sintered heat exchanger stages, it was not
possible to create a mesh for the simulation with a FVE program as it was performed in Chap. 5.2. The
following analysis of the heat exchanger was done, which is similar to the analysis of Frossati [21].

Eq. 3.13 is only full-filled, if the outlet temperature of the heat exchanger is independent of the cir-
culation rate. This is the case for low flow rates where the effectiveness of the heat exchanger is high.
The maximum cooling power can be calculated by

dQ̇
dṅ3

= 0. (5.25)

This can only be applied for a constant still temperature Tstill, a constant temperature of the mixing
chamber Tmc and a constant 3He-4He ratio of the circulating mixture. Then the 3He circulation rate is
given by

ṅ3 =
Hd (Tmc) − Hc (T0)

cc (T0)
·

dṅ3

dT0
, (5.26)

with cc the specific heat of helium of the concentrated stream and HD,c the enthalpy of the two phases.
In order to calculate the ratio dT0

dṅ3
, the gradient dT

dz of both streams in a counter-current heat exchanger,
as shown in Fig. 5.24, along the flow direction z has to be analysed. This temperature gradient is
determined by

• the heat exchange between the liquids and the solid body of the heat exchanger,

• by axial conduction along the streams and the body,

• the frictional heat,

• the enthalpy change.

In addition, the heat exchange Q̇HE between the liquid streams and the body of the temperature THE
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depends on the Kapitza resistance ρ (see Chap. 3.3) and the heat transfer surface area σ by

dQ̇HE

dz
= −

dσ (z)
dz

∫ T (z)

THE

dT
ρ (z)

. (5.27)

The boundary resistance of pure 3He, in the temperature region between 10 mK and 130 mK, has been
measured and can be expressed by

ρcon = 200 · T−3 cm2 K W−1[54]. (5.28)

Whereas, the data between 130 mK and 700 mK can be represented by

ρcon =
(
240 · T−4 + 155 · T−3

)
cm2 K W−1. (5.29)

The boundary resistance of the concentrated phase can be expressed by this equations in first approxim-
ation. For the dilute stream the Kapitza resistivity for temperatures below 200 mK was determined by
[55] to be about

ρdil = 70 · T−3 cm2 K W−1. (5.30)

For a counter-flow heat exchanger, used in this setup, the axial heat conduction depends on the thermal
conductivity κ for the liquid streams and the body of the heat exchanger, and on the cross section area A
perpendicular to the flow, which leads to

dQ̇axial

dz
= A ·

κ (z)
d2T (z)

dz2 +
dκ (z)
dT

(
dT (z)

dz

)2 . (5.31)

Abel et al [83] determined the thermal conductivity for the liquid streams of a copper sintered heat
exchanger to

κcon =
(
3.84T−1 + 31.4 + 58.1T

)
µW/cmK, (5.32)

for the concentrated side and

κdil = 3000T 3
dil + 2.6T−1

dil µW/cmK for Tdil < 100 mK, (5.33)

and κdil = 5400 · (Tdil − 45 mK) µW/cmK for Tdil ≥ 100 mK, (5.34)

at the diluted stream. As in [21] mentioned, the viscous heating can be written as

dQ̇vis

dz
= η (z) · (V · ṅ3)2 ·

dZ (z)
dz

, (5.35)
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where Z is the flow impedance and η the viscosity of 3He. V is the molar volume. At temperatures in
the milli-kelvin region, the viscosity of the liquid 3He is given by [84] by

ηcon = 2.25 · T−2 µPoise K2,

and ηdil = 0.6 · T−2 µPoise K2. (5.36)

Due to Eq. 5.36, the viscosity reaches high values at low temperatures. As a result of the conservation
of energy in each segment of the heat exchanger, one obtains two coupled differential equations for the
enthalpy change of the concentrated and the diluted stream:

ccon (z) ṅ3 ·
dTcon

dz
=Acon

κcon (z) ·
d2Tcon (z)

dz2 +
dκcon (z)

dTcon
·

(
dTcon (z)

dz

)2
+ηcon (z) · (Vcon · ṅ3)2 ·

dZcon (z)
dz

+
dσcon (z)

dz

∫ Tcon(z)

Tb

dT
ρcon (z)

(5.37)

cdil (z) ṅ3 ·
dTdil

dz
=Adil

κdil (z) ·
d2Tdil (z)

dz2 +
dκdil (z)

dTdil
·

(
dTdil (z)

dz

)2
+ηdil (z) · (Vdil · ṅ3)2 ·

dZdil (z)
dz

+
dσdil (z)

dz

∫ Tdil(z)

Tb

dT
ρdil (z)

(5.38)

Thus, a mathematically description of real heat exchangers is not trivial. One has to solve the coupled
differential equations for the concentrated and diluted stream. For the calculation, the heat capacity of
the concentrated phase ccon is taken as calculated by Radebaugh [85], while the dilute phase heat capa-
city cdil is replaced by the heat capacity at constant osmotic pressure under the assumption of zero mixer
temperature Tmc = 0. The resulting error caused by this simplification should be less than 10 % [86].

In order to estimate the influence of axial conduction, along a length L, on the performance of the
exchanger, the thermal resistance ratio W of the liquid axial resistance to the Kapitza resistance is cal-
culated

W =
A · κ · ρ

L · σ
. (5.39)

Since the thermal resistance ratio increases with decreasing temperature, W ≤ 0.05 serves as an up-
per limit in the whole exchanger and axial conduction by the liquid should be insignificant. The axial
conduction along the heat exchanger is reduced by the stainless steel interconnecting tubes and can be
ignored in the following calculation.

Eq. 5.37 and 5.38 are used to calculate the temperature gradient for the copper sintered segments of
the heat exchanger numerically for each stream with the boundary condition that axial conduction must
be continuous at the transition to the interconnecting tubes. This calculation is similar to the analysis
of Soegwarth and Radebaugh [86]. The heat flow between two segments is reduced by stainless steel
tubes with a small wall thickness. Due to the small surface of the tubes and the Kapitza resistance it is
assumed for the calculation that the temperature between two stages is almost constant.

To simplify the calculation it is assumed, that the temperature of the heat exchanger body is constant.
Also, the calculation was performed for a temperature at the mixing chamber of 30 mK, which is related
to the inlet temperature of the last segment of the discrete heat exchanger. The outlet temperature of
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81.7 mK was calculated by Eq. 3.12 using the calculated heat load of 39.3 µW from Chap. 5.1.5. Now
the equation system is solved by varying Tbody until the heat transfer on the concentrated and the diluted
side comes equal. It is helpful to define the relative effectiveness [19] of a heat exchanger

R =
T in

con − T out
con

T in
con −

(
T out

con
)
σ=∞

. (5.40)

This effectiveness indicates the ratio of temperature change of the incoming stream to the maximum
possible change, which is the case of infinite surface area and leads to Tbody = Tcon = Tdil. The effect-
iveness depends on the circulation rate of the fluid. This leads to a relative effectiveness of R = 64 % for
the last segment of the heat exchanger for a circulation rate of 1 mmol s−1. Since R increases strongly
with the operating temperature, the effectiveness of the other exchanger segments is almost near to
100 %. Fig. 5.25 shows the temperature gradient of the last stage resulting from these calculations. The
calculated temperature profile is only an assumption to the real temperature development in the discrete
heat exchanger, since after this calculation only eight segments would be necessary. The additional two
segments should improve the performance and ensure the design temperature of 30 mK.
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Figure 5.25: Temperature profile of the last stage of the discrete heat exchanger for both streams.
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5.4 The Polarising Magnets

For DNP, the magnetic field can be provided by an external superconducting solenoid, which has been
built by the Saclay group [87]. Its maximum field is 6.5 T, but during the DNP process the magnet is
operated at 70 A providing a magnetic field of 2.5 T. The solenoid has a central warm bore of 95 mm
and encloses the target completely in the polarisation mode. It is designed to ensure a field homogeneity
of ±5 × 10−5 over a region with a diameter of 30 mm and 200 mm length [88].

The internal holding coils, built by Rohlof [36], can be used for a longitudinal or a transverse polar-
ised target. It is possible to operate in a continuous mode without the external polarisation magnet, due
to the new internal polarisation magnet developed by Féher [37] and Bornstein [38][33].

5.4.1 Internal Polarization Coil

Figure 5.26: Sketch of the internal polarisation magnet, length diameter and dimension of the target region is
given in [mm] [33]

In the frozen-spin mode and in the continuous mode, internal superconducting coils are used to maintain
the nucleon polarisation or to create a magnetic field strong enough to polarise the target material during
the data taking. For the design of these internal coils, it is necessary to reduce the thickness of these
as much as possible in order to minimise the influence on the outgoing particles. Since the magnetic
field B is proportional to the current I and the winding number n, this leads to high currents, a condition
that can be only fulfilled by a superconducting wire. It is possible to not exceed a overall thickness
of 2 mm by using a multi-filament niobium-titanium wire (∅ 0.254 mm, insulation included), wound in
an orthocyclic winding pattern [89], maximising the packing density of the wires. Fig. 5.26 shows a
technical drawing of the internal polarising magnet’s supporting structure. The blue rectangular shows
the target region.

For polarising, the inhomogeneity of the magnetic field within the target region has to be

∆B
B0

=

∣∣∣∣B (
x0

)∣∣∣∣ − B0

B0
< 10−4. (5.41)

In order to reach this homogeneity Bornstein optimised the construction of the internal longitudinal
polarising magnets and build a first prototype [33]. As described in the beginning of this Chapter, the
internal magnet is cooled by pure 4He from the separator or the evaporator. This ensures a operating
temperature as low as possible. The cooling of the magnet was tested during the first performance tests
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which is presented in Chap. 6.2.

5.5 Loading of the Target Material

Horizontal dilution refrigerators, like those used for the CB experiment, are build around a beam-tube.
This beam tube is connected to the beam-line of the particle accelerator and has to be evacuated to
reduce the heat conduction through the beam tube. Therefore, the target material is put into the refriger-
ator with a special insert through the beam-tube. Due to the temperature stability of the target materials,
it is necessary to insert the target material under cryogenic conditions. The target material is loaded
under liquid nitrogen in a cylindrical container of polytetrafluorethylen. Afterwards, the container is at-
tached to the end of the insert and, by quickly sliding the insert through the beam-tube, the refrigerator
is loaded. The mixing chamber is insulated against the beam tube vacuum by a cold indium O-ring. Fig.
5.27 shows the front part of the insert. The indium seal and the target are shown.

Indium seal

Position of the still

Target

Figure 5.27: Front part of the insert

The seal is located at the position of the still. This should prevent additional heat to the target ma-
terial after the insert is put into the beam-tube, due to the temperature at the sealing (∼ 270 K), which is
needed for a good sealing and a good vacuum in the beam-tube (see 5.1.1). To reach this temperature, a
heater is located at the insert near to the sealing. The indium seal of the former frozen spin target, used
for the CB experiment, was located at the mixing chamber, thus the target was heated up to ∼ 180 K
[13]. After the sealing is heated, a heat exchanger inside the refrigerator can be used to cool down the
seal as fast as possible to minimise heating of the surrounding structure. This heat exchanger is suppor-
ted with liquid helium from the separator at a temperature of 3.5 K. Afterwards, the bypass can be used
to cool down the dilution unit with 4He.
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Chapter 6

Performance of the Refrigerator

To test the dilution refrigerator, a new independent test facility was set up. This includes a root pump
system for the circulating dilute, a rotary vane system for the precooling stages, the thermometry meas-
urement system and a DAQ for the data acquisition. The recirculating system pumps off the vapour
from the still and refills the gas mixture to the precooling stages. This is done by a pump cascade of
four pumps:

• Okta 4000, 4000 l h−1

• Okta 1000, 1000 l h−1

• Okta 500, 500 l h−1

• DUO 125 M, 125 l h−1

build by Pfeiffer Vacuum [68]. The pumps of the Okta line are root vacuum pumps equipped with
canned motors. The vacuum is generated by two synchronously and counter-rotating rotors operating
without contact in one housing. Thus, a roots pump is sealed only by the small gap between the rotors
and the housing and uses no lubrication. The suction chamber is free of oil, reducing the possibility of
oil freezing out and blocking the helium tubes of the refrigerator. The dynamic sealing provides for an
almost constant conductance of a roots pump rather than a constant mass flow rate. Thus, the still pres-
sure becomes less dependent on the circulation rate, which is desirable with regard to the operational
stability at high flow rates.

One disadvantage is the low compression factor of these pumps due to the gas back-streaming through
the gap in the suction chamber. In order to provide a higher inlet pressures at the refrigerator, a two
stage rotary vane pump is used (type DUO 125). For this pump, the suction chamber is not free of oil.
To block of this oil and to purify the helium, a filter system is used. First, a filter is used to eliminate
small particles such as charcoal pieces and second, a liquid nitrogen cooling trap with active carbon is
used to absorb air and oil.

The cooling of the coil and the radiative heat shields have a independent pumping cascade of a Okta
2000 and a Hena 300 which are a root pump with 2000 l h−1 and a rotary vane pump with 300 l h−1. In
addition, the different parts of the cooling stages have their own pumping system described in Chap 5.2.
The following Chapter describes the essential parts of the test facility and shows the results of the first
tests of the refrigerator under cryogenic conditions.
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6.1 Refrigerator Diagnosis

6.1.1 Thermometry

Thermometry of a dilution refrigerator is of main importance. It is used for the optimisation of the
refrigerator by controlling the critical operation parameter and to calibrate the NMR signal of the target
polarisation. For that reason, a very accurate temperature measurement is needed. Besides the stability
and reproducibility of the temperature measurement, a low sensitivity to a change of magnetic fields and
a small size, due to the limited space in different parts of the refrigerator, are necessary.

HE1 in

HE1 m

HE1 out

HE1 4He

CR separator

HE2 in
HE2 out

HE3 in

HE3 out

CR evaporator u,o

(a) Precooling

RO Cavity

Dil HE in
Dil HE m

Dil HE out
CR still

(b) Dilution Unit

Figure 6.1: Positions of the temperature sensors
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6.1 Refrigerator Diagnosis

For the measurement of the temperature of the outer and the inner radiation shield, the indium seal
of the insert and the cooling for the transfer line, platinum resistors of the type PT100, having an ac-
curacy of ∆R

R ≈ 1 % down to a temperature of 15 K, are used. For a precise measurement below 15 K
and a higher precision for the measurement of the cooling power, Cernox resistors manufactured by
Lake Shore Cryotronics were used. Fig. 6.1 shows the position of the resistors for the inner parts of the
refrigerator. For the incoming 3He-4He mixture, the temperature is measured at the in- and the outlet
of the cooling stages. Thus, the temperature gradient of each heat exchanger can be measured and the
flow-rate can be easily corrected for a optimal performance. Additionally, the temperature of the sep-
arator, the evaporator and the still are measured for the same reason. The temperature of the mixing
chamber is of major interest. Thus, a Ruthenium Oxide Resistance, with a calibrated temperature range
of 20 mK to 40 K, was used.

The resistance of all thermometers are measured by four AC bridges AVS 47, manufactured by Pi-
cowatt. The influence of the leads on the determination of the resistance is cancelled by the principle of
a four-wire-measurement using quad twisted wires manufactured by Lake Shore Cryotronics. The excit-
ation level of the bridge is a reasonable compromise between power dissipation and noise. The lowest
excitation of 3 µV reduces the Joule heating at the lowest possible temperatures inside the refrigerator
and is made feasible by a special amplifier placed close to the refrigerator. Thus, a precise determination
of the resistance at low temperatures is possible.

6.1.2 Measurement of the 3He-4He ratio

In order to find the optimal working parameter of a dilution refrigerator, the knowledge about the mass
flow of the different streams is of major importance, as well as the 4He concentration in the circulating
3He-4He mixture. Therefore, for each pumping system, a mass flow meter was installed and tested.
To measure the concentration of 4He in the circulating mixture, a mass spectrometer, manufactured to
detect only elements with an atomic mas number of ≤ 7, was installed. This system was set up and
integrated in the test facility by Streit [90]. A simple scheme of the flow measurement system can be
seen in Fig. 6.2.

The flow-meters HFM-300, manufactured by Hastings, are used to monitor the 4He flow of the dif-
ferent precooling stages and of the circulating dilute of the dilution unit. A detailed description is given
in the manuals [91] and [92]. The Sensor consists of a tube where the temperature can be measured at
the in- and outlet. In the centre of the tube is a heater. If a gas flows through the tube, the temperature
gradient changes and from this the flow can be calculated. For this, the flow has to be laminar what is
given by a shunt used for this type of flow meter.

The mass spectrometer Microvision2 manufactured by MKS, which is used for this setup consists of
the following parts:

• An ion source, to ionise the incoming particles

• A electrostatic slit, to accelerate the ionised particles through the spectrometer

• A quadrupole mass filter, to extract particles with a specific mass from the particle flowing through
the filter

• A detector, to detect the particles after the filter unit
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Figure 6.2: Simple scheme of the test facility [90]

• Some electronics for the DAQ

• A recipient for the measurement

• A turbo molecular pump.

A detailed description of these parts is given in [90] and [93]. The measurement of the 3He-4He ratio is
important, due to the reduction of the cooling power of a dilution refrigerator by an increasing amount
of 4He in the circulating stream (see Chap. 5.3.2). The measurement of the 3He-4He ratio can be done
like Streit did in [90].

For this determination, it is important to consider that the conductance L of the capillary, which is
used to connect the recipient of the spectrometer with the test volume, as well as the pumping speed S
of the turbo molecular pump, which evacuates the recipient of the spectrometer, depends of the molecu-
lar weight M, which causes a demixing of the gas molecules in the recipient. A simple scheme of the
used setup is shown in Fig. 6.3. The setup of the recipient with its capillary and the value is adapted
from a former setup described by Werth [94]. Using the same setup, it is possible to measure the ratio
of the 3He-4He mixture by measuring the partial pressures of the two isotopes independent of the inlet
pressure of the recipient:

R
( 3He

4He

)
=

p3He

p4He
(6.1)
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Figure 6.3: Simple scheme of the mass spectrometer inspired by [90]

6.1.3 Microwave System

For the DNP-process, the target material has to be irradiated by microwaves near the electron Lamor
frequency to induce the wanted transitions between the Zeeman levels. For a high efficiency of this pro-
cess and a high nucleon polarisation, a frequency stability of 10−4 is mandatory. In addition, the ability
to tune the frequency is desirable as the frequencies related to the polarisation process in positive and
negative direction differ by several 100 MHz.

To polarise the target material within the dilution refrigerator, two microwave sources can be used.
If a magnetic field of 2.5 T is available, a 70 GHz GUNN-diode can be used. In addition, a 50 GHz
GUNN-diode is available to polarise the target at a magnetic field strength of 1.8 T. For both diodes
the frequency can be varied by a control voltage and the power output at the different frequencies was
measured by Golla [95] to be around 160 mW for the 70 GHz and 290 mW for the 50 GHz GUNN di-
ode. By tuning the frequency of the microwave source the power output changes. As a consequence
of this behaviour, the maximum positive and negative polarisation differ from each other. This can be
compensated by changing the Lamor-frequency caused by a change of the magnetic field. Thus, the
polarisation in positive and negative direction can be achieved by the same microwave frequency and at
the same microwave power.

Fig. 6.4 shows the set-up of the microwave system. The microwaves are conducted to the refriger-
ator by a rectangular wave-guide, which is oversized to minimise the power loss. Inside the refrigerator
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they are guided by a stainless steel tube into the mixing chamber. This stainless steel tube is part of the
insert and connected to the still to reduce heat conduction to the mixing chamber. At the end of the in-
sert, it is connected to the rectangular wave-guide by a vacuum feed-through containing a window made
of fluorinated ethylene propylene and in addition, it is sealed against the mixing chamber by a Teflon
hood. In the case the Teflon hood does not seal the microwave guide inside the insert, it is evacuated
and the 3He-4He mixture can be injected back to the circulation system.
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Zähler

Abschwächer

Kryostat

Schalter

Sumpf
Frequenzzähler

Richt-
koppler Microwave

source
IsolatorCounterAtenuatorSwitch
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Figure 6.4: Simple scheme of the microwave system [28]

6.1.4 NMR System

The value of the nucleon polarisation is one of the most important contributions to the polarisation
observable of the scattering experiment and has to be determined with an accuracy as high as possible.
The target material is located inside a small coil for the measurement of the polarisation. This small coil
works as a sensing probe of a series Q-meter [96]. The Q-meter is working at the Lamor-frequency of the
nucleon to induce transitions between the nucleon Zeeman levels of the material. This interaction with
the material exchanges energy with the Q-meter, leading to a linear dependence of the coil impedance
Z (ω) on the complex magnetic susceptibility χ of the material

Z (ω) = R + iωL
[
1 + ηχ (ω)

]
and χ (ω) = χ′ (ω) − iχ′′ (ω) . (6.2)

R is the resistance, η is the effective filling factor of the target material, L the inductance for χ = 0 and
ω the frequency driven by a RF oscillator. Whereas the real part χ′ represents the resulting inductance,
the imaginary part χ′′ is determined by the energy caused by the Zeeman transitions and is proportional
to the population of the nucleon Zeeman levels. Thus, the imaginary part of the susceptibility is a direct
measure of the polarisation of the target material.

To sustain the polarisation, as high as possible, only a small RF signal is used. Otherwise, the po-
larisation would be fully destroyed by the measurement. By using a continuous wave measurement
procedure with a small signal, only a small part of the polarisation will be used for the measurement.
This leads to the problem that the NMR-system has to be calibrated to determine the polarisation. It is
realised by the measurement of the target polarisation in thermal equilibrium at ∼ 1 K. As described in
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Chap. 2.1, Eq. 2.7 and 2.8 can be used to calculate the assumed polarisation in thermal equilibrium.
This can be used to determine a calibration factor for the polarisation measurement

Pmeas = PTE
Ameas

ATE
, (6.3)

where Ai are the surfaces of the measured signals. Then the polarisation of the target, reached by the
DNP, can be measured. The signal of the NMR coil is guided by a coaxial line through the insert outside
the refrigerator to the room temperature electronics. There are two systems available:

• The LIVERPOOL NMR Module [97]

• A NMR Module manufactured in Bonn, created by Kaufmann [28] and improved by Voge [98]
and Miebach [99]

Both Q-meters can be connected to the same Computer system and are controlled and analysed by a
computer program generated with LabView.

6.1.5 DAQ

For the polarised target to work well, a computer aided control and data acquisition is needed. For this,
a LabView generated data acquisition, which also communicates with the different controlling parts of
the test facility, was implemented [100]. A key feature of this new system is the possibility of having a
dynamic and scalable system to allow the introduction of further instruments and measurement devices
in an easy way. Shared variables are the basis of this system which allow a network wide management
and supervision of all kinds of parameters which are necessary for the operation of a refrigerator. This
allows to read out the measurement devices with different PCs and send their data to a single Server PC
which hosts all shared variables in use.

Due to this system, it is easy to connect the different measurement devices via USB, GPIB or Multi
I/O-boards to a PC and read out the parameters with LabView programs which were programmed by
different members of the polarised target group in Bonn.

To operate the pumping system, a PLC controlling is used which allows switching of electronic valves
and activation of vacuum pumps. The different parts communicates via the industrial network Inter-
Bus with the PLC. This system is connected via an OPC server to the data acquisition system. Thus,
it is possible to use shared variables for the vacuum components too. This allows a visualisation and
operation of the whole system with one DAQ system.
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6.2 First Cool down

First cool down tests of the refrigerator were performed. For this tests, liquid 4He was used to cool
down the refrigerator to its operational temperature and to test for cold leaks. Due to possible fixings of
the precooling stages, the dilution heat exchanger was not mounted and the precooling unit was tested
by circulating 4He instead of the 3He-4He mixture, which is used in a dilution refrigerator. Thus, 4He
gas was filled into the dilution circuit. Nevertheless, it was possible to test the precooling stages with
this setting. Following the cool down procedure, the performance tests of the cooling for the internal
magnet and the precooling unit are presented.

6.2.1 Cool down procedure

Horizontal dilution refrigerators, like the refrigerator designed within this thesis, cool the circulating
3He-4He mixture under the usage of liquid 4He supported from a Dewar. Thus, before the refrigerator
is operational, the different parts have to be cooled from room temperature to the specific working tem-
peratures. For this, it is possible to use a bypass to fill liquid 4He from the separator to the dilution unit.
The temperature of the heat sinks and the cavity, during the cool down phase, can be seen in Fig. 6.5.
First, the separator reaches a temperature of around 100 K. Due to the fact that the separator is filled
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Figure 6.5: Temperature of the heat sinks and the dilution unit during cool down phase

with helium from the Dewar in a direct way, it is obvious that this stage is the first part of the refriger-
ator which is cooled (see Fig. 5.6). From the separator, the 4He is guided to the different cooling parts
and heat sinks of the refrigerator. The flow to this parts can be regulated by needle valves. After the
separator reaches a temperature below 100 K, the incoming 4He is cold enough to cool the other parts
of the refrigerator. By usage of the different needle valves, it is possible to cool down the refrigerator as
uniformly as possible. Fig. 6.6 shows that liquid helium enters the separator and the evaporator within a
few minutes. This method to cool down the refrigerator allows to reduce thermal stresses to the structure
and to fill in liquid helium into the dilution unit within ∼ 11h.
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Figure 6.6: Temperature of the heat sinks and the dilution unit in detail

In addition, the heat radiation shields and the internal magnet have to be cooled down. Fig. 6.7 shows
the temperature behaviour of the radiation shields during the cool down period.
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Figure 6.7: Temperature of the heat radiation shields during cool down phase

The cooling system for the internal magnet and the radiation shields is filled with liquid 4He from the
separator during the cool down phase and afterwards from the evaporator. This uncouples the internal
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magnet from the dilution unit and makes it possible to reduce the thermal load on the different cooling
stages of the refrigerator. Fig. 6.7 shows that after ≈ 10 h, where liquid helium enters the separator and
the evaporator for the first time, the inner radiation shield is cooled to around 3 K. 5 h later the outer
radiation shield is cooled to its operational temperature and the whole refrigerator is cooled down.

It takes 17 h to cool the precooling stages, the internal magnet and the radiation shields to its operational
temperatures. For this, an amount of 15.2 kg corresponding to 121.6 l of liquid helium is necessary.
Then the refrigerator is ready to be filled with the 3He-4He mixture.

6.2.2 Cooling of the internal magnet

First tests with the internal magnet were done. It was possible to cool down the internal magnet to tem-
peratures between 1.2 K and 1.9 K, depending of the temperature of the evaporator. Using the prototype
of Bornstein [33], it was possible to operate the magnet with a current of ≈ 78 A before quenching.
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Figure 6.8: Temperature profile during a quench of the internal coil

Fig. 6.8 shows the temperature of the internal magnet, the heat exchanger cooling the coil and the
evaporator which supports the liquid helium for the cooling. In this case the internal magnet quenched
two times in a very short timescale. The temperature of the magnet rises up to around 11 K, where the
temperature of the heat exchanger himself only raises to a temperature between 2 K and 3 K.

The temperature of the evaporator is not affected. Thus, the design with an additional cooling for
the internal magnet to uncouple the cooling of the magnet from the refrigerator works well. Without
changing the flow through the heat exchanger, the heat of the quench can be transported away in about
5 min to 10 min and the magnet is cooled to its operational temperature. With the prototype of the mag-
net, which was used for this tests, it is possible to operate the refrigerator as a continuous mode target at
a magnetic field of 1.8 T, if a longitudinal target polarisation is needed. In addition, a new prototype is
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6.2 First Cool down

under construction and concepts to improve the cooling of the current leads will be tested by Bornstein
[33].

6.2.3 Test measurement of the precooling stages

To test the performance of the precooling unit, the necessary 4He flow rates for the different cooling
stages were measured depending on the flow rate of the fluid circulating in the 3He-4He circuit. This
measurement was done with pure 4He instead of the 3He-4He mixture for dilution mode, due to a cold
leak to the isolation vacuum making it difficult to operate the refrigerator in a stable operation mode. In
addition, 3He would be lost through the leak which has to be avoided.

Nevertheless, it was possible to test the precooling stages with 4He gas, filled in the 3He-4He circuit
to cool and liquefy it with the precooling unit of the refrigerator. For all measurements the inlet pressure
for the test fluid was set to 100 ± 5 mbar.

The flow rate of the test fluid was set to a specific value by the 3He needle valve and measured with the
system mentioned in Chap. 6.1.2. The 4He flow of the precooling stages were set by needle valves too.
By optimising the flows of 4He, the heat exchangers were operated by the simulated temperatures at the
measurement places. This means that the pressures and temperatures of the precooling unit were held
to be as constant as possible to make a comparison to the simulated data possible. The temperatures of
the precooling unit during the test and the simulated temperatures are presented in Tab. 6.1.

Table 6.1: Measured and simulated temperatures of the precooling stages

Temperature probe Simulated Measured
HE1in 170 K 170 ± 5 K

HE1middle 43 K 43 ± 3 K
HE1out 8 K 8 ± 1 K
HE2in 8 K 8 ± 1 K
HE2out 3.5 K 3.5 ± 0.2 K

Separator 3.5 K 3.5 ± 0.2 K
HE3in 3.5 K 3.5 ± 0.2 K
HE3out 1.5 K 2.0 ± 0.5 K

Evaporator 1 K 1.8 ± 0.2 K

The simulated temperatures of HE1 and HE2 and the assumed temperature of the separator are in good
agreement with the measurement. The evaporator and the outlet of HE3 are at higher temperatures than
the simulation predicts. This is a result of the leak to the isolation vacuum. Due to the leak, it was not
possible to fill the dilution unit complete with liquid helium. This results in a higher heat load to the
evaporator which makes it impossible to reduce the flow to the evaporator. Due to the higher temperat-
ure of the evaporator, the temperature of the cooling 4He at the 4He inlet of HE3 is also higher.

The necessary flow rate for the precooling and liquefaction of the circulating 3He-4He mixture which is
shown in Fig. 6.9 for heat exchanger 1 and 2 and in Fig. 6.10 for heat exchanger 3 was already shown
in Chap. 5.2.2 and 5.2.3. Fig. 6.9 shows that the simulated flow rates fits well to the measurement if
it is taken into account that the circulating test fluid was pure 4He instead of a 3He-4He mixture. Thus,
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Chapter 6 Performance of the Refrigerator

the flow characteristic of these heat exchangers is understood and can be well described by the CFD-
simulations which were performed. In adition, it seems that the leak does not influence the cooling
stages after the separator.
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Figure 6.9: 4He flow-rate necessary to cool the incoming fluid to the temperature of the separator

Fig. 6.10 shows a different behaviour. For increasing flow rates the difference between the simulated
and the measured data becomes greater. As in Chap. 5.2.3 already discussed a bigger difference than
for HE1 and HE2 was assumed, due to the simple model for the super fluid 4He. Also, that the phase
boundary between gaseous and liquid fluid was not modelled in detail could have an influence on the
simulated data. In addition, the mismatch between simulation and measurement can be explained by the
existing leak between the isolation vacuum and the dilution unit.

As shown in Tab. 6.1, the evaporator is operated at higher temperatures than for the calculation assumed.
This results in a higher temperature for HE3 and therefore to a different performance as expected. Due
to the leak, it was not possible to fill the dilution unit complete or get the refrigerator in a stable oper-
ation mode for long term measurements. This leads to a higher temperature of the cavity and the still,
which also leads to a higher temperature of the back streaming gas from the dilution unit. Thus, both
cooling streams have a higher temperature at the inlet.
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Figure 6.10: 4He flow-rate necessary to cool the incoming fluid to the temperature of the evaporator
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Figure 6.11: Isolation vacuum during filling the dilution unit with liquid helium

Fig. 6.11 shows the influence of the cold leak to the operation of the refrigerator. In this case, the dilu-
tion unit was filled with 4He from the bypass. The temperature drop in cavity and still shows that liquid
helium enters the dilution unit. The isolation vacuum rises but a semi stable operation mode is possible.
It seems that super fluid helium reaches the leak and evaporates into the isolation vacuum. This leads to
a temperature rise, which breaks the superfluid state of the helium and the superfluid helium film at the
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position of the leak is gone. Then the isolation vacuum decreases until new liquid helium reaches the
leak.

After 2.5 h, the liquid helium level is high enough for a constant flow of helium to the isolation va-
cuum. Due to the increasing pressure, the heat load to the dilution unit and the evaporator increases and
it is not possible to operate the evaporator at a temperature below 1.5 K. Also, the temperature in the
dilution unit increases and a stable operation of the refrigerator is not possible. In this situation the full
amount of helium in the dilution unit evaporates and the temperature of the dilution unit increases by
several Kelvin.

Different leak tests were done to locate the leak from the dilution unit to the isolation vacuum. Un-
fortunately, the leak is a cold leak. Only at temperatures below 80 K the leak is detectable. Thus, the
front part of the inner shell has been unmounted and tested under liquid nitrogen at a temperature of
77 K. This test showed that this part of the dilution unit has no leak and can be eliminated as a possible
location. Also, if the indium seal of the dilution unit would not work properly, the leak would be still
detectable after a cool down. Additional tests with liquid nitrogen showed that the cold leak is located
at the still. Additional leak tests are ongoing to find the exact position.

For a full operating refrigerator this leak has to be found and fixed. If the leak is found and fixed,
the refrigerator has to be tested in dilution mode with a target material to find the optimal operation
parameter for frozen spin and continuous polarising operation modes. Afterwards, the dilution refriger-
ator can be used as a continuous polarising target and the usage of the first prototype for the internal
polarisation magnet.
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Summary

The CBELSA/TAPS experiment has produced a large amount of data on photo-production reactions in
double polarization reactions. For this a frozen-spin target has been used, which consists of a horizontal
dilution refrigerator with an internal holding coil for a 4π acceptance.

For further experiments with CBELSA/TAPS, a new horizontal dilution refrigerator has been designed
as a continuous polarised solid target to increase the FOM. This can be realized by an internal polariza-
tion magnet for a continuous polarisation of the target material during the data taking of the experiment.
This refrigerator was designed to:

• Support an internal superconducting magnet for continuous polarisation during the measurement

• Improve the performance to reach lower temperatures for the frozen-spin mode (30 mK)

• Optimise the loading procedure to lower the maximum temperature during the change of the target
material

First, the different heat sources to the mixing chamber were calculated. To minimise the influence of
these heat leaks a vacuum shell with two radiation shields at 40 K and 3 K was designed to minimize
the heat input by radiation. Also the holding structure and the connections between the different heat
exchangers were built from stainless steel for a low thermal conduction along the structure. For thermal
isolation, a critical part of the refrigerator is the beam-tube, due to the necessity of a good isolation
vacuum in this part of the refrigerator. The beam-tube is sealed by an indium O-ring and the tightening
of this seal is important for the vacuum in the beam-tube. Taking all heat sources into account gives a
heat of 40 µW to the mixing chamber.

In order to improve the knowledge about the fluid characteristics of the precooling stages, CFD sim-
ulations were performed. Thus, with a FVE-method, it is possible to calculate a vector field for the
fluid pressure, velocity, density and the temperature of the different heat exchangers and the different
streams flowing through these heat exchangers. These simulations were performed for a 3He-4He mix-
ture flowrate of 1 − 20 mmol s−1. It was possible to predict the necessary 4He flow rate for the heat
exchangers, HE1 and HE2, to precool the circulating dilute of the refrigerator. Nevertheless, for HE3
only a coarse model was used, due to the fact that one of the 4 streams in this heat exchanger has to
be super fluid and only the thermal conditions of this state were implemented in this calculation. This
means that the predicted flow rate of 4He is only a rough assumption for the performance of this heat
exchanger. It is the first time CFD-simulations have been used to predict the performance of a dilu-
tion refrigerator for a polarised target. Now these simulations can be used to optimise the performance
of the condenser unit of other dilution refrigerators. It is possible to draw a specific geometry and use
the input parameter of these simulations to test new heat exchanger concepts before building a prototype.
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The dilution unit has to cool the target material, under the usage of the dilution effect, to temperat-
ures around 30 mK for the frozen spin mode and to 200 mK in the case of a continuous operating target.
Additionally, the geometry of the target front is limited through the geometry of the detector and the
external polarisation magnet. Thus, the outer diameter of the front of the refrigerator has to be smaller
than 94 mm including the vacuum shell, the radiation shields, the internal magnet and the dilution heat
exchanger. Also, these parts surrounds the beam tube which is necessary to guide the particle beam
to the target material. For a good performance of the dilution unit a copper sintered heat exchanger
has been designed. It is composed of 10 stages to prevent heat conduction along the axis of the heat
exchanger. The calculation shows, that, including the heat leaks, it should be possible to reach temper-
atures around 30 mK in dilution mode. Due to the available computer resources the copper sintered heat
exchanger was not simulated. In principle, by programming a specific solver it should be possible to use
openFOAM for the simulation of the copper sintered dilution heat exchanger if the necessary computer
power is available.

A test facility was built to measure the performance of the refrigerator. The facility consists of a vacuum
system, including several probes to measure the pressure and the volume flow in the different cooling
streams, a NMR- and microwave-system, special electronics for the determination of the temperature
and a mass-spectrometer to determine the 3He-4He ratio.

First test measurements with 4He, instead of a 3He-4He mixture, circulating in the closed cooling circuit
were performed and the simulated data for the first two heat exchangers are in good agreement with
these measurements. Unfortunately, due to a cold leak between the dilution unit and the isolation va-
cuum it was not possible to operate the refrigerator in the dilution mode. It was not possible to reach the
necessary temperature of 1 K in the evaporator due to this leak. This also increased the temperatures of
HE3, which reduces the performance of the refrigerator. In addition, to test if a continuous mode of the
refrigerator is possible, the prototype of an internal magnet was used to test the cooling of the magnet.
It was possible to reach temperatures below 1.5 K and to generate a magnetic field of 2.2 T. Thus with a
50 GHz microwave-source, it should be possible to use the refrigerator as a continuous mode polarised
target, if the leak of the dilution unit is fixed.

The tests to locate the leak are ongoing. Unfortunately, the cold leak is only detectable at temperat-
ures below 80 K. If the leak has been located and fixed, the refrigerator will be first tested in 4He mode
for further leaks and afterwards the dilution heat exchanger can be mounted. Then, the refrigerator
has to be tested in dilution mode and after optimising the operation parameter it can be used for the
measurements at CBELSA/TAPS.
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Useful Informations

A.1 Physical properties of Helium

Table A.1: Properties of the stable liquid helium isotopes [42]

Properties 3He 4He

Density ρ
[
g cm−3

]
(T = 0 K) 0.0823 0.146

Boiling point Tb [K] 3.191 4.215
Critical temperature Tc [K] 3.324 5.20
Critical pressure pc [bar] 1.165 2.289
Critical density ρc

[
g cm−3

]
0.0413 0.0693

Melting pressure pm [bar] (T = 0 K) 34.39 25.36
Minimum melting pressure pm [bar] 29.31 25.32
Maximum superfluid transition temperature Tc [K] 0.0025 2.177
Gas-to-liquid volume ratio (liquid at 1 K, gas at 300 K
and at 1 bar) Tc [K]

662 866

Classical molar volume Vm
[
cm3 mol−1

]
(at saturated

vapour pressure and T = 0 K)
12 12

Molar volume Vm
[
cm3 mol−1

]
(at saturated vapour

pressure and T = 0 K)
36.84 27.58

A.2 Case structure in OpenFOAM 2.4.0

The case is set up in an appropriately named folder. It contains three sub-folders: system, constant, and
0. In the 0 directory the initial and boundary conditions for all fields of the case are defined.

The constant folder contains case specific files defining the geometrical and thermo-physical proper-
ties of the case. The geometrical properties are stored in the sub-folder polymesh inside the constant
folder. The files with the thermo-physical and turbulence properties are stored directly in the constant
folder.

In the system folder the files relevant to the solver, e.g. the fvScheme, are located. It provides the
information which numerical schemes has to be used. The fvSolution and fvOptions contain the conver-
gence criteria, the algorithm and physical boundaries. In the controlDict the start time, the end time and
other run time utilities are defined.
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In the cases used for the refrigerator, so-called multi meshes were used. For each mesh a sub folder
in 0, constant and system exists which contains the necessary files for the simulation. An overview for
all necessary folders and files is given in Fig. A.1. A full description of the necessary case structure and
the executable applications is given in [63].

Figure A.1: Example case structure for a ChtMultiRegionSimpleFoam case
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A.3 Heat load to the inner refrigerator parts

A.3 Heat load to the inner refrigerator parts

Table A.2: Radiative heat transfer to the mixing chamber

P P
σ

outer radiation shield 13.7 W 2.03 mW/cm2

inner radiation shield 33.4 mW 8.25 mW/cm2

cooling structure for radi-
ation shields and magnet

2.3 mW 314 nW/cm2

internal polarization magnet 93.4 nW 275 pW/cm2

mixing chamber 41 pW 0.21 pW/cm2

Table A.3: Gaseous conduction

P P
σ [nW/cm2]

outer radiation shield 2.7 mW 460
inner radiation shield 0.8 mW 156
cooling structure for radi-
ation shields and magnet

0.18 mW 40

internal polarization magnet 2.3 µW 6.7
mixing chamber 0.4 µW 2.0

93



Appendix A Useful Informations

A.4 Boundarys for heat exchanger 1 and 2

Table A.4: Boundary conditions for velocity U and pressure p

Boundary Patch HE1 HE2
U input 4He 1 mmol s−1 to 60 mmol s−1 1 mmol s−1 to 60 mmol s−1

output 4He 1 mmol s−1 to 60 mmol s−1 1 mmol s−1 to 60 mmol s−1

input 3Hein 1 mmol s−1 to 20 mmol s−1 1 mmol s−1 to 20 mmol s−1

output 3Hein 1 mmol s−1 to 20 mmol s−1 1 mmol s−1 to 20 mmol s−1

input 3Heout 1 mmol s−1 to 20 mmol s−1 1 mmol s−1 to 20 mmol s−1

output 3Heout 1 mmol s−1 to 20 mmol s−1 1 mmol s−1 to 20 mmol s−1

walls (0, 0, 0)m s−1 (0, 0, 0)m s−1

p output 4He 5 mbar to 20 mbar 10 mbar to 40 mbar
input 4He zeroGradient zeroGradient
input 3Hein 100 mbar to 180 mbar 60 mbar to 150 mbar
output 3Hein zeroGradient zeroGradient
input 3Heout 1 × 10−1 mbar to 1 mbar 5 × 10−2 mbar to 5 × 10−1 mbar
output 3Heout zeroGradient zeroGradient
walls zeroGradient zeroGradient

Table A.5: Boundary conditions for temperature T

Boundary Patch HE1 HE2
T input 4He 5 K to 10 K 3.8 K

output 4He zeroGradient zeroGradient
input 3Hein 300 K 5 K to 10 K
output 3Hein zeroGradient zeroGradient
input 3Heout 5 K 3 K
output 3Heout zeroGradient zeroGradient
wall_to_solid compressible::turbulent

TemperatureCoupled
BaffleMixed

compressible::turbulent
TemperatureCoupled
BaffleMixed

solid_to_wall compressible::turbulent
TemperatureCoupled
BaffleMixed

compressible::turbulent
TemperatureCoupled
BaffleMixed
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