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Abstract

The fields of the bunches in an accelerator induce image currents in the vacuum vessel
walls. Due to the non-zero resistance of the vessel walls these image currents dissipate
power in the form of heat in the vessel. The effect is known as resistive wall heating.
Calculations of the resistive wall heating for different bunch lengths and vessel apertures
in the normal conducting and anomalous skin effect regimes are presented. The results
show that the heating of the High Average Current Loop (HACL) is ~kW m™ for the
shortest bunch lengths. There is ~50 Wm™' of heating at the HACL collimators and this
could have an impact on the engineering design. Installing a vessel at cryogenic
temperatures is probably not feasible in the 4GLS HACL. The amount of heating means
that the room temperature permanent magnet undulators will require cooling to maintain
their magnetic performance. This could result in a increase in the minimum magnetic
gap. The heating of the XUV-FEL line vessels is ~W m™' and assumed to be negligible.
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1. Introduction

In general, when a longitudinal charge distribution traverses an impedance it can
lose energy to that impedance. For a resistive wall impedance, the amount of energy lost
can be found by considering the heating of the vessel due to image currents induced by
the beam or by considering the energy lost by the beam due to resistive wall wakefields.
Both should be ideally the same. In 4GLS there are narrow gap vessels for the undulator
modules and collimators and these will receive the most beam heating. In order to ensure
the heating is not too great for the operation of the undulators and collimators it needs to
be calculated.

Equivalent sets of equations for calculating the heating due to image currents have
been derived to describe the effect in the LHC dipoles [1, 2] and also for a number of
different superconducting planar undulators considered for light sources, [3, 4, 5, 6]. To
calculate the power dissipated in a conducting vessel due to the image currents the
surface resistance, R;, of the vessel must be accurately modelled. The correct model to
use depends on factors such as: the temperature of the metal, T, the frequency of the
applied field, o, and the magnitude of any external magnetic field, B. The total power
dissipated due to resistive wall heating, Pt, in W m’!, from Gaussian bunches with rms
bunch length, oy, in a circular vessel of radius, r, and surface resistance, Ry(®), is [4]:

n=0
1
P,=—R.(0)IZ,
=5 R(0)1;
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P =—R (0)2I2Exp| - —22
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where o 1s 2n divided by the bunch spacing in seconds, Iy is the time averaged
current and c is the speed of light.

Rs in the Normal Conducting Regime

In the normal conducting regime, for example at room temperature, the surface

resistance, R normal 18:
R _ CU/JOIO
s,normal 2 ’

where Lo is the vacuum permeability and p is the DC resistivity of the vessel. In
this regime the field penetrates into the metal a certain distance given by the skin depth,

6sk:

5sk = 2_p .
W,
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Residual Resistance Ratio and Magneto-Resistance

If the vessel is cooled to cryogenic temperatures then the resistivity decreases by a
factor determined by its residual resistance ratio, RRR, to give a temperature dependant
resistivity, pr:

Yo,

P~ RRR

Magneto-resistance is when the conductivity of a material is limited by an
external magnetic field. Magneto-resistance is an affect seen in high purity metals, with a
high RRR value, operating at low temperatures and in high magnetic fields. The
resistivity of the material, pgpr, i1s determined by Kohler's rule [7]:

Por = pr (14100 L00BRR207)

Rs in the Anomalous Skin Effect Regime

As the resistivity decreases the mean free path between collisions of the
conduction electrons, A, can eventually become greater than d¢ and only the fraction of
conduction electrons moving parallel to the metal surface are effective in carrying
current. The classical theory of conductivity breaks down and the theory of the
anomalous skin effect (ASE) must be used [8]. In the ASE theory the surface resistance,
Rs anom, 18 [9]:

R,.... =R, (1+1.157a7"%°),

s,anom
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2. Beam Properties
The relevant beam properties for 4GLS are given in Table 1. The High Average

Current Loop (HACL) and the XUV-FEL line have been considered. The beam
properties are considerably different for each line.
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Parameter Unit HACL XUV-FEL
Iy A 0.1 110°
Peak Bunch frequency Hz 1.3 10° 110°
Electrons per bunch 4.8 10° 6.25 10
rms Bunch Length fs 50 - 1000 50 - 1000

Table 1: relevant 4GLS beam parameters.

3. Vessel Properties

4GLS currently uses vessels made of aluminium as it has the least effect on the
beam energy spread [10, 11]. However in reality an aluminium alloy will be used. There
is also the possibility of using copper, or a copper coated vessel, therefore all three of
these materials have been considered. The values for the conductivity and pgrA for bulk
copper, aluminium and an aluminium alloy type 6164 are given in Table 2. Values of A
for the aluminium alloy are difficult to find (although they could be measured
experimentally if needed) and so the bulk aluminium values have been used in the
following analysis.

o, (300K) | 2(300K) | perh

Unit (Qm)*l m Qm?
Copper 5910’ 4210° | 6.610"°
Aluminium (pure) 3.6 10 1.610° | 45107°

Aluminium Type 6164 | 2.3 10’ 1.610° | 45107°

Table 2: conductivity and mean free path of conduction electrons for bulk copper and
aluminium and an aluminium alloy at 300K.

The vessels in 4GLS will have a range of apertures. For example, currently the
collimators have an total aperture of 4 mm and the undulator vessels have a total aperture
of 8 mm. Therefore, in the following it has been assumed that copper vessels have an
aperture 4 mm and aluminium vessels have an aperture of 8 mm. The copper vessels are
assumed to be in zero external magnetic field and the aluminium vessels in a field of 2 T.

A superconducting vessel based on the Diamond 3.5 T MPW has also been
considered. The copper vessel has a 7 mm diameter, operates in a 3.5 T magnetic field
and at a temperature of 4 K, a value of 60 for the RRR has been assumed. A circular
vessel has also been assumed, although the wiggler vessel is elliptical.

4. Results

The power deposited in the vessel as a function of bunch length for the three
different materials and two different surface resistivity models is shown in Figure 1 and

Figure 2 for the HACL and XUV-FEL line respectively. A graph of the power for the
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superconducting vessel is shown in Figure 3. A graph of the power per meter for
increasing vessel radius is shown in Figure 4 for room temperature copper and aluminium
type 6164.
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Figure 1: Power deposited in an 8 mm aperture aluminium (green), aluminium alloy
(blue) and 4 mm aperture copper (red) vessel due to image current heating in the

4GLS HACL using the normal surface resistivity (solid lines) and the ASE surface
resistivity (dashed lines) models.
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Figure 2: Power deposited per meter in an 8 mm aperture aluminium (green), aluminium
alloy (blue) and 4 mm aperture copper (red) vessel due to image current heating in the
4GLS XUV-FEL line using the normal surface resistivity (solid lines) and the ASE
surface resistivity (dashed lines) models.
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Figure 3: power deposited per meter in a 7 mm copper vessel with an RRR of 60
operating in a 3.5T magnetic field and at 4K for the HACL (green) and XUV-FEL line
(red).
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Figure 4: power deposited in a copper (green) and aluminium Type 6164 (red) vessel for
increasing vessel aperture in the 4GLS HACL.
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5. Comparison With Energy Lost due to Resistive Wall Wakefields

The energy lost by the beam due to resistive wall wakefields (RWW) should
mostly be deposited in the vessel (some frequencies may propagate down the vessel) and
therefore should be roughly equivalent to the image current heating. Resistive wall
wakefields are explained in a number of places [11]. A comparison of the power lost in
the HACL line for a copper and aluminium vessel is shown in Figure 5. There is a
reasonable agreement between the two methods except for extremely short bunches and

an aluminium vessel.
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Figure 5: Power per m due to image current heating (lines) and lost by the beam due to

the resistive wall wakefields (points) for an 8 mm aluminium vessel (blue, red) and a
4 mm copper vessel (black, green) .

6. Conclusions and Further Work

The heating of the vessel due to image currents has been estimated for
copper, aluminium and aluminium alloy type 6164 and the 4GLS HACL and XUV-FEL
line. Dissipated powers for sample bunch lengths for the copper and aluminium alloy
vessels are given in Table 3.

Vessel Vessel Radius | Field | Bunch Length | Dissipated Power
(mm) (T) (fs) | (um) | HACL XUV
Copper 2 0 400 120 50 6.8 107
Al-Alloy (6164) 4 1 50 15 1614 0.21
Al-Alloy (6164) 4 1 100 30 600 77 107
Al-Alloy (6164) 4 1 500 150 60 810
Al-Alloy (6164) 4 1 1000 | 300 23 310°

Table 3: Image current heating (W m™) for copper collimator vessel and aluminium alloy
undulator vessels for specific bunch lengths in the 4GLS HACL and XUV lines.

The theory outlined is for a circular vessel or two parallel plates of infinite extent.
The vessels in 4GLS will most likely be elliptical and this will reduce any heating by a
numerical factor of approximately 2 to 3. Also, the theory is for a Gaussian longitudinal
bunch distribution and it is likely that this will not be the case. If, as is more probable, the
charge distribution is “spiky” then the higher frequency components will induce more
heating. Therefore it is only reasonable to consider the results as an estimate of the order
of magnitude of the vessel heating.

Due to the I,* dependance and low average current of the XUV-FEL line the

heating is not a significant issue. For the HACL line there could be ~kW of power
deposited for the shortest bunches and this has to be dissipated effectively so as to not
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cause too much heating of the undulator magnets. Heating of permanent magnets would
affect the magnetic performance of the undulator. Any cooling could decrease the total
available magnetic gap by a few mm and this would change the undulator parameters
required to meet the desired radiation output energy.

The energy spread increase is not considered here as the model only gives the
time-averaged heating of the vessel. Although a copper vessel is heated less due to image
currents aluminium was chosen in the 4GLS CDR because the associated wakefield
damps differently and had less impact on the bunch energy spread, which must not be too
high for the FEL operation [10]. The energy spread increase, and other resitive wall
wakefield effects, from a more realistic bunch structures and improved models of the
vessel conductivity will need to be looked at in future studies.

If a super-conducting wiggler such as the 3.5T wiggler from Diamond was to be
used in the HACL there would be a severe limitation on the minimum bunch length that
could be passed through it. For a 1m device the bunch length would have to be ~1000 fs
to not induce a quench, assuming a cooling power of ~10W, which also has to handle the
power deposited in the vessel due to the synchrotron radiation produced in the wiggler
and upstream elements. It seems likely that the image current heating effects would make
incorporating any superconducting magnet on the 4GLS HACL difficult.

The current studies assume the beam and the vessels are perfectly aligned. Oft-
2 2

bz—azj’ where b

axis beams will cause more heating, for long bunches, by a factor of [

is the aperture and a is the displacement of the beam off-axis [12]. This would increase
the heating by up to 20% for a mm off-axis beam.

No assessment of the temperature increase of the vessel has been made. The
power will be deposited in a small volume of material and could therefore, especially in
extreme cases, melt the vessel. (It must be remembered that the collimators must be
designed to have a certain percentage of the beam impinge on them and so there could be
a significant increase in the heating due to off-axis beams.) To further analyse this a
detailed study of the failure modes of 4GLS, with more detailed information on the
materials used and vessel and bunch geometry is required.
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