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1 Chapter 1

Introduction

In 1947 the first observation of synchrotron radiation at the General electric research
laboratory opened up the possibility to produce high energy X-rays [1]. Although the
first spectroscopy experiments with soft X-rays were carried out by D. Tomboulian and P.
Hartmanit in 1956, it was not before the 1960s that scientists in the USA, Europe and Asia
started to use synchrotron radiation for their experiments [2]. At this time, synchrotron
radiation was mainly seen as an unwanted side effect limiting the energies of electrons and
positrons in the storage rings of particle accelerators used for collision experiments. These
“first generation” synchrotron light sources only allowed parasitic use of the generated
light. While most first generation light sources were upgraded to allow the use of the
generated radiation, in 1981, the first “second generation” facility, which was dedicated to
the production of synchrotron radiation, started operation in Daresbury, UK [3]. Second
generation light sources primarily produce synchrotron light using bending magnets which
guide the electron around the storage ring leaving only short straight sections between the
magnets. In these straight sections, so-called insertion devices consisting of an array of
several dipole magnets can be installed to generate X-rays with shorter wavelength and
higher intensities. The European Synchrotron Radiation Facility (ESRF) in Grenoble,
France began user operation in 1994 as the first synchrotron of the “third generation”. The
ESRF uses bending magnets with a smaller bending radius and longer straight sections
between the magnets, allowing the installation of a large number of different kinds of
insertion devices. With the growing demand for light with short wavelengths and higher
intensities for investigating smaller objects and faster time–resolved measurements e.g.
in soft condensed matter, nanoscience or noncrystalline structural biology [4, 5], the
requirements for peak magnetic fields and field quality of the insertion devices are growing
at the same time. Superconducting insertion devices and particularly undulators, open
up the possibility of higher magnetic fields for a given vacuum gap and period length
compared with the state of the art in-vacuum permanent magnet undulators [6] and even
cryogenic permanent magnet devices [7–9]. A superconducting undulator installed at the
Ångströmquelle Karlsruhe (ANKA) in March 2005 was the first cold-bore superconducting
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1 Introduction

undulator installed and tested at an electron storage ring [10, 11]. The beam induced heat
load observed in this device was much higher than expected from theoretical predictions
taking into account synchrotron radiation from upstream bending magnets and wake
field effects due to geometrical and resistive wall impedance [12, 13]. The discrepancy of
the beam heat load calculated from theory compared to experimental results obtained
at ANKA, as well as with the superconducting wigglers installed at MAX II and at
the Diamond Light Source (DLS) [14] is still not understood. This is why at ANKA
the decision was made to build a cold vacuum chamber for beam heat load diagnostics
(COLDDIAG) with the aim of measuring the beam heat load and the hope of gaining a
deeper understanding of the underlying mechanisms [14]. In this thesis the development of
the experimental setup, the measurement layout and the first measurements and results of
COLDDIAG are presented. This work is structured in six chapters, which are composed
as follows.
After this introduction, the second chapter presents the fundamentals of synchrotron light

sources and especially the DLS, and the magnetic structures used to produce synchrotron
radiation. In addition, the advantages as well as the technical challenges of superconducting
insertion devices are described.
The third chapter introduces the possible beam heat load sources, namely synchrotron

radiation from upstream bending magnets, geometrical and resistive wall impedance along
with electron and/or ion bombardment.
The fourth chapter focuses on the experimental setup and starts with the experimental

challenges followed by the vacuum and cryogenic layout, the diagnostics, the control system
and data acquisition and concludes with the changes made between the first and the
second installation of COLDDIAG at the DLS.
In the fifth chapter the measurements and analysis beginning with the beam heat load for

different beam conditions, including variable beam current, bunch length, beam position
and fill pattern are presented. Additionally, the flux and energy spectrum of electrons
impinging on the chamber walls and the influence of a solenoidal field on these particles as
well as the total pressure and residual gas content during the installation period is shown.
The work closes with a summary of the experiments performed before providing an

outlook on future measurements and possible improvements of COLDDIAG.
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2 Chapter 2

Fundamentals

The following chapter starts with a short introduction to synchrotron light sources. The
devices used to produce synchrotron radiation, including bending magnets and insertion
devices (IDs) are also introduced. Insertion devices create radiation with higher flux,
higher brilliance and eventually different polarizations with respect to bending magnets.
Section three focuses on the advantages of superconducting insertion devices, in particular
of undulators. Subsequently, the challenges and questions still to be solved regarding
design and construction of superconducting undulators are addressed.

2.1 Synchrotron light sources
Nowadays synchrotron light sources can be divided into two groups, storage rings and

free electron lasers. This thesis focuses on storage rings. The stored particles are generated
and then accelerated in a linear accelerator and/or a booster synchrotron before being
injected into the storage ring. Here the particles are guided on a roughly circular path
by focusing and deflecting magnets. Due to the the deflection of the particles, they emit
synchrotron radiation. The radiated power from one particle can be written as [15]:

P0 = (Ze2)c
6πε0R2

E4

(m0c2)4 (2.1)

with e the electron charge and Z the number of charges, c the speed of light, ε0 the
vacuum permittivity, as well as the bending radius R, the particle energy E and the
rest mass m0. The fourth-power dependence of the radiated power on the rest mass of
the charged particle explains why only electrons and in some cases positrons are used to
produce synchrotron radiation. The power lost by the beam on each turn is recovered
by a voltage oscillating in the radio frequency (RF) range. The RF-frequency used is an
integer multiple of the revolution frequency, so that a particle traveling around the storage
ring always sees an accelerating voltage. Because of the RF-system, the particles are not

3



2 Fundamentals

homogeneously distributed in the storage ring, but packed into so-called bunches. The
spacing between two subsequent bunches is also defined by the RF-frequency. The ratio
of revolution frequency to RF-frequency is the harmonic number of a synchrotron. The
harmonic gives the number of segments, which can be filled with bunches. These segments
are normally referred to as buckets. Storage rings are classified in two groups. While
in second generation light sources synchrotron radiation is mainly produced by bending
magnets, third generation light sources use so-called insertion devices (IDs), installed in
straight sections between the bending magnets.

Diamond Light Source
An example of a third generation light source is the Diamond Light Source (DLS)

which is located on the Harwell Science and Innovation Campus in the UK. The DLS is a
3GeV storage ring currently with a maximum beam current of 350mA [16]. The machine
circumference is 561.6m which is divided into 24 cells, comprising arcs and straight sections
to be equipped with insertion devices. The installed RF-system works at a frequency of
500MHz [17]. The storage ring has in total 936 buckets, where normally 900 are filled
with electrons. The DLS storage ring runs in user operation for 24 h and 6 days per week.
During this time the beam conditions are kept as constant as possible to provide a stable
radiation source for the experimental stations. However, due to collisions with residual gas
molecules in the beam pipe or defocusing effects from electric and magnetic fields, electrons
get lost and the beam current decays. To maintain a constant beam current, DLS operates
in top-up mode. This means that the amount of lost electrons is reinjected typically every
10min [18, 19]. After each user run a machine development day is scheduled. This time
is used for small maintenance work and experiments, which cannot be performed during
user operation.

2.2 Synchrotron radiation sources
In third generation light sources, different magnetic structures are used to produce

radiation from a stored beam. Depending on the required energy, intensity and brilliance,
the radiation is generated either by bending magnets, wigglers or undulators.

2.2.1 Bending magnets
In circular machines, dipole magnets are used to guide the electron beam on its path

around the storage ring. While being deflected, the electrons emit a wide fan of light
with continuous spectrum. The vertical opening angle of the synchrotron radiation is
≈ 1/γ, where gamma is the Lorentz factor. Compared to wigglers and undulators, bending
magnets radiate the lowest photon flux. Figure 2.1 shows a typical bending magnet and
radiation fan. A useful parameter to compare different bending magnet sources is the
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2.2 Synchrotron radiation sources

Figure 2.1: Schematic view of a bending magnet and radiation fan.

critical frequency ωc or critical energy Ec, which divides the power spectrum into two
equal parts [20]:

ωc = 3cγ3

2R and Ec = h̄ωc = 3hcγ3

4πR (2.2)

where h is the Planck constant and h̄ = h/2π. Figure 2.2 shows a comparison of the
typical spectra of a bending magnet, a wiggler and an undulator.

2.2.2 Wigglers
Wigglers can be described as a linear array of alternating dipole magnets. At each

pole, the electron gets deflected by the magnetic field and emits synchrotron radiation.
The radiated flux sums up and thus scales with the number of poles. An electron on its
path around the storage ring sees a sinusoidal field generated by the wiggler and starts to
oscillate. The angular deflection caused by the field can be described as:

ẋ(s) = B0e

m0c

λu
2π

1
γ

cos
(2πs
λu

)
(2.3)
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2 Fundamentals

Figure 2.2: Schematic spectra of a bending magnet, a wiggler and an undulator.

with s the position along the beam axis, B0 the peak magnetic field at the pole, e the
electron charge, m0 the rest mass and λu the period length of the sinusoidal magnetic
field. By defining the so–called deflection parameter [21]:

K = B0e

m0c

λu
2π (2.4)

the maximum deflection can be written as

ẋ(s) = K

γ
. (2.5)

For a K > 1 the angular deflection becomes larger than the opening angle of the radiation
≈ 1/γ. Hence the radiation cones emitted at each magnet of the linear array do not
overlap anymore [20]. This results in a continuous spectrum similar to a bending magnet
and a horizontally enlarged radiation cone. Figure 2.3 shows a schematic array of magnets
used for a wiggler. The typical shape of a photon spectrum from a wiggler can be found
in Fig. 2.2. Compared with bending magnets, wigglers offer a higher energy and flux of
the emitted radiation. In addition, unlike the fixed magnetic field of a bending magnet,
the magnetic field and period length and thus the produced radiation of the wiggler can
be adjusted to the needs and limitations of the experimental stations.
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2.2 Synchrotron radiation sources

Figure 2.3: Schematic view of an wiggler and of it’s radiation cone.

2.2.3 Undulators
Undulators are similar to wigglers and consist of a series of dipole magnets with

alternating magnetic fields. In contrast to wigglers, the emitted radiation from the
oscillating electrons interferes constructively because of the smaller deflection angle. The
resulting spectrum of the radiated light shows a largely enhanced flux and a narrow
bandwidth at the harmonic frequencies of the undulator. The wavelength of the emitted
radiation at the nth harmonic is given by the undulator equation:

λ = λu
2nγ2

(
1 + K2

2 +Θ2γ2
)
, (2.6)

where Θ is the angle between the beam axis and the observer [20]. By changing the
magnetic field, which is typically achieved by varying the gap in a permanent magnet
device or by changing the electric current in an electromagnetic device, the frequency of
the emitted radiation at the different harmonics can be tuned. To fulfill the interference
condition, the requirements on the mechanical precision of an undulator are much higher
compared with those needed for a wiggler. Figure 2.4 shows a schematic picture of an
undulator and Fig. 2.2 the corresponding typical spectrum.
Nowadays most insertion devices in third generation light sources are built using

permanent magnets. The demand for insertion devices which produce light with shorter
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2 Fundamentals

Figure 2.4: Schematic view of an undulator and of it’s radiation cone.

wavelengths and higher flux pushes the requirements for new types of insertion devices.
At the present the highest peak fields for a given period length are created by cryogenic
permanent magnet undulators [22], which are still under development. Similar to the
so-called in-vacuum insertion devices in these undulators, the magnets are placed inside
the beam vacuum. This makes it possible to reduce the magnetic gap and increase the
magnetic field strength as no intermediate vacuum vessel is needed. In addition, the
magnets are cooled to around 140K which further increases the peak magnetic field [22].
Another possibility to increase the peak magnetic, which is presented in the next section
is using superconducting coils.

2.3 Superconducting insertion devices
In superconducting insertion devices the permanent magnets are replaced by supercon-

ducting coils. The advantages and technical challenges, as well as the open issues are
addressed in the following.

2.3.1 Advantages
Superconducting insertion devices open up the possibility to reach higher magnetic fields

for a given vacuum gap and period length compared to permanent magnet undulators [6]
and even cryogenic permanent magnet undulators [7–9]. This provides an increase in flux
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2.3 Superconducting insertion devices

and extends the spectrum to higher energies opening up the possibility for storage rings
with energies of the order of 3GeV to reach photon energies in the hard X-ray regime.
In addition, permanent magnet devices can suffer from partial or total demagnetization

when exposed to high doses of hard X-rays. Radiation damage has been reported by the
Advanced Photon Source (APS) in Argonne, where two small vacuum gap devices show
a loss in peak magnetic field [23] and by the European Synchrotron Radiation Facility
(ESRF) in Grenoble [24], where two insertion devices have accidentally been irradiated and
demagnetized during the commissioning phase of the machine. Radiation damage can be a
problem, especially for high energy storage rings and free electron lasers (FELs). Although
the FEL group in Stanford reported that superconducting magnets can quench under
exposure of electron showers, the quench sensitivity depends on different parameters like
field margin and intensity of the shower [24]. The only objection concerning permanent
damage of superconducting IDs is the possible degradation of the epoxies or other organic
materials which are most commonly used to fix the wire position of the superconducting
coil [25]. However, the radiation resistance of many organic materials has been investigated
e.g. at CERN for the Large Electron Positron Collider (LEP) as well as for the Large
Hadron Collider(LHC) both at room temperature and at cryogenic temperatures [26, 27].

2.3.2 Technical challenges and open issues
Although a lot of progress has been made concerning the development of superconducting

undulators [9, 10, 28], some technical issues still need to be solved.
Shimming concepts, which are used to compensate for magnetic field errors and improve

the field quality, are difficult to apply to superconducting undulators. Although several
approaches have been proposed [29–32], a working concept has not been developed yet.
Therefore, high requirements on the mechanical tolerances of the winding and the yoke, as
well as on the assembly of the magnets are required. At the same time, the restrictive
tolerances achieved at room temperature have to be maintained during cool down over
the full length of the magnet.
Additionally, precise measurements of the field quality at around 4K, in vacuum and in

small bores, are much more complex than measurements in air and at room temperature.
No commercial system is available and several instruments are under development [33, 34].
Another main difficulty for the development of superconducting insertion devices is the

necessity to keep the superconducting coils at a constant temperature of around 4K to
operate the magnets with a safety margin below the critical curve determined by the
critical current surface. Especially for a conduction cooled system or a system with small
liquefaction capacity, the known heat intake from the beam deposited on the cold beam
tube is crucial for the cryogenic layout. In March 2005, a cryogen free cold bore undulator
was installed at the storage ring of the Ångströmquelle Karlsruhe (ANKA)[10, 35]. The
beam induced heat load observed in this device was higher than expected and resulted
in a higher operating temperature of the coils, which reduced the magnetic performance.
Possible beam heat load sources are synchrotron radiation from upstream bending magnets,
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2 Fundamentals

wakefield effects due to geometrical and resistive wall impedance and electron and/or ion
bombardment [12, 36]. The discrepancy of the beam heat load calculated from theory
compared to experimental results obtained at ANKA, as well as with the superconducting
wigglers installed at MAX II and at the DLS [14] is still not understood. This is why
at ANKA the decision was made to build a cold vacuum chamber for beam heat load
diagnostics (COLDDIAG) [14].
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3 Chapter 3

Beam heat load sources

Among the possible sources for the beam heat load are synchrotron radiation from
upstream magnets, wake field effects and electron and/or ion bombardment. In the
following, the different underlying mechanisms of these sources of beam heating are
described.

3.1 Synchrotron radiation from upstream bending magnets
In storage rings, superconducting insertion devices are typically installed in straight

sections. These straight sections are enclosed by two bending magnets, one upstream
and one downstream. The upstream bending magnet radiates a large fan of synchrotron
radiation tangentially to the direction of flight of the circulating particle. Thereby, part
of the insertion device which is on the outside of the storage ring, can be located in this
radiation fan. The power emitted by a bending magnet per mrad of arc and integrated
over all vertical angles is given by [37]

Ps = eI

1036πε0

γ4

R
, (3.1)

where e is the charge, I the average beam current, ε0 the vacuum permittivity, γ the Lorentz
factor and R the bending radius of the magnet. Equation 3.1 shows the linear dependence
of the radiated power with respect to the beam current. For an electron beam at the
DLS with an energy of 3GeV, average current of 300mA and a bending radius of 7.15m,
the total radiated power is about 300.7 kW, which corresponds to Ps = 47.9W/mrad.
Assuming a point–like uniform electron beam, the angular power distribution in the vertical
can be calculated using [37, 38]:

∂P

∂ψ
= Ps

21
32

γ

(1 + γ2ψ2)5/2

[
1 + 5

7
γ2ψ2

(1 + γ2ψ2)

]
. (3.2)
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3 Beam heat load sources

Here ψ is the vertical opening angle between the horizontal plane defined by the particle
motion and the observation point. In order to screen insertion devices from the hard X-ray
radiation produced by the upstream bending magnet, a collimator system is normally
installed. However, reflected synchrotron radiation can still shine onto the cold section
of the insertion device. The amount of reflected synchrotron radiation hitting the cold
chamber walls depends on the geometry of the beam pipe in front of the ID, the collimator,
but also on the material and on the roughness of the surfaces. The complex geometry and
surface properties of the different materials used in the beam pipe make it very difficult to
evaluate the influence of reflected synchrotron radiation on the beam heat load.

3.2 Geometrical and resistive wall impedance
Another source of beam induced heating is the electromagnetic interaction of the beam

with the surrounding chamber. In the time domain, this interaction is referred to as wake
fields and as impedance in the frequency domain. Wake fields and impedance are related
to each other by a Fourier transform [39, 40]. For a circular machine, the energy loss per
turn or the power loss of a single bunch can be expressed in general as [36, 41]:

Plossb
= I2

b

∞∑
n=−∞

ReZ|| (nω0) |S (nω0)|2, (3.3)

where Ib is the bunch current, ω0 = 2π/T0 is the revolution frequency and S (nω0) is the
frequency spectrum of the bunch. ReZ|| is the real part of the longitudinal impedance.
For a Gaussian bunch profile, S can be written as

S (nω0) = exp

(
−(nω0)2σ2

z

2c2

)
. (3.4)

In the case where the time between the bunches is much longer than the bunch duration,
assuming Nb identical and equally spaced bunches and in the absence of resonant modes,
the sum can be replaced by an integral and Eq. 3.3 can be transformed to [36]:

Ploss = I2

Nbπf0

∞∫
0

ReZ||(ω)exp
{

(−σz
c

)2ω2
}
dω, (3.5)

where I is the average beam current. Commonly, one distinguishes resistive impedance from
geometrical impedance. Resistive impedance is caused by the resistance of the chamber
walls, whereas geometrical impedance is caused by changes of the beam pipe cross–section
like steps, gaps, tapers or surface roughness. In contrast to the heat load caused by
synchrotron radiation, heat coming from geometrical and resistive wall impedance depends
on I2/Nb in the absence of resonances, and shows a strong dependence on the bunch length
(see Eq. 3.5 and Eq. 3.7). In the next section more details of geometrical and resistive
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3.2 Geometrical and resistive wall impedance

impedance are given.

3.2.1 Geometrical impedance
Geometrical impedance is caused by changes of the beam pipe geometry like steps, gaps,

tapers and surface roughness. The electric field generated in the vacuum chamber walls by
a point–like charge traveling with a velocity of v ≈ c is contracted in the direction of flight.
In the limit v → c the field of the particle is given by a ring with zero angular spread
[42]. Every time the diameter or the shape of the beam pipe is changed, the particle
changes and usually loses energy. This energy is given by the amount of work required to
change the charge distribution in the chamber walls. A charged particle trailing within a
short distance is affected by the field of the leading one and correspondingly changes its
energy [40, 42]. By knowing the longitudinal impedance ReZ||, the power loss per turn
of all particles can be calculated using Eq. 3.5. From literature analytical expressions
and approximations of ReZ|| can be found for many geometrical problems including steps,
tapers, gaps, cavities [40, 43]. Although the exact surface properties of the beam pipe
are difficult to determine, there are different approaches for including the influence of the
beam power loss due to surface roughness [36, 44–46]. The values for the power which can
be obtained from analytical formulas are in good agreement with simulations performed
with CST PARTICLE STUDIO [36]. However, not all of the power dissipated by the
beam is directly converted into heat. An unknown fraction of the power is reflected in
the forward or backward direction into the beam pipe. In addition, the power can also be
transferred to other bunches. Therefore, an exact determination of the heat intake from
geometrical impedance is not possible, but an upper limit can be given [36, 47].

3.2.2 Resistive impedance
Resistive impedance is caused by the surface resistance of the chamber walls. According

to the theory of image charges, the particle beam generates an image current with the
opposite charge in the chamber walls. This current produces heat in the beam pipe due
to the electrical resistance. In a synchrotron, the surfaces seen by the beam are mostly
made from stainless steel or aluminum. Copper, with its high electrical conductivity is
used whenever low amount of resistive wall heating is desired. For resistive wall heating
the longitudinal impedance is given by [48]

ReZ||(ω) = L

l
Rs, (3.6)

where L is the length of the vacuum chamber, l the circumference of the beam pipe and
Rs is the surface resistance of the beam pipe. Equation 3.5 can now be written as

Pwall = L

πl

I2

Nbf0

∞∫
0

exp

{
(σz
c

)2ω2
}
Rs(ω)dω. (3.7)
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3 Beam heat load sources

The high velocity of the particles leads to short revolution times and thus high frequencies
of the current. Therefore, for highly energetic particles the skin effect needs to be taken
into account [48]. The skin depth is given by

δ(ω) =
√

2ρ
µ0µrω

, (3.8)

with ρ the D.C. resistance of the material, µr the relative permeability and µ0 the vacuum
permeability. In case of normal skin effect, the surface resistance can be written as

Rs = ρ

δ
=
√
µ0µrω

2 . (3.9)

The mean free path of an electron inside a bulk metal is given by [49]

l = 1
2

ne2

mevFρ
(3.10)

where n is the number of electrons in the metal, ρ the resistance and vF =
√

2EF /m the
Fermi velocity with EF the Fermi energy of the metal. The RRR value is defined as the
ratio between the resistance at room temperature and the residual resistance at very low
temperatures, where only the impurities in the material contribute to the resistance and
the lattice contribution can be neglected [50]

RRR ' ρ300K
ρ4K

and thus l4K ' RRR · l300K . (3.11)

Typically the RRR value for electroplated copper on stainless steel which is used for the
beam pipe in the superconducting ID at ANKA and MAX-II, are between 10 and 200
[37, 51]. For low temperatures and conducting materials with high purity as used in cold
bore insertion devices, the mean free path length l of the electrons in the material becomes
larger then the skin depth. As a consequence, only a small fraction of the electrons with a
velocity almost parallel to the surface contributes to the conduction of the A.C. current
[52]. The underlying theory of this phenomena, the anomalous skin effect, was developed
by H. London [53], A. B. Pippard [52], E. H. Sondheimer and G. E. H. Reuter [54] and
R. Chambers [55]. The surface resistance in the anomalous skin effect regime can be
expressed as

Rs = R∞(1 + 1.157α−0.276) , for α ≥ 3 (3.12)

with

α = 3
2

(
l4K
δ4K

)2
=
(3

4ωµrµ0(ρl)2ρ−3
4K

)
(3.13)
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and

R∞ =
(√

3
16πρl(ωµrµ0)2

) 1
3

. (3.14)

In a real device, the conductivity and therefore the RRR value of the beam tube or the
copper coating is normally not directly measured. However, by using the anomalous skin
effect theory, the range and the dependency can be given for the contribution of resistive
wall heating to the overall heat load of a cold bore insertion device.

3.3 Electron and/or ion bombardment
In addition to synchrotron radiation and wake field effects, electron and/or ion bom-

bardment are also possible sources of beam induced heating. In the ultra high vacuum
chamber of a storage ring, the gases with non–negligible partial pressure are typically H2,
H2O, CO, CO2 and CH4 [13]. In superconducting insertion devices, the beam pipe is
normally at a temperature of around 4-20K to minimize thermal radiation to the coils.
At these temperatures, the beam pipe acts as an efficient cryopump. The origin of the
cryopumped gases are either molecules from the surface oxide which were desorbed by
energetic particles like photons, electrons or ions, or residual gas molecules from adjacent
room temperature parts of the storage ring. These physisorbed molecules are only loosely
bound by Van der Waals forces with binding energies of a few meV. Particles with kinetic
energies of only a few eV are needed to desorb the molecules covering the surface. In
the literature this repeated process of desorption and adsorption is called ‘recycling‘ [56].
Taking into account this recycling process, the cryosorbed surface layers are potentially a
large source of particles. In an electron storage ring some molecules in the gas phase can
be ionized by photons produced by direct or reflected synchrotron radiation, or by the
electron beam directly. The electrons and ions created are repelled or attracted by the
beam and accelerated towards the chamber walls. By hitting the walls they either desorb
other particles or deposit some heat.
A phenomenon which was first detected at machines with positive particle beams, but

later also observed in electron machines, is the electron cloud [57–59]. In the case where
the secondary emission yield (SEY) of the electrons becomes greater than one, i.e., for one
incident particle more than one electron is released from the chamber walls, an avalanche
like effect is created. This localized effect leads in the worst case to beam instabilities [58]
which have up to now only been observed in machines with positive beams. The electron
cloud build up has a large influence on the local gas distribution and is a source of electrons
which can again impinge on the chamber walls. These electrons possibly contribute to the
heating process of the cold beam tube [59]. A rough estimate of the heat deposited onto
the chamber walls by electrons or ions is given in Eq. 3.15 to 3.20.
For a round beam traveling in the center of a circular beam pipe the electric field [60]
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3 Beam heat load sources

can be expressed as

E(r) = λ

2πε0r
(3.15)

where r is the radial position and ε0 the vacuum permittivity. λ is the line charge of the
bunch, given by

λ = eNp

cτ
(3.16)

with the bunch duration τ and the number of particles per bunch

Np = IT0
qNb

(3.17)

for I the average beam current, T0 the revolution time and Nb the number of bunches.
The momentum transfer from one passing bunch to a stationary particle with distance r
[12, 60] can be written as

∆p = qE(r)τ = qeNb

2πε0cr
. (3.18)

and the corresponding energy increase of the particle, of of mass m is given by

∆W = ∆p2

2m . (3.19)

As a relatively simple approximation, the power induced by particle bombardment to the
chamber can be assumed as the energy gained from the momentum kick of the bunch
times Ṅ the number of particles hitting the walls per unit time [12]

Pbomb ≈ ∆W · Ṅ = I2T 2
0

N2
b

(
q

2πε0cr

)2

2m · Ṅ . (3.20)

Equation 3.19 shows that the energy gain of the particle is inversely proportional to the
particle mass. This involves that only electrons or positrons can effectively contribute
to the beam heat load and the contribution of the much heavier ions can be neglected.
The dependence on the various beam parameters is unknown and strongly affected by
the interaction of the bombarding particles with the electromagnetic fields created by the
beam, which still needs to be understood.
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4 Chapter 4

Experimental setup

In the context of superconducting insertion device development at ANKA, the issue
of measuring and investigating the beam heat load from the electron beam has been
addressed. A cold vacuum chamber for diagnostics (COLDDIAG) was designed and
manufactured together with the company Babcock Noell GmbH [61]. With the wide range
of instruments, including temperature sensors, pressure gauges and residual gas analysers,
as well as retarding field analysers, it is possible to measure the beam heat load, total
pressure and gas content, as well as the flux of charged particles hitting the chamber
walls. COLDDIAG was installed in the Diamond Light Source (DLS) in November 2011.
After only one week of operation it had to be removed. It was installed again with some
modifications in August 2012. Figure 4.1 shows COLDDIAG installed in straight 8 of the
storage ring of the DLS shortly after the second installation. In this chapter, first the
major challenges concerning the design and instrumentation setup are described, then the
vacuum and cryogenic layout, installed diagnostics, and changes after the first installation.
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Figure 4.1: COLDDIAG experiment installed in straight 8 of the DLS storage ring in
August 2012.

4.1 Experimental challenges
Some basic points about the cryostat and the installed diagnostics of COLDDIAG had

been fixed in an early stage of the experiment. The cryostat should fulfill the following
requirements (see Fig. 4.2):

• The cryostat should be a cryogen-free system with an operating temperature around
4K and the possibility to operate at higher temperatures up to 300K.

• The length should be about 1.4m to fit in one of the two short straight sections at
ANKA.

• The cold liner section in the cryostat should be situated between two warm sections
with identical geometry and instrumentation.

• The beam pipe should be exchangeable to test different geometries and materials
and to allow installation in other storage rings.
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4.1 Experimental challenges

Figure 4.2: First sketch of the COLDDIAG experimental setup. A more detailed overview
is presented in the following figures.

• For the measurements at ANKA the gap of the vacuum pipe was aimed to be
25mm [14].

The diagnostic instrumentation should include:

• Temperature sensors and heaters to measure the beam heat load.

• Pressure gauges and residual gas analysers to measure the total pressure and the
residual gas composition.

• Retarding field analysers to investigate the flux and possibly the energy of charged
particles hitting the chamber walls.

• A precise leak valve to inject different gases and control the surface coverage and
composition of the cold liner section [14].
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This instrumentation should be present in all three sections of COLDDIAG to simultane-
ously compare the measurements in the upstream and downstream warm sections with
those in the cold section [14].
Because of the limited cooling power of a cryogen-free system on the one hand and

limitations on the total length on the other, the thermal transitions in the cryostat had to
be relatively short and much thinner than in other cryogenic devices used in synchrotron
storage rings. Those limitations on the thermal transition, and the desire to reach a
base temperature of the cold liner section in the range of 4K made it impractical to
build the beam pipe in one piece. Thus, several gaps and steps had to be introduced
into the beam pipe design. In order to avoid heating effects from geometric impedance
which could influence the amount of the measured beam heat load, gaps and steps in the
transitions had to be minimized. Analytical calculations [36], which were later confirmed
by 3D simulations with CST PARTICLE STUDIO [62], showed that the steps in the warm
regions should be smaller than100µm while those in the cold section should be below10 µm.
Reaching these mechanical tolerances was extremely challenging but proved achievable
within the central region of ±10mm horizontally from the beam axis, where most of the
image currents are flowing.
The decision to install COLDDIAG at DLS put additional constrains on the materials

and instrumentation available to be used in the beam vacuum. In general, the beam
vacuum specifications of DLS prohibit the use of all organic materials. Cabling for the
sensors and all adhesives had to be specially tested for outgassing under ultra high vacuum
(UHV) conditions and in the presence of radiation.
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4.2 Vacuum layout
The vacuum system of the COLDDIAG experiment shows two major volumes: the

insulation vacuum and the beam vacuum (UHV) (Fig. 4.3). The two spaces will be
described in the following section including their properties and purposes.

4.2.1 Insulation vacuum
The volume of the insulation vacuum is hermetically sealed from the beam vacuum

and from atmosphere. It surrounds the beam vacuum parts in the cold section to inhibit
heat transfer by convection from ambient temperature to the cold parts in COLDDIAG.
For practical reasons, the insulation vacuum pressure was targeted to be in the region of
10-7 mbar. This allows the use of ion getter pumps, after prepumping the cryostat with
a combination of scroll and turbo pumps. In terms of operational safety, ion pumps are
advantageous compared to turbo pumps as in case of a malfunction the vacuum is still
maintained. In addition, the absence of moving parts further improves the reliability. The
separation of the insulation and the beam vacuum and the relatively relaxed requirements
on outgassing rates to reach a pressure around 10-7 mbar put a lot fewer constrains on the
allowable materials and the cleaning processes. The insulation vacuum is pumped with a
150 l/s Varian (now Agilent Technologies [64]) ion pump and reaches a base pressure of
10-8 mbar during cold operation with beam.

4.2.2 Synchrotron beam vacuum
The beam vacuum chamber consists of a cold chamber section between two warm

sections. Each of the three sections contains a beam pipe that includes the same diagnostic
instruments. This liner is made out of an oxygen-free high conductivity copper (OFHC)
which is electroplated with 50µm copper to simulate the beam tube of the superconducting
undulator SCU14 at ANKA. For the installation at the DLS, an ellipse with 60mm
horizontal and 10mm vertical cross-section was chosen for the bore of the beam pipe,
which is similar to the liner used in the superconducting wigglers installed at the DLS.
In the cold section, the beam vacuum is separated from the insulation vacuum by a
six-way DN100 CF stainless steel cross. This cross is supported by threaded rods, which
are connected to the insulation vacuum chamber. Bellows between the cryostat and the
six-way cross minimize the heat transfer from ambient temperature and allow for thermal
shrinkage during cool-down. The bellows through which the beam travels are equipped
with RF–fingers. The synchrotron beam vacuum of COLDDIAG reaches a pressure in the
range of 10-9 mbar.
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Figure 4.3: Overview of cryostat and vacuum chamber [63].
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4.3 Cryogenic layout

4.3 Cryogenic layout
To simulate the beam pipe of superconducting insertion devices, the cold liner section

of COLDDIAG has to be maintained stable at a specific temperature in the range of 4
- 20K. COLDDIAG is a cryogen-free system and cooled by one Sumitomo RDK-415D
cryocooler. This two-stage Gifford-McMahon cooler has a specified maximum cooling
power of 35W at 50K on the warm stage and 1.5W at 4.2K on the cold stage [65]. The
typical cooling power at different operating temperatures provided by the cooler can be
seen in Fig. 4.4. As a consequence of the limited cooling power of the conduction cooled
system, the heat intake from thermal radiation and conduction must be minimized as
much as possible. The following section describes the cryogenic layout and the heat intake
path from conduction and radiation. Heat transfer by convection is neglected as it is very
efficiently suppressed by the insulation vacuum.

Figure 4.4: Cryocooler load map [65].

4.3.1 Heat intake from thermal radiation
To reduce the heat transfer by means of thermal radiation from the cryostat at ambient

temperature to the cold inner surfaces, a shield is installed. This thermal shield screens
almost all radiated heat as it is covered with superinsulation. A thermal connection to the
the warm stage of the cryocooler allows active cooling of the shield. Another radiation
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path in COLDDIAG where heat is irradiated to the shield and the cold liner at the same
time, is the central diagnostics tube (see Fig. 4.5). The design of this tube is based on
the one used for the COLDEX experiment [66] which was installed at the super proton
synchrotron (SPS) at the Conseil Européen pour la Recherche Nucléaire (CERN). This

Figure 4.5: Drawing of the diagnotics tube [63].

tube connects the inside of the cold beam pipe with the residual gas analyser and pressure
gauges. To avoid molecules from getting frozen on their way from the beam pipe to the
residual gas diagnostic instruments, this tube needs to be at ambient temperature and has
to sit as close as possible to the liner without direct contact. Although the radiated heat
from this diagnostics tube is reduced by a shield at floating temperature, this warm insert
deposits heating power on both the thermal shield and the cold beam pipe. Together with
the elliptical apertures on the liner ends, the thermal shield is the main thermal radiation
source to the cold beam pipe and the cold stage of the cryocooler.

4.3.2 Heat intake from thermal conduction
Figure 4.6 shows the major components contributing to the heat transfer by means

of thermal conduction inside of the cryostat. The outer cryostat vessel and the thermal
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shield are removed from the drawing for better visibility. The parts of the experiment

Figure 4.6: Highlighted in yellow are the 300K parts inside the cryostat [63].

which are at ambient temperature are highlighted in yellow. The heat transfer by thermal
conduction from the cryostat outside at ambient temperature to the inner beam vacuum
tube at 4K is intercepted at several stages. The inner six-way DN100 CF stainless steel
cross, which contains the cold liner section, is supported by eight stainless steel rods and
has three connections to the outer part of the cryostat at room temperature.
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Figure 4.7: Highlighted in yellow are the transition from 300K to 50K [63].

The contribution to the heat transfer from ambient temperature to the inside of the
cryostat coming from the stainless steel thread rods with a diameter of 2mm and a length
of more than 300mm, can be neglected. The heat intake from other 300K components
to the inner parts is suppressed by stainless steel bellows (see Fig. 4.7). These bellows
compensate the shrinkage of the cold cross during cool–down. In addition, they have a
lower thermal conductivity compared to a normal CF pipe because of the thinner material
and the longer heat path. The axial bellows are also equipped with RF–fingers to avoid
cross–talk between the electric field generated by the electron beam with the periodic
structure of the bellows. The RF–fingers also maintain the electrical continuity of the
beam pipe needed for the electron beam.
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Figure 4.8: Highlighted in yellow are the components connected to the shield at 50K [63].

To intercept the heat path from the bellows to the colder inner parts, the end of the
three bellows are connected to the thermal shield at around 50K. This can be seen in
Fig. 4.8. The thermal shield acts as a heat link and conducts the heat to the warm stage
of the cryocooler and out of the cryostat.
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Figure 4.9: Highlighted in yellow are the components at intermediate temperature from
50K to 4K [63].

The six-way cross, which contains the cold beam pipe, is connected to the thermal
shield as well as to the cold stage of the cryocooler via bellows. The steepest temperature
gradient is at both ends of the cold liner section (see Fig. 4.9), where it touches the innner
flange of the axial bellows. To minimize the heat transfer, this transition was made out of
a 50µm thin stainless steel foil (see Fig. 4.10). It is covered with 5 µm electro-deposited
copper to enhance the electrical conductivity for the image currents of the electron beam.
On the warmer side the 20mm long transition slides inside the flange of the bellows. On
the colder side it is glued with a ceramic cement–like glue (Aremco Ceramabond™ 571).
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4.3 Cryogenic layout

Figure 4.10: Thermal transition from RF–bellows to the cold liner section.

To reduce heating effects from geometrical impedance caused by changes of the beam
pipe geometry (see Sec. 3.2.1), the transition foil is connected to the cold liner without
steps and gaps bigger than 10 µm within the central region of ±10mm from the beam axis,
where most of the image currents are flowing.
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Figure 4.11: Cold mass at 4K [63].

Figure 4.11 shows the cold mass comprising the 490mm long cold liner section and the
connection to the cryocooler. Both components are made out of oxygen-free high thermal
conductivity copper (OFHC). To improve the thermal contact conductance between the
two components, a 125 µm thick indium foil is clamped in the joints. On the top and
bottom of the cold liner section, screened from the beam, temperature sensors and heaters
are installed to measure the beam heat load.
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4.4 Diagnostics
The COLDDIAG experiment was designed and built to measure and investigate the

beam heat load on a cold vacuum chamber. For this purpose the cryostat was equipped
with temperature sensors, pressure gauges and residual gas analysers as well as retarding
field analysers (see Fig. 4.12), which are presented in the following sections.

Figure 4.12: Overview of the installed diagnostics devices in COLDDIAG.

4.4.1 Retarding field analysers
To measure the flux and the energy distribution of charged particles hitting the chamber

walls, there are Retarding Field Analysers (RFA)located at each of the pumping ports.
The half moon shaped RFA in COLDDIAG consists of a tungsten mesh and a detector
plate placed behind pumping holes in the beam tube (see Fig. 4.13). The beam tube is
electrically grounded as it is connected to the cryostat. The tungsten mesh can be biased
negatively or positively (against ground) with varying voltages. The detector plate can
also be positively or negatively biased (against ground) opposite to the mesh to collect
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the charged particles passing through the repelling grid. The current of particles hitting
the collector plate is measured by a Keithley 6514 electrometer [67]. With the installed
Thurlby Thandar Instruments (TTI) power supply, a maximum retarding voltage of 250V
can be applied in steps as small as 10mV. The collector voltage can be varied from 0V
to 60V. Experiments with an RFA with similar design and readout were performed at

Figure 4.13: Picture of the half moon shaped RFA mounted into COLDDIAG without
tungsten Grid (A), the tungsten grid of the RFA under the pumping holes and the pump-
ing holes in the cold liner section (C).

the ANKA storage ring. During the calibration done at the Laboratori Nazionali di
Frascati (LNF) it appeared that the proposed RFA setup might not be sensitive enough
to determine the energies of the primary electrons passing the retarding grid. Instead, the
measured spectra are dominated by secondary electrons created at the grid or the collector
[68]. Therefore, to improve the signal to noise ratio, a lock-in technique was implemented
in addition to the DC readout. A 3830 BNC multiplexer from Signal Recovery [69] is
used to switch between the two measurement options. A sinusoidal voltage supplied by
the 7230 dual phase lock-in amplifier from Signal Recovery is coupled via a microphone
transformer on top of the retarding voltage. A battery pack with a fixed voltage of 85V
is used to bias the collector. With the lock-in amplifier, the current on the collector is
measured versus frequency and phase. A comparison between the two measurement modes
done with a hot filament in a laboratory experiment were promising (see Fig. 4.14). In
this test setup, the electron spectrum obtained with the electrometer showed already some
noise with steps of 1V on the retarding grid. On the contrary, the data measured by using
the lock-in amplifier exhibited the expected broad spectrum and less noise even with an
energy resolution of 0.1 eV.

4.4.2 Solenoid
Over the downstream long arm of the cold six-way cross, a magnet coil is installed

to suppress charged particles impinging onto the liner walls. Electrons with a velocity
component perpendicular to the beam direction are deflected on a helical path and guided

32



4.4 Diagnostics

0 5 1 0 1 5 2 0 2 5 3 0
0

1 x 1 0 1 0

2 x 1 0 1 0

3 x 1 0 1 0

4 x 1 0 1 0

5 x 1 0 1 0

0 5 1 0 1 5 2 0 2 5 3 0
6 . 4 x 1 0 - 9

6 . 5 x 1 0 - 9

6 . 6 x 1 0 - 9

6 . 7 x 1 0 - 9

 R F A  m e a s u r e m e n t  w i t h
         e l e c t r o m e t e r  s e t u p

 

 
N(

E) 

E n e r g y  [ e V ]

 R F A  m e a s u r e m e n t  w i t h
         l o c k - i n  a m p l i f i e r  s e t u p

 

 

Am
plit

ud
e [

arb
. u

nit
s]

E n e r g y  [ e V ]
Figure 4.14: Comparision of the two RFA readout setups. Energy spectrum obtained by
the electrometer (top), and with the lock in amplifier (bottom), of the low energy electrons
hitting the detector and generated by a hot filament in a laboratory experiment.

out of the cold liner section. The magnet coil has a length of 160mm and an inner diameter
of 120mm. To reach an on axis peak field of 5mT, a current of 0.43A is needed. To
prevent overheating, the coil is connected directly to the warm stage of the cryocooler and
a sensor is installed on the windings to monitor the temperature. Whereas currents below
0.43A can be applied for long periods, currents up to 1A corresponding to a field of more
than 10mT can be applied only for short times in the order of 30min. This is due to the
slow heating up of the solenoid which impacts on the temperature measurements.

4.4.3 Pressure gauges and residual gas analysers
Each of the three pumping ports also contains a MKS Inverted Magnetron gauge and a

Pfeiffer Vacuum PrismaPlus™ QMG 220 residual gas analyser to monitor the total pressure
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and the gas content in the three sections of the UHV chamber. The lowest measurable
pressure of the cold cathode gauges is below 10-10 mbar. The residual gas analyser covers a
mass span from 0 to 100 amu and is equipped with a Faraday and a continuous secondary
electron multiplier (C-SEM) detector. The minimum measurable partial pressure is below
5 · 10-12 mbar with the Faraday and 10-14 mbar with the C-SEM detector [70].

Figure 4.15: Locations of heaters and temperature sensors.

4.4.4 Gas injection system
COLDDIAG is also equipped with a gas dosing system to investigate the influence of

different gases naturally present in the beam vacuum on the beam heat load. A DN40 CF
4-way-cross is connected to the middle diagnostic port and the beam vacuum chamber via
a remotely controlled valve. For safety reasons, to avoid venting the synchrotron beam
vacuum, this valve can only be opened when the main valves at the end of the section
where COLDDIAG is installed are closed. To monitor and control the pressure, a full
range gauge consisting of a penning and a hot cathode gauge as well as a precise stepper
motor controlled leak valve from VSE Vacuum Technology are also installed at the 4-way
cross. With the possibility to heat the valve seat, the leak valve offers a controlled leak
rate down to 1·10-9 mbar l/s [71]. The last port can be connected to a pump cart (see
Fig 4.16). The gas dosing system can be used to prepare a defined amount of gas in the
gas dosing chamber and release it into the beam vacuum or to provide a continuous gas
flow through the middle diagnostic port onto the cold liner surface.
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Figure 4.16: Sketch of the gas injection scheme.

4.4.5 Temperature sensors
The main aim of COLDDIAG, to measure the beam heat load, requires precise tem-

perature measurements and the possibility to apply well defined heating powers. To
measure the temperature increase due to the beam or the heaters and to monitor the
functionality of COLDDIAG, the experiment is equipped with 42 temperature sensors.
With five Lakeshore 218S temperature monitors, a maximum of 40 sensors can be used at
the same time. Thirty two of these sensors are distributed on the three liner sections, with
eight located in each of the warm parts and 16 in the cold (see Fig. 4.15). All temperature
sensors are read out with the four wire measurement technique. Pt-100 sensors with a
standard calibration curve are used in the warm sections and in the cryostat, where an
operating temperature higher then 50K is expected. On the cold liner and everywhere
else in the cryostat, Lakeshore Cernox™ 1050SD sensors are used. The sensors located on
the cryocooler have been calibrated by Lake Shore Cryotronics [72]. All other Cernox™
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sensors have been calibrated with a setup supplied by the group of Prof. H. v. Löhneysen
of the Physikalisches Institut of the Karlsruhe Institute of Technology (KIT). As suggested
by Lake Shore Cryotronics Inc. a Chebyshev polynomial of 9th order which is defined by
the recurrence relation

T0(x) = 1
T1(x) = x

Tn+1(x) = 2xTn(x)− Tn−1(x)
(4.1)

is fitted to the measured resistance values of the temperature sensors. Figure 4.17 shows the
typical resistance behavior of an exemplary temperature sensor for the temperature range
4-300K along with the parameters used for the fitted Chebyshev polynomial. The inset
shows the residual of the fitted function, which indicates that the error of the calibration
is less than ±0.25K in the region of interest below 77K.
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Figure 4.17: Resistance of a typical Cernox™ temperature sensor for the temperature
range from 4-300K, the inset shows the regular residual from the fitted Chebyshev polyno-
mial.
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4.4.6 Heaters
There are six heaters in COLDDIAG, one on the top of the liner in each warm part,

with two on the top and two on the bottom of the cold liner. The heaters simulate the
heat intake from the beam to calibrate the measured temperature to a defined heating
power. It is also possible to use these heaters to maintain a well defined temperature and
directly determine the heating power from the beam by the difference in power needed
to stabilize the temperature with and without beam. The heaters are 120mm long and
10mm wide. They consist of a 0.125mm diameter 99.99% pure Ni-chrome wire clamped
between a 1mm thick thermal conducting Sapphire plate and a 3mm thermal isolating
MACOR™ plate. Ni-chrome wire has the advantage of a high resistance, which changes
very little compared with stainless steel during cool–down [73]. With a resistance of 30Ω
and a current of 0.5A, each one of the heaters can reach a maximum of around 7.5W. Each
individual heater is controlled by a TTI power supply with a maximum voltage of 60V
and a maximum current of 1.5A. Two additional cartridge heaters, with 50Ω resistance,
are installed on the cold stage of the cryocooler head inside the insulation vacuum. These
heaters can be used to apply larger amounts of heating power to the cryostat to change,
for example, the operating temperature of COLDDIAG. Whereas the heater cables in the
warm sections are made of copper, for the heaters inside the cryostat, feed cables with a
low thermal conductivity and a relatively high electrical resistance had to be used (see
Sec. 4.4.7). To obtain only the power consumed by the heaters, a four–wire measurement
technique is used. The voltage drop over each heater is measured with a Keithley 2700
multimeter equipped with a 7700 20–channel differential multiplexer module.

4.4.7 Wiring
All sensors and heaters are placed in the beam vacuum. Therefore, the wiring has to be

radiation resistant, suitable for cryogenic use and UHV compatible. With the decision
to install COLDDIAG at the DLS, the use of any organic material in the beam vacuum
was restricted or at least had to be avoided wherever possible. The limited available
space in the beam vacuum and the number of wires needed made it impossible to use
ceramic beaded wires, because of the relatively large size of the beads. An AWG 32
Nickel-Copper wire with a thin insulation layer of sintered ceramic was first used to
connect the temperature sensors and heaters. The vacuum compability in a radiation
environment was tested by the DLS vacuum group. To avoid noise pick up, the four wires
of each sensor were twisted together. In the cold section, the wires have to be around
2.5m and are much longer than in the warm sections to avoid additional heat intake from
warm parts of the cryostat. In addition, the wires need to be thermally anchored to a heat
sink to minimize heating of the temperature sensors through the wires. During assembly
and thermal anchoring of the wire, several shorts occurred and the wire had to be replaced
by an organic insulated wire because the ceramic insulation was too thin and not flexible
enough. A Lake Shore AWG 36 Quad-Twist™ wire made of Phosphor Bronze was chosen
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after vacuum and radiation testing which was also performed by the DLS vacuum group.
The wire is Formvar® isolated and consists of two twisted pair wires, which are again
twisted together, to minimize noise pick-up.
The wires inside COLDDIAG are bundled to 50 pin connectors. In total, five 50 pin

feedthroughs, three from the cold section and one from each warm section, provide the
signals to the outside of the vacuum chamber. To minimize noise pickup on the 35m long
cables from the experiment to the control rack, all the cabling for the sensors is halogen-free
UNITRONIC® LAN 1200 H CAT.7 cable from Lapp Kabel. The screened cable consists
of four twisted pair cables, which are additionally screened. Similar to the wiring inside
the cryostat, the voltage and the current path of the four wires attached to one sensor are
twisted together and the signals of two sensors are transported in one cable. As the voltage
and the current are much higher in the heater circuits compared with the temperature
sensor circuit, a cable without additional screening but of thicker cross–section was chosen.
UNITRONIC® LiHCH (TP) cable with a cross–section of 0.5mm2 is used for the power
cable and a thinner 0.25mm2 cross–section cable for the sense circuit of the heaters.
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4.5 Control system and data acquisition
For the control system and data acquisition of COLDDIAG some basic requirements

had to be fulfilled. Data acquisition and data storage rates of 1Hz were required and the
control-system should be able to run reliably for at least one week. In addition, it needed
to be possible to easily and quickly adapt the control system to different experimental
needs and also to the control-system of different light sources. Taking into account these
requirements, the decision was made to build a LabVIEW™ based stand-alone control
system and a MySQL database to store the acquired data. To backup the acquired data,
new database entries are dumped every 24 h and sent to a mirror database located at
ANKA. At the DLS, access to the experiment is of course not possible and access to
the control racks should be reduced to a minimum to not disturb the electronics and
accidentally drop the beam during user beam time. For this reason, beside the readout
of the installed electronics, the control system needed to offer full remote control of all
installed power supplies, voltmeters, amperemeters and the lock-in amplifier. In March
2012, a temperature PID control loop was additionally implemented which makes it
possible to measure the beam heat load at a constant temperature of the beam pipe. A
blockdiagram of the signals in COLDDIAG can be seen in Fig. 4.18. Figure 4.19 shows the
overview panel of the COLDDIAG control-system, which informs the operator about the
status and any critical problems with cooling, temperatures and pressure of COLDDIAG.
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Figure 4.18: Blockdiagram of the signals in COLDIAG.
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Figure 4.19: Overview panel of the COLDDIAG control-system.
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4.6 Changes and tests before the second installation
COLDDIAG was installed in the storage ring of the DLS during a machine shutdown in

November 2011. After the first successful tests and measurements with beam (see also
Sec. 5), the downstream thin thermal transitions from the RF–bellows flange to the cold
liner section failed and caused a beam dump (see Fig. 4.20). As the foil of the transition
was bent into the beam stay clear it was only possible to use the storage ring by inserting
a bump in the orbit of the electron beam. Consequently, COLDDIAG had to be removed
after only one week of user beam. This section describes the failure analysis, the changes
made to improve the thermal transition, as well as the experiment and the tests performed
to guarantee proper functionality before reinstallation.

Figure 4.20: Endoscope picture of the broken downstream transition.

4.6.1 Failure Analysis
After removing COLDDIAG from the storage ring and disassembling of the cryostat and

the two thermal transitions, a substantial failure analysis was performed. The investigation
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showed that on both the upstream and the downstream ends the ceramic glue which was
used to secure the transition foils in place had failed. This happened most probably due
to the vibrations during transport. In addition, a thick surface oxide layer, typical for
stainless steel, and the lack of contact pressure made a bad electrical contact on the sliding
joint between the transition foil and the RF–bellow flange. This caused an increased
geometric impedance and consequently a temperature rise followed by a thermal expansion
of the transition foil. The copper bracket holding the thermal transition in place did not
expand, as it was in much better thermal contact with the cold liner section than the
transition foil. This expansion of the transition foil, together with the different expansion
coefficients of the stainless steel and the copper plating, in conjunction with the failed
ceramic glue, forced the transition foil to bend towards the beam.

4.6.2 Changes to the thermal transition design
To make a second installation of COLDDIAG at the DLS feasible, the design of the

thermal transition had to be completely revisited. The requirements on this part of
the cryostat, from the RF–bellows to the cold liner section, are very high, as it is one
of the most critical points concerning the functionality of COLDDIAG. To avoid heat
transfer from the 50K to the 4K region, a only (50 µm) thin transition foil has to be used.
Moreover, to minimize beam heating due to geometric impedance from a step, the foil
should be very precisely connected within ±10mm of the horizontal center of the cold liner.
At the same time, electrical continuity needs to be maintained and the surface resistance
of the foil has to be small to minimize heating from image currents. After the failures
during the first installation, a much more rigid solution had to be found. To maintain the
tight overall mechanical tolerances on the transitions and to minimize manufacturing time
and costs, the cold liner section and the copper brackets holding the transition had to be
used again.
The main concept of the improved thermal transition is to split the transition into two

foils with different thicknesses. A copper–plated stainless steel foil is fixed to the copper
liner and slides on a 200 µm thick copper foil fixed to the RF–bellow (Fig. 4.21). To
minimize heating effects from a possible step from the thin to the thick foil, the edge of
the copper foil is chamfered with a tapering angle of less than 6 °. To reduce the electrical
resistance of the contacts, only copper to copper transitions are made. Moreover, to improve
electrical contact, the two foils are pressed together by copper beryllium springs. Crucial
for the new transition design is the use of a stronger connection method, which fulfills
the DLS vacuum requirements and has a good cryogenic performance. The commonly
used non-organic metal to metal bonding techniques for UHV and cryogenic conditions,
including low temperature brazing, spot welding, vacuum soldering and ultrasonic soldering,
have been investigated. All of these processes were ruled out because they include high
temperature, which could deform the small transition parts, or in case of the ultrasonic
soldering are not easily available. Soft solder is not normally used in UHV applications
because of the relatively high vacuum pressure of lead and the unknown amount of residual
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Figure 4.21: Drawing of the improved thermal transition foil.

flux. In addition, small cavities, which are created during the solder process, can possibly
trap gas or flux bubbles that may corrode through the solder. For this reason, several
experiments with different lead and tin based low temperature solder and brush plating
techniques were conducted. A Sn60/Pb40 Multicore solder with Crystal™ 400 flux, which
already performed well in preliminary vacuum tests done by the DLS vacuum group, was
chosen for further investigations. The flux is a so called ’NO CLEAN’ flux, which is only
slightly corrosive and can be removed relatively easily with acetone and a isopropanol
ultrasonic bath. The disadvantage of the mild resin in the flux is an insufficient removal
of the surface oxide of the stainless steel which is required to create a good solder joint
to the copper. In order to create a good bonding surface on the one hand, but only a
thin layer which does not increase the thermal conduction over the thermal transition, the
stainless steel foil was plated with a thin layer of Nickel, followed by a thin copper layer
by using a brush plating technique. Soldering trials, carried out with different prototypes,
showed that the best flow of the solder was achieved by using copper surfaces on both
sides of the joint. Enclosure of any substances into the liquid solder was avoided by using
a high vacuum solder oven especially built for this purpose (see Fig. 4.22). The oven
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Figure 4.22: Vacuum soldering oven.

has a 100mm x 100mm hot plate with a maximum heating power of 100W. At room
temperature, a base pressure of 1.5 · 10-6 mbar can be reached. The following procedure
was used to produce several prototypes and also the final transition pieces:

• The transition foil is roughly cut into shape.

• The 200 µm thick copper foil is chamfered with fine sandpaper and isopropanol (see
Fig. 4.23).

Figure 4.23: Chamfer on the copper foil
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• Depending on which side of the transition piece is soldered, either the stainless steel
foil or the bracket is cleaned with a mild acid and a fine polish.

• A layer of nickel followed by a thin layer of copper is applied by brush plating on
the stainless steel surface of the transition pieces (see Fig. 4.24).

Figure 4.24: Stainless steel transition foil after brush plating with nickel and copper

• The copper foil or the 50µm stainless steel foil is cut precisely to the desired width
and length.

• The plated foil is inserted into the copper bracket and spread by a precisely adjusted
wedge.

• Three turns of the Sn60/Pb40 solder are wound around the angle between the bracket
and the foil.

• The whole assembly is put onto the hot plate in the vacuum oven (see Fig. 4.25),
evacuated to a pressure below 1 · 10-5 mbar and vented with nitrogen gas to avoid
oxidation during the heating process.

• The hot plate is then powered with 100W and heated above the solder melting point
(183°-190°).

• After 30min, a temperature of 210 °C is reached and the pumping of the vacuum
chamber is started.

• At 230 °C, a pressure of 1 · 10-4 mbar is reached, which decreases to 5 · 10-5 mbar
within the next 10min while the temperature is held at a constant level.

• Now the heating is switched off and after 12 h a pressure of around 1.5 · 10-6 mbar is
reached.
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Figure 4.25: Prototype transition piece inside the solder oven

• The soldered pieces are first roughly cleaned with acetone and then put into a
ultrasonic bath filled with isopropanol and finally rinsed with deionised water and
dried with nitrogen.

• The pieces are then put into a UHV chamber and baked at 150 °C for at least 3 days.

• After cool down to room temperature, the vacuum quality is measured by checking
the base pressure reached and a massspectrometer scan from 0 to 100 amu.

Before the original transition pieces were soldered, a full prototype transition had to
undergo several tests to prove the cryogenic compatibility and rigidness to temperature
shocks. For this reason, the test piece was exposed to thermal shocks in liquid nitrogen,
each followed by fast warming to room temperature with a heat gun. Figure 4.26 shows
the transition piece after 15 thermal cycles. No signs of degradation are visible, nor are
thy seen after a prototype was put into liquid nitrogen for 7 days and heated up to 160 °C
for more than 15 h. The final transition pieces which are installed in COLDDIAG are also
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Figure 4.26: Prototype transition piece in liquid nitrogen (A) and after 15 thermal shocks
(B).

equipped with a Pt–100 temperature sensor on the warm side of the transition to monitor
the temperature in case of a cryocooler failure.

4.6.3 Changes to the UHV layout
During the first installation, the UHV vacuum of COLDDIAG was pumped with a Varian

300 l/s and a Gamma Vacuum [74] 500 l/s ion pump, both connected with a DN150 CF
T-piece to a 4-way-cross which was connected to the three diagnostic ports (see Fig. 4.27
A). After 7 days of pumping in this configuration the beam vacuum reached a pressure

Figure 4.27: Warm parts of the UHV chamber (A), parts removed for after first installa-
tion (B) and new pump layout (C).

of 1.6 · 10-7 mbar in the upstream section, and below 3 · 10-7 mbar in the middle and the
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downstream sections before cool-down. With the inner liner section cooled down, the
pressure decreased to 5.1 · 10-9 mbar upstream, 6.9 · 10-9 mbar on the middle gauge and
6.8 ·10-9 mbar downstream without the electron beam present. For a possible reinstallation
at the DLS, the base pressure of COLDDIAG, especially at room temperature, had to be
improved. A bake out of the warm vacuum chamber would only be efficient in conjunction
with a bake out of the UHV chamber surrounded by the isolation vacuum. The possibility
to heat up the inner vacuum chamber was not planned. This is why several thermal
connections in the insulation vacuum are done with Apiezon N grease, which has a melting
point of only 42 °C to 52 °C. In addition, it appeared during the first pump down that the
UHV and the insulation vacuum cannot be pumped separately without risking the thermal
transitions breaking. As the cold liner acts like a cryopump, when cooled down, the
base pressure is dominated by outgassing of the unbaked warm vacuum camber. Instead
of connecting the three diagnostic ports together to two ion getter pumps, the room
temperature connection was removed and each diagnostic port was connected to a separate
300 l/s pump (see Fig. 4.27 B,C). With the new vacuum layout, the pressure at room
temperature before cooldown reached 3.7 · 10-8 mbar at the upstream, 1.1 · 10-7 mbar at
the middle and 4.9 · 10-8 mbar at the downstream diagnostic port. After cool down, the
pressure is below 2 · 10-9 mbar showing an improvement of more than half an order of
magnitude.

4.6.4 Support structure
The connection of the unforeseen second ion pump before the first installation, and the

resulting weight on the support structure, as well as the limited space for struts, made the
support structure bend during alignment. This made it difficult to precisely adjust the
position of COLDDIAG with respect to the vacuum vessels of the storage ring. With the
new pump layout it became possible to put additional struts on the support structure and
to improve the stiffness of the support structure. Figure 4.28 shows the changes made to
the support structure. In addition, during assembly of the cryostat special care was taken
to align the liner sections to the support structure.

Figure 4.28: Support structure before (A) and after the modification (B). The changed
parts are marked in yellow.
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4.6.5 Liner movement during pumping and cool down
During several cool downs between the first and the second installation, a vertical

movement of the liner had been observed. After these cool downs, different tensions on the
thread rods, supporting the cold mass, were measured. This indicated that the thermal
contraction of the upper part of the shield, which is fixed to the six-way cold cross, or
a possible plastic dilatation of the stainless steel M2 thread rods during cool down was
responsible for the movement. To fix this problem, stronger thread rods were used and
in addition, the force from the copper shield to the cold cross had to be minimized. The
stainless steel M2 thread rods were replaced by Ti6-4Al-V thread rods. This titanium
alloy has a higher yield strength, as well as a smaller thermal contraction and thermal
conductivity compared with stainless steel [73]. The new rods have the same thread
size so that the old support of the thread rods and the cold cross could be used. The
copper shield was cut upstream and downstream after the first cool down at the factory,
as one of the thermal transitions broke during an unbalanced pump down of UHV and
insulation vacuum. With the shield cut, it was possible to remove the RF–bellows without
removing the shield and the cold cross. After the repair, the shield was connected again
with bent copper strips (see Fig. 4.29 A). This already removed some of the force from
the upper copper shield to the cold cross. To make the cooling connections more flexible,
but maintain the thermal conductivity, they were replaced with wide copper braids (see
Fig. 4.29 B). In the course of the failure analysis, the motion of the cold liner section

Figure 4.29: Copper connection at the thermal shield before (A) and after the modifica-
tion(B).

during cool down had to be investigated before a second installation could be considered.
For this purpose, a 6mm diameter round optical target was manufactured out of Polyether
Ether Ketone (PEEK) (see Fig. 4.31 A). A thin wire was glued in a small groove along
the length of the target. This allowed the target to be pulled through the beam pipe
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and prevented the target from rolling sideways. The edges of the cylindrical target were
chamfered to gently slide over the sensitive transitions. A Leica NA2 level with parallel
plate micrometer fitted over the telescope objective was used to measure relative height
differences when the target was cooled down or moved through the beam pipe. To pump
down COLDDIAG, windows were mounted on the ends of the warm sections. To avoid too
much pressure on the copper liner, the beam vacuum chamber and the insulation vacuum
chamber are connected from atmospheric pressure down to about 10mbar. Although the
cooling connection at the thermal shield and the thread rods were already replaced, the
first cool down, with the target placed in the middle of the cold liner section, showed an
upwards movement of almost 700 µm. Subsequent cool downs performed with different
tensions on the thread rods coming from the top and the bottom of the cryostat, did not
show any improvement. These cool downs also showed that the cold copper beam tube
was not bending, but the movement is taking place in the RF–bellows. The consequences
from this bend of the RF–fingers are described in subsection 4.6.7. The origin of the liner
movement was found to be the lateral aluminum shields (see Fig. 4.30 A, B). These shields
are connected to the copper shield and the bottom aluminum shield to act as cooling
connection between the two components. The shields were screwed into the top part of
the copper shield, the cut parts and the lower aluminum shield. This made the flexible
copper braids useless and explains the upwards movement of the liner when shrinking
during cool down. As a consequence, the screws in the top half of the lateral shields were
removed. A successive cool down showed a movement of less than 50 µm and no influences
on the cryogenic system.

Figure 4.30: Lateral aluminum shield (marked in blue) and removed screws (A) and top
copper shield (blue) and bottom aluminum shield (shown in grey) (B)
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4.6.6 Measurement of the beam pipe profile
Together with the measurement of the movement of the inner liner section during cool

down, the beam pipe profile of the COLDDIAG experiment was also measured with the
help of the Leica NA2 level. The optical target described in subsection 4.6.5 was pulled
through the liner with the help of a thin wire. This method allowed a more precise
alignment and leveling of the warm parts with respect to the cold section, which was only
done by eye before. Figure 4.31 B shows two different measurements of the beam pipe
profile in COLDDIAG. The blue points show the profile measured from RF–bellow to
RF–bellow without the warm parts installed, and the black points are the last measurement
before the installation from the upstream warm part to the downstream warm part. The
dashed lines are just meant as guidance for the eye. In both cases, the deviation is within
about ±270 µm from the nominal position given by a line defined by the end flanges of
the RF–bellows, which were leveled before the measurement.

4.6.7 Changes to the RF–bellows
During the first installation of COLDDIAG, shortly after a beam dump, the downstream

flange of the RF–bellows showed a temperature much higher than ambient. Investigations
of the RF–fingers located in the transition from ambient to shield temperature (see also
Fig. 4.7) clearly showed that the fingers were not in contact. The lack of electrical
continuity for the image currents caused the observed heating of the outside flange of the
RF–transition (see Fig. 4.32 A). The RF–fingers are made out of stainless steel and show
only limited springiness. Therefore, the displacement of the inner liner section during cool
down plastically deformed them. As the RF–transition is welded into bellows, it was not
possible to change the RF–fingers without new manufacturing. Instead of redoing the
RF–bellows on both transitions, upstream and downstream, a clamp made out of two
stainless steel strips connected with two thread rods was inserted into the space between
the RF–fingers and bellows through the four pumping holes located in the flange (see
Fig. 4.32 D,E). Figure 4.32 B shows the contact at the RF–fingers from inside the beam
tube. In figure 4.32 C the fingers are illuminated from the back side, and one can see
that the middle two fingers are in contact. After the modification of the RF–transition,
COLDDIAG was cooled down, to check the contact of the fingers at cold and to verify
that the additional force of the clamp does not limit the sliding of the fingers required for
thermal contraction and expansion.

4.6.8 Measurement and alignment of the straight section during installation
During the installation of COLDDIAG in the DLS storage ring, the cryostat and the

upstream and downstream pumping stations, which connect COLDDIAG to the storage
ring, were positioned with respect to the nominal electron beam orbit. For the alignment
and the check of the positioning of the different components, the DLS alignment team
used a laser tracker to measure the position of the CF flanges in the straight section. To
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Figure 4.31: Optical target used to determine the liner position (A). Measurement of
the beam pipe profile in COLDDIAG (B). The blue points show a measurement from RF–
bellow to RF–bellow, the black points from upstream warm part to downstream warm part.
The dashed lines are just for guidance. The typical error of the technique can be seen by
the difference of the two measurements.

determine the center point of the CF flanges, several points where taken on the flange
outside and the tracker software calculated the center point with a cylindrical fit function.
Although the center of a CF flange determined in this way does not perfectly match the
center of the beam pipe, the measured position agree typically within ± 250µm. Special
care had to be taken on the alignment of the upstream make-up assembly and the upstream
taper. This taper acts as radiation mask and shadows COLDDIAG from direct synchrotron
radiation from upstream bending magnets, which could possibly damage the cryostat and
influence the measurements. During the alignment, the focus was on adjusting the taper
and COLDDIAG positions as well as possible. In order to do so, larger deviations from
the nominal position, which were caused by mechanical tolerances on the flanges of the
vacuum components, were tolerated at the gate valves located at the ends of the upstream
and downstream pumping stations. Figure 4.33 shows the horizontal and vertical position

53



4 Experimental setup

Figure 4.32: RF–fingers before (A) and after installation of the clamp (B). (C) shows the
fingers illuminated from the backside. (D) clamp through one of the top pumping holes and
(E) through one of the bottom holes

of the components in the straight section where COLDDIAG is installed. The horizontal
position of the upstream taper and COLDDIAG is within ± 250 µm of the nominal beam
axis. The vertical position has only a small negative offset of around 300 µm compared to
nominal beam position. The deviations in the nominal position of the gate valves and the
downstream components are much bigger and can only be tolerated because of the larger
beam aperture of these components.
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Figure 4.33: Measurement of the position of the components in the COLDDIAG straight.
The upper picture shows the horizontal alignment, the bottom one the vertical alignment.

55





5 Chapter 5

Measurements and analysis

The experimental setup described in chapter 4 was used to measure the beam heat load
under different beam conditions, including variable beam current, bunch length, beam
position and fill pattern. Additionally, the total flux of charged particles impinging on
the chamber walls, the energy spectrum of electrons and the influence of a solenoidal field
on these particles, as well as the residual gas content were measured. While COLDDIAG
was installed at the DLS in November 2011, only a small amount of data was collected.
This happened mainly during the start up periode of the machine, before the thermal
transition failed and COLDDIAG had to be removed. After reinstallation in August 2012
with a slightly modified vacuum chamber (see Sec. 4.6), data are now continuously taken
during user beam operation. While in dedicated machine development times it has also
been possible to set special beam conditions for measurements with COLDDIAG. In the
following, the measurements and results obtained are presented and analysed.

5.1 Beam heat load
With COLDDIAG installed in the DLS storage ring, the main aim is to measure the

heat deposited by the electron beam into the cold beam tube of the experiment. After a
calibration procedure, the heat intake was measured for different beam conditions. This
section presents the calibration, the beam heat load measurements and the results of the
heat intake dependence on beam current, bunch length, vertical beam position and fill
pattern. In order to determine the beam heat load, the temperature sensor located on the
cooling connection between cryocooler and liner (see Fig. 4.12) is used. Small temperature
gradients between the sensors located on the liner, which are due to unequal contact
pressures, are responsible for different temperature sensor readings (always within ±0.2K)
without beam.
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5.1.1 Calibration
In order to relate the measured temperature to the heat intake from the beam, the

following calibration has been performed without beam. The cold liner sections and the
cryostat were cooled down to the minimum base temperature reachable. After this, the
heaters simulating the beam heating, which are mounted on the outside of the beam tube,
were used to warm up the liner (see Fig. 4.12, 4.15 and Sec. 4.4.6). A similar procedure
was used to perform the calibration for the warm sections. The lowest temperature
reached during the first and second installations was 4.02 ± 0.25K and 5.28 ± 0.25K,
respectively. The difference of around 1.3K is caused by the thermal transition, which
had to be redesigned for more rigidity, and thus gives less thermal insulation from the
cryostat components at intermediate temperature at around 50K to the liner at about 4K.
Figure 5.1 shows a calibration performed in November 2012 in the first shutdown during
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Figure 5.1: Total heating power on the cold liner versus temperature during calibration,
without beam (black dots) and polynomial fit of 9th order to the measured data (red line).

the second installation. The sum of the power applied to the four heaters located on the
cold liner is plotted against the temperature of the sensor located at the cooling connection
between cryocooler and liner. A polynomial of 9th order was used to fit the heating power
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to the temperature. The coefficients of the polynomial are reported in Fig. 5.1. The
heating power is measured separately for each heater. The 4-wire measurement technique
has been used to account only for the power dissipated in the heaters and not for the
power consumed by the feed cables (see Sec. 4.4.6). The total power provided by the
power supplies of the heaters was varied from 0 - 20W in steps of 0.1W. Figure 5.2
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Figure 5.2: Detailed view of Fig. 5.1 between 6K to 8K showing the fit function and the
power steps (top) and plot of the regular residual of the polynomial fit to the heating power
(bottom).

gives a detailed view of the temperature range from 6K and 8K of Fig. 5.1, showing
the power steps of the heaters. The plateaus visible in the plot of the heating power are
caused by a delay of the system reaching a new thermal equilibrium after increasing the
power on the heater. In addition, Fig. 5.2 shows the residual of the polynomial fit to the
heating power. It can be seen that the residual, representing the error of the calibration,
is within +0.23W and −0.15W. In Fig. 5.3 the temperature is shown as a function of
time. During this calibration, the power was increased every 30min. This provides enough
time to reach thermal equilibrium on the cold liner and to collect enough data points
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for averaging over small temperature fluctuations. The temperature variations seen in
Fig. 5.3 of around 35mK are either due to electrical noise or caused by the cryocooler
compression and expansion cycle. This cycle has a frequency of about 60Hz, similar to
the time between two consecutive readouts of the temperature sensors. A small or varying
frequency difference between the cryocooler period and measurement could explain the
structure seen in the temperature fluctuations.
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Figure 5.3: Temperature as a function of time during calibration.
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5.1.2 Beam current dependence
The beam current dependence is one of the criteria for distinguishing between the

different possible sources of beam heat load (see Sec. 3). The raw data of a typical beam
current ramp are shown in the Fig. 5.4 for 460 consecutive bunches. The time between two
current steps ranges from 15min for small currents to 30min for high currents, allowing
the cold liner section to reach thermal equilibrium. To obtain the beam heat load from
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Figure 5.4: Temperature (top) and beam current (bottom) during the 460 bunch current
ramp.

the raw data, only the measured temperature values in thermal equilibrium with constant
temperature and constant beam current are needed. These values are chosen by a software
selection algorithm. The program only chooses data points which are within a temperature
band of ± 50mK for at least 30 s. A second condition during this time interval is the
value of the beam current staying within ± 2mA. From the selected data only the last
120 temperature values measured in the two minutes before the next step in beam current
are used and averaged. The other values are rejected to minimize the influence of the
decaying beam and the time the system needs reaching thermal equilibrium. Finally, the
9th order polynomial obtained from the calibration (see Fig. 5.1.1) is used to determine
the beam heat load from the resulting temperature values. As an example, the plot in
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5 Measurements and analysis

Fig. 5.5 shows the beam heat load for different beam currents and a fill pattern of 460
consecutive bunches. The error bars show the uncertainty in the measurement of the beam
heat load derived from the calibration data. In section 5.1.7 a possible additional influence
on the measurement coming from the thermal transition to the cold liner is discussed. At
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Figure 5.5: Beam heat load for 460 bunches plotted against the beam current (blue) and
two fit curves one parabola to the data for beam currents lower than 80mA (black line)
and a linear curve fit to the data from 80mA to 200mA (red line). The beam heat load
expected from resistive wall heating is also shown for a RRR of 200 (orange dotted line)
and a RRR of 10 (blue dotted line).

beam currents above 80mA, a linear behavior of the beam heat load is observed, which
excludes broad band impedance effects as main heating effect. Although the observed
linear behavior is expected for synchrotron radiation heating, the quadratic dependence
of the beam heat load at low currents, and the fact that the linear fit does not cross the
origin of the plot, contradict the synchrotron radiation heating model (see Sec. 3). The
plot also shows that the beam heat load expected from resistive wall heating for a RRR of
200 and a RRR of 10 calculated by using Eq. 3.7 is more than one order of magnitude
smaller compared to the values measured.
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5.1 Beam heat load

5.1.3 Comparison between the measurements in 2011 and 2012
During the short installation in November 2011, the beam heat load current dependence

for only one fill pattern was measured. Figure 5.6 shows a comparison of this measurement
with a measurement obtained after the reinstallation of COLDDIAG in 2012 for the same
fill pattern. The black curve displays the beam heat load for 900 consecutive bunches
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Figure 5.6: Beam heat load for 900 bunches measured 2010 (black curve) and after modifi-
cation and reinstallation in 2011 (red curve).

obtained with the old thermal transition in November 2011. During this beam current
ramp, the superconducting wigglers were not powered, which results in a smaller energy
spread, thus reducing the bunch length by about 5% from 16.6 ps to 15.8 ps for a beam
current of 250mA [75, 76]. In contrast, for the measurement with the modified COLDDIAG
(red curve) the wiggler magnets are powered. In section 5.1.5, the influence of the different
bunch lengths with and without the wiggler magnets powered is presented, showing that
the shorter bunch length, when the magnets are off, increases the beam heat load by
about 11% for a fill pattern of 686 consecutive bunches and a beam current of 250mA.
Taking into account the different bunch lengths, a comparison of the fill pattern with 900
consecutive bunches measured before and after the reinstallation also shows a difference of
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5 Measurements and analysis

about 10%.

5.1.4 Fill pattern dependence
During the installation, the beam heat load dependence on various fill patterns and

different beam currents has been investigated. In order to stay within safe operational
parameters of the DLS storage ring, the total beam current was limited to 300mA and
individual bunch charge to 0.82 nC with the possibility to add one special bunch with
a charge of upto 3 nC. Furthermore, the sum of the bunch charge Qb squared (SOCS),

defined by
Nb∑

Q2
b had to be below 470 nC2. These parameters are the maximum values

reached during user operation with the so-called hybrid fill pattern consisting of 686
sequent bunches and a single 3 nC bunch after the train. Figure 5.7 shows the beam
current dependence for 230, 460 and 900 successive bunches. For all three fill patterns the
magnets of the superconducting wigglers installed in the DLS storage ring were powered.
For the same current, when the magnets are powered, the energy spread and the length of
the stored bunches become larger. Therefore, because of the beam heat load dependence
on the bunch length (see Sec. 5.1.5), a direct comparison between the current ramps with
different status of the wigglers is not possible. The plots in Fig. 5.7 demonstrate that
the beam heat load increases with the current per bunch. However, the beam heat load
is not scaling linearly with the inverse number of bunches as expected from broad band
impedance effects (see Sec. 3.2). Figure 5.8 shows a comparison of the beam heat load
measured for fill patterns with different bunch spacing. The 936 buckets of the DLS
are spaced by 2 ns defined by the cavity frequency of 500MHz. The bunch spacing for
consecutive bunches is 2 ns. By filling every second (or fourth) bucket the bunch spacing
is 4 ns (8 ns). A significant influence of bunch spacing is not observed. This suggests we
can exclude a narrow band resonance as the main heat load source.
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Figure 5.7: Heat load dependence, for fill patterns with 230, 460 and 900 consecutive
bunches, on the beam current (top) and on the current per bunch (bottom).
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5.1 Beam heat load

5.1.5 Bunch length dependence
Analytical formulas for impedance effects predict a strong dependence of the beam heat

load on the bunch length. Within this work, the bunch length was changed by powering
the coils in the two superconducting wigglers. In this way, for constant beam current
only two different bunch lengths could be investigated. By varying the RF cavity voltage,
the bunch length can be changed over a wider range. However, more allocated machine
development time is necessary for this measurement. In Fig. 5.9 the difference in beam
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Figure 5.9: Heat load for 686 bunches with wigglers on and off for several beam currents.

heat load for a fill pattern of 686 consecutive bunches with the wiggler magnets powered
and unpowered is displayed. With the wiggler coils at nominal field, the energy spread of
the machine and thereby the bunch length increases by about 5% from 17.0 ps to 17.9 ps,
for a fill pattern of 686 consecutive bunches and 300mA beam current [75, 76]. The plots
show that the heat load at 300mA is more than 1W higher with the wigglers off compared
with the wigglers on.
In addition to the dependence on the wiggler field, the bunch length also increases with

increasing current per bunch. Figure 5.10 shows the bunch length plotted against the
current per bunch for a fixed cavity voltage of 2.5MV. The data in the plot are taken with
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5 Measurements and analysis

the wigglers powered and all insertion devices closed. The bunch length was measured
with a streak camera by the DLS diagnostic group in June 2012. The fit shown with
the data points is used in the following analysis. All data for this work were recorded
with a cavity voltage of 2.5MV. Figure 5.11 shows the beam heat load plotted against

Figure 5.10: Bunch length in ps plotted against the bunch current in mA for a cavity
voltage of 2.5MV. The black curve is a a fit to the measured data. Courtesy of C. Thomas,
DLS diagnostic group.

I2

Nb
and different bunch length dependencies: 1

σ
, 1
σ3/2 and 1

σ5/3 . A dependence on I2

Nb

1
σ

would indicate a step transition or symmetric tapers as the dominant heating source,

while the I2

Nb

1
σ3/2 dependence is typical for a resistive impedance in the normal skin effect

regime, and I2

Nb

1
σ5/3 for a resistive impedance in the anomalous skin effect regime [36].

However, the plots in Fig. 5.11 show no linear behavior and thus no agreement with a of
the three models. Moreover, analytical and numerical calculations taking into account the
geometrical and resistive wall impedance for the given structure, predict much smaller
values of the beam heat load than the ones observed (by approximately one order of
magnitude) [36].
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5 Measurements and analysis

5.1.6 Beam heat load during user operation
The DLS storage ring is normally run for user operation in top–up mode for 24 h and

6 days per week with a refill every 5min to 15min. The data presented in this section have
been measured with fill patterns of 686 and 900 sequential bunches and an average beam
current of 300mA. The user run provides the possibility to investigate the beam heat load
on the warm sections, which need around 48 h to reach thermal equilibrium, whereas the
cold section needs less than 1 h. Additionally, the beam heat load dependence in the cold
section over an extended period of time, with similar beam conditions, can be investigated.

Beam heat load in the cold section

Figures 5.12 and 5.13 show the temperature of the cold section during user operation
with 900 and 686 bunches. Both plots show that after a fast increase in temperature in
the first 30min after the injection, it then takes around 12 h to 24 h to slowly increase
in temperature until the cryostat and the cold section reach thermal equilibrium. The
cold section always reaches the same maximum temperature of 15.6K with a fill pattern
of 686 bunches and 14.3K with 900 bunches, which correspond to a heat load of 12.1W
and 10.4W, respectively. The values for the long run are about 1W higher than the
values obtained for the same fill patterns during the current ramps (see Fig. 5.9, 5.7).
The difference in heat load is most probably due to the fact that the cold section is not
perfectly thermally uncoupled from the surrounding cryostat. The components which are
connected to the shield at around 50K and the warm stage of the cryocooler warm up
relatively slowly (about 12 h to 24 h) because of their mass and heat capacity. This extra
heat load partially flows over the thermal transition from the 50K shield to the cold mass
(see Sec. 4.3). Furthermore the dependence of the cold stage cooling power from the warm
stage temperature (see Fig. 4.4) can give a slightly higher temperature of the cold section.

Beam heat load in the warm section

The warm sections of COLDDIAG are thermally isolated from the environment and not
actively cooled. This results in a long time of around 48 h being needed to reach thermal
equilibrium. Eight temperature sensors are placed on each warm section. Figure 5.14
and 5.15 show the mean temperature measured on the upstream and downstream warm
sections. In the upstream warm section, one sensor is shorted to ground so that only
seven sensors are used to calculate the average temperature on the liner. A calibration
procedure similar to the one performed in the cold section is used for the each of the two
warm sections to derive the beam heat load from the measured temperature. For user
operation with a fill pattern of 686 consecutive bunches (see Fig. 5.15), the temperature in
the downstream warm section saturates at around 310K. This behavior is probably caused
by a thermal contact between the liner and the vacuum chamber at ambient temperature
which develops due to thermal expansion of the warm liner. Therefore, the downstream
warm section cannot be used to determine the beam heat load.
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5.1 Beam heat load

Using the calibration for the upstream warm section, a heat load of 3.2W for a fill
pattern of 686 consecutive bunches and of 2.8W for 900 sequential bunches is obtained.
Comparing the long run beam heat load values measured in COLDDIAG and taking into
account the different lengths of the warm and the cold sections, the beam heat load in the
cold section is around twice as big as in the warm sections per unit length. In addition,
the beam heat load in the warm section, just as in the cold section, is not proportional to
the inverse number of bunches. However, the ratio of the heat intake measured for a fill
pattern of 900 and 686 consecutive bunches in the warm sections P900

P686
= 0.86 and in the

cold sections P900
P686

= 0.84 is very close, which might indicate the same beam heat load
dependence.
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Figure 5.12: Temperature in the cold section measured during user operation with 900
bunches as a function of time.
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Figure 5.13: Temperature in the cold section measured during user operation with 686
bunches as a function of time.
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Figure 5.14: Average temperature measured during user operation with a fill pattern of
900 consecutive bunches on the upstream (red) and downstream (blue) warm sections as a
function of time.
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Figure 5.15: Average temperature measured during user operation with a fill pattern of
consecutive 686 bunches on the upstream (red) and downstream (blue) warm sections as a
function of time.
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5.1.7 Possible influence of the thermal transition
The lowest temperatures without beam reached during the first and second installations

were 4.02 ± 0.25K and 5.28 ± 0.25K, respectively. The higher base temperature in the
second installation was caused by the redesigned thermal transition from the RF-bellows
at around 50K to the cold liner section (see Sec. 4.6). To improve and guarantee the
electrical contact for the image currents the changes also lead to more point contacts,
which resulted in a better thermal link between the RF–bellows and the cold section.
Assuming only a negligible heat intake from the thermal transition before the changes
were applied, the calibration made in the first installation can be used to determine the
additional heat load in the new design. From this calibration, a liner base temperature
Tliner of 5.28K corresponds to an extra heat intake Q of 0.64W from the two thermal
transitions at Ttransition 34K. With these values, a thermal conductance λ can be defined
for the each of the transitions as

λtransition = Q

(Ttransition − Tliner)
. (5.1)

With the additional assumption that the thermal contact conductance is linear over the
temperature range of interest, the heat intake from the transition depends only on the
temperature difference ∆T between RF–bellows and cold liner and can be calculated by

Q = λtransition∆T . (5.2)

This temperature difference can be measured by the temperature sensors installed on both
sides of the transition. Figure 5.16 compares the beam heat load measured with a fill
pattern of 686 consecutive bunches as a function of beam current with and without the
influence of the transitions. The largest gradient over the thermal transition is observed
for this fill pattern.
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Figure 5.16: Comparison of the beam current ramp with a fill pattern of 686 consecutive
bunches, with and without correction for the heat intake from the thermal transition.

For the beam heat load as a function of beam current with a fill pattern of 686 consecutive
bunches, a maximum deviation of about 1.8W results from the correction. The shape of
the plot has not changed, which suggest only a small influence from the thermal transitions.
However, offline tests with additional heaters on the warm side of the thermal transitions
are planned after the removal of COLDDIAG, to experimentally determine the heat intake
from the intermediate temperature regions to the cold liner.

5.2 Electron flux and energy spectrum
Three similar retarding field analysers (RFAs) are installed in COLDDIAG: one in the

upstream, one in the downstream, and one in the cold section (see Fig. 4.12). The RFAs
can be used to measure the energy spectrum of the electrons impinging the chamber
wall or the total flux of charged particles, when the retarding grid is grounded. For the
measurements of the energy spectrum two different readout techniques - an electrometer
and a lock-in amplifier have been used (see Sec. 4.4.1). The results are presented in the
following.
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5.2.1 Electron flux
The flux of electrons hitting the chamber walls have been measured for various fill

patterns and different beam currents. Figure 5.17 shows the electron flux measured on the
three RFAs with 900 bunches. The collector was biased with +50V. The electron current
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Figure 5.17: Flux of charged particles detected on the three RFAs with positively biased
collector (+50V) for a fill pattern with 900 consecutive bunches as a function of the beam
current.

detected on all three RFAs exhibits a linear behavior with beam current. The amount
of particles detected with the downstream RFA are almost twice that detected with the
upstream RFA. Additionally, the downstream RFA shows a higher signal compared to the
one of the cold section. In Fig. 5.18, the measured flux on each RFA is plotted against
the beam current for different fill patterns. Similar to the plots in Fig. 5.17, the linear
dependence on the beam current can be seen for all fill patterns. For 686 bunches, a
difference in electron flux when the wiggler magnets are powered, which increases the
bunch length, is observed. This indicates a dependence on the energy spread and/or the
bunch length. The data obtained for the fill patterns with wigglers off can be divided in
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two groups which show dissimilarities in the measured electron current. The same electron
flux is measured for the fill patterns with 900, 460 and 686 consecutive bunches with the
wigglers off. A similar flux is also measured for the second group: the fill patterns with 460
consecutive bunches and every second bucket filled, the 230 bunch fill pattern with every
forth bucket filled and the 230 bunch fill pattern with consecutive bunches. Although
during the current ramp with a fill pattern of 460 consecutive bunches only a few points
have been recorded in the flux measurement mode of the RFA, a larger amount of electrons
has been detected compared to the fill pattern with 460 bunches and every second bucket
filled. This behavior indicates a dependence of the electrons hitting the collector plate on
the bunch spacing. However, for the fill pattern with 230 bunches and every fourth bucket
filled and the 230 bunch pattern with successive bunches no significant difference in the
electron flux can be found. A dependence of the electron flux on the bunch spacing is not
expected for electrons generated by synchrotron radiation (see Sec. 3.1). In contrast, the
observed linear dependence of the electron flux with the beam current for all fill patterns
is the same as the one predicted for photo electrons from synchrotron radiation.

5.2.2 Electron energy spectrum
To obtain the energy spectrum of the electrons detected by the retarding field analyser,

two measurement techniques are available in COLDDIAG. Figure 5.19 and 5.20 show the
electron spectra measured with both setups on the three RFAs installed in the upstream
and downstream warm sections, and in the cold section of COLDDIAG. At the time of
the measurements, the machine was run with a fill pattern of 686 consecutive bunches at
300mA in top–up operation.
To obtain the data for Fig. 5.19, the negative retarding voltage is changed from 0V

to 250V in steps of 100mV. For each retarding voltage, the data are taken for one RFA
after the other. The collector plate is biased with +50V and the current is measured with
a Keithley 6514 electrometer. The RFA setup works as a high pass filter, rejecting all
electrons with energies below the retarding voltage. To obtain a spectrum, the derivative
of the current measured for two consecutive energies has to be calculated. The spectra
presented in Fig. 5.20 are obtained with a lock-in amplifier with a frequency of 353Hz, an
amplitude of 100mV, and a phase of -157.29 deg. The retarding voltage is changed from
0V to 250V, in steps of 200mV for one RFA after the other. The collector plate is biased
with +84V against ground.
The plots in Fig. 5.20 show the absolute value calculated from the real and imaginary

part detected by the dual phase lock-in amplifier. Although the measurements performed
with the lock-in amplifier have less noise than the spectra measured with the Keithley
electrometer, the spectra reveal the same features. The measurements show that most
electrons hitting the RFAs have energies below 10 eV. A zoom into the energy range 0-10 eV
displays in the upstream and downstream warm section a peak of the spectrum around
1 eV in the inset figure. Similar behavior has been observed with the room temperature
RFA installed at ANKA [68]. On the contrary, the RFA spectrum in the cold section
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shows a broader peak around 3.5 eV. Using Eq. 3.20, a rough estimate of the heating power
created by electron bombardment can be obtained by assuming that all electrons hitting
the cold RFA have a peak energy of 3.5 eV. By considering the measured energies and
flux, the resulting heat load is less than 1mW. However, the measured energy spectrum
and total flux might only show a fraction of the electrons hitting the wall because the
maximum detectable energy is limited to 250 eV. Moreover, the location of the RFAs could
be unfortunate and the small acceptance angle of the RFA for particles with high energies
traveling with a velocity component in beam direction might also limit the number of
detected electrons.
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Figure 5.18: Collector current on the three RFAs for different fill patterns. The collector
is biased with +50V.
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Figure 5.19: Energy spectrum of electrons detected on the three RFA’s with the Keithley
6514 electrometer.
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Figure 5.20: Energy spectrum of electrons detected on the three RFA’s with the lock-in
amplifier technique.
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5.3 Influence of the magnetic field of the solenoid
A 160mm long solenoid, which can produce a maximum magnetic field on axis of about

10mT, is installed on the downstream arm of the cold six-way cross. This magnet can be
used to suppress charged particles impinging the wall by modifying their trajectories (see
Sec. 4.4.2). The magnetic field applied is parallel to the beam axis. Depending on the
polarity of the electric current, the field is pointing in the beam direction or opposite to it.
To measure the particle flux, the retarding grid of the RFA was set to ground and the
collector plate was biased with -50V or +50V.
Figures 5.21, 5.22, 5.23 and 5.24 show the influence of the solenoidal field on the liner

temperature and the flux of charged particles. The flux was measured in the upstream
and downstream warm section and in the cold section. For the data presented in Fig. 5.21
and 5.22, the collector is biased negatively whereas for the data in Fig. 5.23 and 5.24 the
collector is biased positively. During data acquisition, the storage ring was operated in
top-up mode with a nominal beam current of 300mA, a fill pattern of 686 consecutive
bunches and a refill every 10min. Before the measurement was started, the cryostat did
not reach perfect thermal equilibrium. Therefore, during the experiment the temperature
is rising about 0.5K, as can be seen in the plots.
Figure 5.21 shows the flux of positively charged particles during a ramp of the electric

current in the solenoid. The collector current measurements show a small enhancement of
the particle flux in the cold, while there is no change of the signal from the upstream and
downstream warm section. The temperature chart follows the top-up mode of the beam
current. A small increase of less than 200mK is visible at around 16:40. This could be
associated with a delay of about 5min between increasing the collector after increasing
the solenoid current.
The data presented in Fig. 5.22 are taken with the collector still biased negatively, but

with the magnetic field direction inverted. The flux of positive ions in the cold section
is suppressed by the magnetic field, whereas again no influence is visible in the warm
parts. Here also a small increase in temperature of around 300mK is noticeable while the
solenoid is powered.
For the measurement shown in Fig. 5.23, the collector is biased positively to collect

negatively charged particles. The magnetic field is pointing in the same direction as in
figure 5.21. While the upstream RFA shows no response to the increasing magnetic field,
in the downstream warm section the flux is slightly increased. However, the current of
negative particles measured in the cold section at first increases for small magnetic fields
and then decreased. Approximately 200mK higher temperature can be seen again while
the solenoid is powered.
Figure 5.24 presents the flux and temperature for the inverted magnetic field with

positive collector voltage. Again, the current on the upstream RFA is not changed while
changing the solenoidal field. The flux measured in the cold section shows no maximum
at low magnetic fields and is decreased from 7.8 · 10-8 A to 3.6 · 10-8 A compared with
that measured with the opposite magnetic field direction. In addition, the flux in the
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downstream section, which was increased in the previous measurement, is now decreased.
Again, a temperature change of about 200mK is observed.
In summary, the magnetic field in either direction clearly decreases the flux of electrons

impinging on the chamber walls in the cold section. In the warm sections, only the
downstream RFA is affected by the solenoid. The upstream RFA is too far away from the
solenoid to show changes in the flux from the (axial) magnetic field. For positive particles,
the influence in the cold section is not so strong and there is no visible influence on the
flux in the warm sections. Depending on the magnetic field orientation, the flux is either
decreased or slightly increased. The small influence on the liner temperature of around
200-300mK in all four cases is negligible compared to the total temperature increase due
to the beam current.
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Figure 5.21: Influence of the axial magnetic field produced by the solenoid on the particle
flux and the liner temperature. The collector is negatively biased.
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Figure 5.22: Influence of the axial magnetic field produced by the solenoid on the particle
flux and the liner temperature. The collector is negatively biased and the axial magnetic
field inverted with respect to Fig. 5.21.

84



5.3 Influence of the magnetic field of the solenoid

- 3 . 0 x 1 0 - 7

- 2 . 5 x 1 0 - 7

- 2 . 0 x 1 0 - 7

- 1 . 5 x 1 0 - 7

- 1 . 0 x 1 0 - 7

- 5 . 0 x 1 0 - 8

0 . 0

2 9 5

3 0 0

3 0 5

 

 

 

 u p s t r e a m
 c o l d  s e c t i o n
 d o w n s t r e a m

co
llec

tor
 cu

rre
nt 

[A]

c o l l e c t o r  + 5 0 V ,  s o l e n o i d  p o s .

 

 

 

Be
am

cu
rre

nt 
[m

A]
Te

mp
era

tur
e [

K]

2 2 : 0 9 2 2 : 2 5 2 2 : 4 1 2 2 : 5 7
0 . 0

0 . 5

1 . 0

 T i m e  [ h o u r s ]

 
 

So
len

oid
cu

rre
nt 

[A]

1 6 . 5 0
1 6 . 7 5
1 7 . 0 0
1 7 . 2 5
1 7 . 5 0  T e m p e r a t u r e

 S o l e n o i d  c u r e n t

 B e a m  c u r r e n t

 

 

Figure 5.23: Influence of the axial magnetic field produced by the solenoid on the particle
flux and the liner temperature. The collector is positively biased.
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Figure 5.24: Influence of the axial magnetic field produced by the solenoid on the particle
flux and the liner temperature. The collector is positively biased and the axial magnetic
field inverted with respect to Fig. 5.23.
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5.4 Total pressure and residual gas content
COLDDIAG is equipped with three inverted magnetron pressure gauges and three

residual gas analysers, one in each diagnostic port (see Sec. 4.4.3). In addition, one gauge
is located upstream and one downstream from COLDDIAG in the pumping section of the
storage ring. In the sections below, the total pressure during a beam current ramp as well
as during user run is presented. Finally, the residual gas content with and without beam
is shown.

5.4.1 Total pressure
Figure 5.25 shows the pressure on the five gauges located in the straight section as

a function of the beam current. The measurement was performed with 3GeV and 460
consecutive bunches separated by 2 ns. The pressure measured in the upstream pumping
section has a linear dependence on the beam current, in contrast to the pressure measured
with the other gauges. This linear behavior is typical for photodesorption. To screen
COLDDIAG from the direct synchrotron radiation created by the upstream bending
magnet, a taper is installed between the upstream pumping station and the cryostat (see
Sec. 3.1). The non-linear pressure increase after the taper demonstrates that the shading
is sufficient and no direct synchrotron radiation is hitting the liner of COLDDIAG. Direct
synchrotron radiation can therefore be excluded as the dominant beam heat load source
in COLDDIAG. However, reflected synchrotron radiation might fill the vacuum chamber
without being the dominating mechanism of molecule desorption.
The pressure measured in COLDDIAG during the user run from September to December

2012 can be seen in Fig. 5.26. The upstream warm section shows the highest pressure
followed by the downstream warm section, while the cold section exhibits the lowest
pressure. During the user run, the pressure is improving in all three sections. The pressure
spikes visible in the plots are measured after the machine development days and after the
November shutdown, which is indicated by the axis break. In the periods without beam or
low beam currents, the cold liner section in COLDDIAG acts as a cryopump. When beam
is restored to user conditions, the cryosorbed gas layers are released into the vacuum by
photodesorption and thermal desorption, creating pressure spikes in the cold section.
An influence of the pressure or of the cryosorbed gas layer on the beam heat load could

not be observed. This might be due to the fact that the pressure spikes have a very short
time constant, which is much shorter than the time needed to reach thermal equilibrium
and to measure the beam heat load. In addition, the pressure variation during user run is
not very large and all effects caused by the pressure might therefore be hidden by effects
which have a larger impact on the beam heat load such as different beam currents or
different fill patterns.
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Figure 5.25: Pressure in the COLDDIAG straight section as a function of beam current,
with a fill pattern of 460 consecutive bunches.

5.4.2 Residual gas content with and without beam
Figure 5.27 shows the typical residual gas content measured with the three RGAs

installed upstream, downstream, and in the cold section of COLDDIAG, with and without
beam. The selected spectra show only the range from 0 to 50 amu, as no masses have been
detected above this. Similar to what can be seen in Fig. 5.25 and Fig. 5.26, the upstream
section reveals the highest pressure, followed by the downstream section, while the lowest
pressure is observed in the cold section. The residual gas measured in all three sections
exhibits an analogue composition dominated by hydrogen with the main peak at 2 amu
and followed by water indicated by the peak at 18 amu. The presence of water is due to
the fact that COLDDIAG is not baked. Baking has not been performed to avoid any
influence on the purity of the electroplated copper layer on the liner. The relatively high
values obtained for carbon monoxide and nitrogen, both with the main peak at 28 amu, as
well as oxygen at 32 amu, typically indicate an air leak. However, the COLDDIAG UHV
chamber was leak checked several times ad no leak could be found above the detection
limit of the leak detector which is 1 · 10−12 mbar · l/s. This means that the peaks are due
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to virtual leaks caused by trapped volumes badly pumped inside the cold section, such
as the volume between the six-way cold cross and the cold liner section (see Sec. 4). A
comparison of the gas content with and without beam shows that the partial pressure of
all gases increases almost equally and no particular gas is accumulating.
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D a t e
Figure 5.26: Pressure in COLDDIAG as a function of beam current during the user run
from September to December 2012.
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Figure 5.27: Mass spectra measured with the three RGAs installed in the upstream,
downstream and cold section of COLDDIAG, with and without beam.
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5.5 Discussion and concluding remarks
Good agreement is observed between the measurements performed in 2011 and with the

redesigned thermal transition in 2012.
The overall beam heat load of up to 12W with a beam current of 300mA and a fill

pattern of 686 consecutive bunches measured in the cold liner section is more than one
order of magnitude larger than the theoretical predictions for COLDDIAG from resistive
wall heating ranging from 0.1W for a RRR of 200 to 0.2W for a RRR of 10 (see Sec. 3.2.2).
Even though the amount of heat load measured could be around 1.8W higher than the
real beam heat load, due to some heat intake from the new thermal transition (see Sec.
5.1.7). The beam heat load of around 3.2W measured in the upstream warm section
during the user run with a fill pattern of 686 consecutive bunches for a beam current
of 300mA and of around 2.8W measured during the user run with a fill pattern of 900
consecutive bunches and the same beam current is also much higher than expected from
theory.
Assuming resistive wall impedance is the main source of heat load, the heating is

proportional to the length of the vacuum chamber (see Sec. 3.2.2). In this case, the beam
heat load to the cold and the warm liner sections can be compared after rescaling the
measured values of the 0.27m long warm sections to the length of the 0.5m long cold
section. The resulting beam heat load of 5.9W in the warm section is still around half the
value of the 12W measured in the cold section for a fill pattern of 686 consecutive bunches
and 300mA beam current. The 5.2W obtained after rescaling for a fill pattern with 900
consecutive bunches and a beam current of 300mA in the warm section, is almost half
of the 8.9W measured for the beam heat load in the cold section. However, because of
the better electrical conductance at cryogenic temperatures, a lower heat load in the cold
section than in the warm section for resistive wall heating is predicted.
Besides the discrepancy in the magnitude of heat load expected from impedance effects,

the higher beam heat load measured at cryogenic temperatures compared with room
temperature, the non linear dependence on the inverse number of bunches (see Sec. 5.1.4),
the squared beam current (see Sec. 5.1.2) and the bunch length (see Sec. 5.1.5) do all
point towards something other than resistive wall heating as the dominant heat source.
The electron energy spectrum measured in the cold section, the flux and solenoid mea-

surements are not sufficient to explain the heat load via electron and/or ion bombardment.
However, only a fraction of the electrons hitting the wall might be detected. Also of note
is the observed dependence of the electron flux on the bunch spacing which is not expected
for electrons generated by synchrotron radiation (see Sec. 3.1) and can only be related to
beam dynamics effects.
The measurements performed with the total pressure gauges show that the background

pressure in front of the radiation mask is dominated by photodesorption. The gauges
in COLDDIAG do not indicate any pressure dependence typical for direct synchrotron
radiation. However, reflected synchrotron radiation might fill the vacuum chamber, without
being the dominant mechanism of molecule desorption.
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Summary

Nowadays, the demand for high intensities at short wavelength at electron storage rings is
constantly growing. A possibility to fulfill these requirements is the use of superconducting
insertion devices. However, the heat intake from the beam which is crucial for the cryogenic
design of these devices can still not be predicted as the beam heat load mechanism is not
fully understood. Within the framework of this thesis, a cryogen-free cryostat built by
the company Babcock Noell GmbH was equipped with diagnostic instrumentation and
commissioned. This cryostat was installed at the DLS to measure the beam heat load
created by an electron beam on a cold bore in a storage ring.
The diagnostic instrumentation and in particular the heaters and wiring inside the

UHV was adapted and had to be developed to be compatible with vacuum and radiation
requirements. A gas injection system capable of injecting various small amounts of gases
into the UHV of COLDDIAG and a new readout for the retarding field analysers using a
lockin-amplifier were developed within this work. To operate the experiment and for data
acquisition a LabVIEW™ based control system interacting with the control system of the
storage ring of the DLS was programmed.
COLDDIAG was briefly installed in November 2011 in the storage ring of DLS and

had to be removed due to a failure of the thermal transitions to the cold liner section. A
mechanically more rigid design, which ensures a good electrical contact and still maintains
a relatively low thermal conductivity, was developed. The new design introduced a soft
soldering step under vacuum into the assembly of the thermal transition. The UHV
compatibility of the new pieces was demonstrated and COLDDIAG was reassembled and
reinstalled after some other modifications less than one year after the first failure in August
2012.
While COLDDIAG was installed in November 2011 and from August to December 2012

at the DLS, the beam heat load was measured under different beam conditions, including
variable beam current, bunch length, beam position and fill pattern. The flux of charged
particles impinging on the chamber walls and for electrons the energy spectrum were
determined. With the installed solenoid the influence of an axial magnetic field produced
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by a solenoid on these particles was investigated. Additionally, the residual gas content
and the total pressure were measured during the time COLDDIAG was installed.
The measured beam heat load in the cold and in the warm sections of the COLDDIAG

setup is much higher than expected from theoretical models. Furthermore, none of the
measured dependencies of the heat load on the fill pattern, the bunch current, or the
bunch length fit any of the theoretical predictions. The measurements of the beam heat
load, as well as the measured total pressure indicate that direct synchrotron radiation from
upstream magnets is not the main source of beam heat load. The measured electron energy
spectra and total flux are not sufficient for explaining the heat load by electron and/or ion
bombardment, though only a fraction of the particles accelerated towards the chamber
walls may have been detected. The discrepancies between theory and measurements
are still not understood. More work is needed on both the experimental as well as the
theoretical side to understand the beam heat load on a cold bore.

Outlook
More experiments are needed to understand the beam heat loads measured with

COLDDIAG.
To do so, a software PID control loop was implemented into the control system to

maintain a constant temperature on the liner. This will also allow the beam heat load to
be measured at different liner temperatures. In this way, additional information about
the influence of the cryosorbed gas layer and/or the importance of the conductance of the
liner can be gathered.
To investigate the influence of the bunch length in a more controlled way, measurements

at constant beam current and different cavity voltages are planned.
In addition, higher beam currents particularly in for the fill patterns with a small number

of bunches can provide more information about the beam heat load at high bunch currents.
Furthermore, the influence of the new thermal transition on the measured heat load needs

to be investigated more closely. With this aim, offline calibrations after the implementation
of additional heaters in the thermal transition region are foreseen.
A controlled increase of the pressure by switching off the ion pumps in the straight

section or the injection of different gases like hydrogen, carbon monoxide, carbon dioxide
or methane, might give a better understanding of the impact of the residual pressure and
cryosorbed gas layer on the beam heat load.
More theoretical work will also be carried out in parallel.
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