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R Abstract

The results of wakefield calculations for a collection of beamline elements in the TTF
Injector 11 are presented. These elements include crosses, bellows, steps, valves and the bunch
compressor. Methods to reduce the wakefield effects due to these elements are also investigated.
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1 Introduction

A small energy spread and a small transverse emittance are of great importance to achieving high
luminosity in linear colliders, and high gain in single-pass X-ray FELs. The Injector II is a photo-
cathode RF gun electron injector system for the TESLA Test Facility at DESY. The Injector 1I
beamline contains components such as bellows, steps, crosses, valves, the bunch compressor as well
as RF cavities, which give rise to discontinuities in the beam pipe. As the bearn traverses these
discontinuities, wakefields are excited which cause energy spread and emittance growth. In this
report, the results of a study on the wakefield effects of some auxiliary beamline elements in the
Injector II are presented.

There are many detailed discussions on wakefield calculations [1, 2, 3, 4]. Here we summarize
some concepts relevant to our discussion. The wake function (in Volts/Coulomb) for a bunch
traversing a structure parallel to the z axis with an offset (z,y) and at the speed of light is

" 1 [t - -
W(z,v,s) = _5/ dz - [B(z,4,2,8) + B x B(2, 9, 2, )]mtorny/e (1)
—00
where ¢ is the bunch charge and s is a distance measured from the head towards the tail of the
bunch. If we decompose the wake function as: W = 2W,, + W, the total loss factor of the bunch
is given by

1 f+e
kylvicl = E/ ds - Wy (z,y,8) - As) {2
— o
and the transverse impulse factor is,
3 | e ) . :
hvicl= / ds - Wi(z,,5) - Als) B
—oo

where A(s) is the bunch charge distribution function, and é fj’:: ds - M) = 1. The results on
transverse impulse factor are presented in this paper in terms of k. and k, for non-axisymmetric
structures, and k. for axisymmetric structures. These are normalized to the offset and given in
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units of Volts/Coulomb/meter. A Gaussian bunch is assumed for all the calculations below, that

is,
1 o2

\/Q—Tr_a'e—ma (4)

As) =

where o is the bunch length.

The energy spread caused by wakefield effect is given by 65 = /< (E(s)~ < E >)2 >, where
E(s) = Eo +eq - Wy/(s) and Ej is the initial electron energy of the bunch, and e the unit electric
charge. Here “<>” means average over the bunch distribution. The energy spread induced by
wakefields is then given by [5]

b= e \/ [IRCECR 6)

The results on energy spread presented here are normalized to the bunch charge: o = dg/feq in
units of Volts/Coulomb. Similarly, the angular divergence cansed by transverse wakefields is given

by,

bt =

do = eq - \/[f+m ds - As) - EWL(S)IZ] — |k f? (6)

The results are also normalized to the bunch charge and the offset (Az): op = ds/(c - g - Az) in
units of radians Volts/Coulomb/m. In order to obtain the emittance growth from g, the beam
transport optics must be taken into account {4]. There are also additional effects such as space
charge force which also lead to emitiance growth [6].

2 Wakefield calculations

ABCI {7] and MAFIA [8, 1] are the two commonly used codes for numerical wakefield calculations.
In this paper, the axisymmetric structures, like bellows and steps, are calculated with ABCI, and
the crosses with MAFIA. The reliability of both codes are investigated here.

Comparison of ABCI with measurement. Tab.l shows the calculation results of ABCI
compared with the measured values for the CESR copper cavity [9]. The results are satisfactory,
and give an estimate of the reliability of the calculations.

Table 1: Comparison of ABCI calculation with measured values for a CESR cavity.

parameter measured | ABCI | error
k1 (V/pC)(HOM) 0.34 0.32 | <10%
R/Q(£/cell) (fundamental) 265 306 | <16%

3D wakefield caleulaiion with MAFIA. Wakefield calculation for a 3D structure with MAFIA
is investigated here. Usually, only a quarter of the structure is meshed. In this case, the modes
m=1,3,5,... cannot be excited if the lower boundary conditions of x and y directions are magnetic;
while the modes m=0,2,4,... cannot be excited if one of the lower boundary conditions of x and
y directions is magnetic, and the other one is electric. Therefore, two calculations with the beam
traveling at an offset from the z-axis are required. The wakefields for a 6-port cross CF35 are
computed for the whole and for a quarter of the structure. The results are given in Tab.2 and they
agree very well. :
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Table 2: Wakefield calculation for 3D structures with MAFIA. (Note the results for k, has not be
normalized to the offset here.} Results of calculations using a quarter or the complete structure
are shown for comparison.

y offset(mm) 4 8 12 16
k,,(V/pC),whole | -0.489 | -0.6300 | -0.950 | -1.600
k;;(V/pC),a quarter | -0.489 | -0.6304 | -0.954 [ -1.599
k,(V/pC),whole -0.0930 | -0.2480 | -0.5820 | -1.560
k,(V/pC),a quarter | -0.0933 | -0.2475 | -0.5815 | -1.564

Comparison of MAFIA with ABCI. Comparison between the wakefield calculations of
MAFIA(T2) and ABCI for a pillbox is shown in Tab.3. The maximum difference for a very
short bunch is within 5%. For structures with beam tubes of different size and shape at both ends,
the results from these two codes depend on the details in the calculation. Results for the step
transition 1s given in section 3.3,

Table 3: Comparison between MAFIA and ABCI for a pill-box cavity.

o{mm) 2.0 0.2
code MAFIA | ABCI | MAFIA | ABCI
k;;(V/pC) -0.872 | -0.875 | -3.023 }-3.175
ki (V/pC/m) | 1552 15.74 5.564 5.661
ce{V/pC) 6.339 0.335 1.261 1.240

3 Results for Injector II Beamline Elements

3.1 Crosses

Here three kinds of crosses in the beamline of injector II are considered: a 6-port cross, a 4-port
cross, and a 10-port cross which consists of two 6-port crosses connected together. (A 6 port
has 4 ports plus 2 ports for beam tube connection.) These ports are used for pumping or beam
diagnostics, but also lead to discontinuities in the vacuum chamber. The wakefield effects for
various crosses are summarized in Tab.6.

The wakefield effects are studied as a function of the diameters of the 6- and 4-port crosses, and
the resulting least-squares fit parametrizations are given in Tab.5. The longitudinal wake potential
for different diameters are shown in Fig.1 for a 6-port cross for bunch length ¢ = 2.0 mm.

One of the 10-port crosses under study consists of two 6-port crosses of different diameters.
Tubes of equal diameter are added to both ends of the 10-port cross so that the indirect method
of MAFIA can be used during the wakefields calculation. The beam tube diameter at both ends is
35 mm. For one of the 6-port, all port diameters are 48 mm. For the other 6-port, 3 of the ports
have a diameter of 63 mm, and 2 of the ports 100 mm. The port connecting the two crosses has a
diameter of 48 mm. So the structure includes a step transition from 35 mm to 48 mm at one end
and a transition from 63 mm to 35 mm at the other end. The loss factors and transverse impulse
factors for this 10-port are much larger than those for the 6-port and 4-port crosses. Another
10-port cross under study consists of two 6-port crosses with the same diameters of 35 mm for all
ports. Its wakefield effects are smaller than the one with different diameters.

Shielding plates can be used to reduce the wakefield effects in the crosses. Some designs of
shielding plates consisting of a mesh of metal bars are investigated in ref. [10]. When the direction
of the metal bars is along the beam direction, the energy loss factor decreases rapidly as the width
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of the metal bars are reduced. However, if the direction of the metal bars is perpendicular to the
beam direction, there is almost no reduction in the wakefield effects.

3.2 Bellows

Two kinds of bellows are investigated in this section, one with circular and the other with triangular
convolutions. The wakefield effects calculated with ABCT are summarized in Tab.6.

The C5-13-8 bellow is shown in Fig.2. It has 8 circular convolutions, with a total height of 13
mm, and a bending diameter of 5 mm. The separation between each convolution is 10 mm. The
longitudinal and transverse wakefield effects for different bunch length are given in Tab. §. The
loss factor and energy spread vary linearly with the number of convolutions of the bellow.

The wakefield effects of bellows can be reduced with shielding. Here, the bellow is simply
shielded with a cookie-cutter: a cylindrical shell underneath the bellow. The reduction in energy
spread is by a factor of 2, for 0=0.8 mm, and by a factor of 10 for e=10 mm. But it also depends
on the distance between the shield and the bellow beam tube. The loss factor and energy spread
for bellow C5-13-8 with cookie-cutter are shown in Fig.3 with and without shielding, as a function
of bunch length, and in Fig.4 as a function of the distance of the shield to the beam axis. A
thickness of 1 mm is used for the shield. The length of the shield covers completely the bellow.

3.3 Step transition with and without taper

The steps in the beam pipe of injector H are mainly step-out D35-D63(diameter changes from
45 mm to 63 mm without taper) and step-in D63-D35. Results calculated using ABCI for the
steps between D64 and D36 are given here. Napoly’s integration method [11] is employed in ABCI
to calculate the wakefield effects of a structure with beam pipes of different diameters at both ends.
Fig.5 shows the loss factors for step-out and step-in between D=36mm and D=64mm calculated
using ABCI as a function of bunch length. The loss factor for step-in is nearly zero but negative,
‘The energy gain is due to the attractive force of the image charge [2]. Also shown in Fig.5 are the
loss factors calculated using MAFIA at a bunch length of 5.0 mm. The results are similar to those
obtained using ABCI. The difference between the energy spreads calculated using these two codes
at the bunch length of 5.0 mm is approximately 30% for both step-in and step-out.

The wake functions of step-in and step-out calculated using ABCI are shown in Fig. 6. The
LOG term in the output of ABCI comes from the difference of the potential energies of the elec-
tromagnetic fields surrounding the beam in the two beam pipes at both ends [7, 11]. The wake
functions of step-in and step-out are almost the same if the LOG term is not included.

Fig. 7 shows the configuration for step-out and step-in with a taper, where 4 is the angle of
the taper. The loss factors and energy spreads of a tapered step are shown in Fig.8 and Fig.9,
respectively, as a function of the taper angle § for 1 mm bunch length. For tapered step-in and
step-out, the loss factors decrease while the energy spreads increase as the taper becomes more
gradual. Therefore, a gradual tapered step transition reduces the loss factor, but at the cost of
increasing the energy spread.

To study any dependence on the mesh size in ABCI, the calculations were repeated with differens
mesh sizes. The results are shown in Fig. 10 for a bunch length of 1 mm in step transitions with and
without taper. The variations of the calculated loss factor and energy spread become reasonably
small when the mesh size is smaller than the bunch length by at least a factor of 20. The results
presented in this section were calculated with a mesh size which is a factor 50 smaller than the
bunch length.

3.4 Valves

Valves in the beamline of injector IT are used to isolate the vacuum in one section of the beamline
from the vacuum of the adjacent section. A valve in the beamline is like a rectangular cavity when
it is open. The structure of the valve used in the calculation is simplified as shown in Fig. 11 with
a square cross-section and a gap of 25mm. Because the indirect method in MAFTA is used here,

e gt mgen st g g
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Table 4: The loss factor, energy spread and transverse impulse factor are parametrized linearly as
a function of the bunch compressor chamber boundary curvature radius (R) by a + - R, where R
is in mm. The parameters a and b are given here.

o (mm) | loss factor (V/pC) | energy spread {(KV/nC) | transverse impulse factor (V/pC/m)
a b a b a b
0.8 2,361 0.00196 1.195 0.00270
1.2 1.840 0.00176 1.023 0.00230 82.42 0.0483
2.0 0.858 0.000201 | ¢.626 0.00072
3.5 0.326  0.000117 | 0.326 -0.000022
5.0 0.159  0.000080 | 0.201 (.000019

the lengthes of the beamn pipes at both ends almost have no influence on the wakefields calculation
regults [1].

The loss factor of a valve with a diameter of 63mm as a function of the width of the rectangular
cavity for different bunch length is given in Fig.12, which shows that the loss factors are almost
constant when the width of the square cavity changes from 85mm to 150mm. Similar behaviour
is obtained for the energy spread.

The transverse wakefields are also studied for a valve with D=83mm and width=112mm at the
offset point z = 2 mm, y = 0 (along the x-axis) and the offset point = 2 mm, y = 2 mm (along
the diagonal) for different bunch lengthes. The results are shown in Fig. 13.

3.5 Bunch compressor

‘The bunch compressor for Injector II consists of four dipole magnets and a vacuum chamber with
complicated geometry. The shape of the chamber in the x-z plane is shown in Fig. 14. The curves
of the chamber boundary have a radius of 667.67mm. A cut along the x-y plane at a given z is a
rectangle, with a fixed height (along y) of 35 mm. The beam pipes at both ends have a diameter
of 35mm.

For long structures, the dispersion error due to finite mesh size (in z) need to be considered
during the calculation. With the following condition the dispersion error is suppressed:

52 L

a3

<1 (7)

where L is the total length of the structure, §, the mesh step in z direction, and & the bunch
length. For a structure with large L, the mesh step in the beam direction should be small.
Because the length of the chamber is large (approximately 1.4 m), the total number of mesh
points becomes prohibitively large for bunch lengthes shorter than 1 mm. In the calculation, a
chamber with a smaller boundary curvature radius, in the range of 50 mm to 400 mm, is used.
The wakefield effects for the Injector IT chamber can be obtained by extrapolation, using the the
linear fitting parametrizations given in table 4. Also, in the calculation, the beam traverses along
a straight line connecting the center of the beam pipes at both ends. Fig. 15 shows the loss factors
as a function of the radius of the chamber boundary curve, together with the parametrizations.

4 Summary

The calculations of loss factors, transverse impulse factors, and energy spreads and the angular
divergences induced by wakefield effects of some elemnents of the beamline of Injector IT are reported.
The calculated results are summarized in Tab.6. These results can serve as a guide when selecting
elements for a beamline where wakefield effects must be taken into account.
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Figure 1: The wake function W, for 6-port crosses with different diameters for a bunch length of
2 mm.

Cavity Shape Input WY (83202
ABCI92]: Bellow, Type.2, For Injectar II
DIDZ=0.125 mm, DDR= 0,500 mm
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Figure 2: A sketch of the bellow C5-13-8. See text for detailed description.
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Figure 3: Loss factor and energy spread for bellow C5-13-8 with and without shielding, as a
function of bunch length.
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Figure 4: Loss factor and energy spread for bellow Cb-13-8 with shielding, as a function of the
distance of the shield to the beam axis.
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Figure §: Loss factor for steps as a function of bunch length. Results from ABCI and one poing
from MAFIA are shown.
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Figure §: Wake functions of step-in and step-out at bunch length of 1.2mm calculated using ABCI.
The results of with and without LOG term are shown,
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{a} ) &)

Figure 7: Configuration of step-in{a) and step-out(b) with taper angle 6.
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Figure 8: Loss factors as a function of taper angle for 1 mm bunch length.
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Figure 9: Energy spread as a function of taper angle for 1 mm bunch length.
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Figure 10: Effects of the mesh size in ABCI for step transitions. The loss factor and energy spread
are shown for 1 mm bunch length obtained with various mesh sizes §z.
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Figure 11: A sketch of the valve used in the calculation.
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Figure 12: Loss factor of a valve with a beam pipe diameter of 63mm, for different bunch length,
as a function of the width for the rectangular cavity.
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Figure 13: Transverse impulse factor of a valve with beam pipe diameter of 63 mm, width of
112 mm of the rectangular cavity for different offset positions, as a function of the bunch length.
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Figure 14: A sketch of the bunch compressor vacuum chamber in the x-z plane.
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Figure 15: Loss factor for different bunch length, as a function of the curvature radius of the
vacuum chamber boundary of the bunch compressor.
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