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Abstract

The wakefield is an important issue in free electron laser
(FEL) facilities. It could be extremely strong when the elec-
tron bunch is ultra short. Wakefileds are generated by the
electron bunch and affect the electron bunch in turn which
possibly destroy the FEL lasing. Wakefield study of the un-
dulator section in FEL-I at the Shanghai high-repetition-rate
XFEL and extreme light facility (SHINE) has been carried
on in our work before. It shows that the wakefield has a
critical impact on lasing performance. In order to diminish
the impact of the wakefield, four different pipe schemes were
presented. Based on sufficient calculations of resistive wall
wakefields and geometry wakefields, we compare the results
of these schemes and choose the optimal one for designation
of the FEL-I.

INTRODUCTION

In FEL facilities the accumulative effects of wakefields al-
ways lead to critical impacts on the electron bunch, resulting
in the energy spread and the deviation of transverse position.
Thus the lasing performance will be decreased. The SHINE
is under construction and the wakefield estimations are re-
quired. The SHINE contains three different undulator lines
(FEL-I, FEL-II and FEL-III) designed for different func-
tions. The wakefields of FEL-I undulator section have been
studied in our work before [1]. However the wakefields of
inner segments between undulators were calculated simply.
In this paper, we calculate the wakefields of inner segments
considering more exquisite structures in FEL-I. We consider
gradual changed connections between beam pipes of differ-
ent diameters and corrugated pipes. We compare wakefields
of different schemes of inner segments. In order to estimate
the roughness wakefields, we develop the original theory to
make it reliable in our cases. Based on the results, we give
some suggestions for the designation of the inner segments
in FEL-I.

FEL-I PIPE SCHEMES

In our work before, the diameter of the vacuum cham-
ber is 16mm and the corrugated pipes are shielded. The
wakefields of the undulator section in FEL-I were studied
and showed a critical impact on lasing performance. It is
worth noting that the sum of geometry wakefields of the
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Figure 1: (a) and (b) are the diagram of two kinds of step-
outs. (c) shows the geometry of the corrugated pipe.
step-outs (discontinuous connections of pipes with different
diameters, Figure 1) is one of the main parts of the total
wakefield. Thus we consider a new scheme to diminish this
part of wakefield through narrowing the aperture variation of
step-outs. Since the apertures of the vacuum chambers in un-
dulators and the gap of photon absorbers are fixed, the only
changeable pipe is the vacuum chamber in the inner segment.
In order to narrow the aperture variation, smaller diameter
vacuum chambers should be adopted. However a smaller
diameter means a lager resistive wall wakefield [2, 3] and
further more, the wakefields of corrugated pipes [4—6] may
be introduced because of unshielding. In addition, different
materials could lead to different results.

Table 1: Parameters of Four Pipe Schemes

dy d D
12 shielded shielded
10 12 23
8 10 20
6 8 18

On the foundation that synthesize the above considera-
tions, we proposed four different pipe schemes with three
kinds of materials, copper, aluminum and stainless steel 304.
The detailed parameters of the four pipe schemes are shown
in Table 1. The differences of these schemes are the diame-
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ters of pipes, dy is the diameter of the vacuum chambers in
inner segments while the minimal diameter and the maximal
diameter inside the corrugated pipe are represented by d and
D as shown in Figure 1.

WAKEFIELD CALCULATION

We adopted the wakefield simulation code ECHO2D [7],
which supports calculations of resistive wall wakefields and
geometry wakefields respectively or in the same time. We
have compared theoretical results and simulation results
of the resistive wall wakefields [8] in our previous work
which demonstrated great agreements. In this paper we only
perform simulations. We calculate resistive wall wakefields
of inner segments including vacuum chambers and photon
absorbers (for schemel in which the corrugated pipes are
shielded by copper pipes, the resistive wall wakefields of
copper pipes are counted.) The results are shown in Figure
2. It is obvious that the smaller diameter scheme results in a
stronger resistive wall wakefield, which is even more serious
when the material is stainless steel 304.
inner RW (Cu)
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Figure 2: The sum of resistive wall wakefields of inner
segments. In all the figures in this section, the results of
scheme 1-4 are expressed by red lines, blue lines, green
lines and black lines.

The geometry wakefields generated by two kinds of step-
outs (connections from undulators and photon absorbers to
the vacuum chambers of inner segments) and corrugated
pipes. We calculate the geometry wakefield of every single
part and the sum of them. Figure 3 shows all the results
of geometry wakefields. Actually we calculate the resistive
wall wakefield and the geometry wakefield of a corrugated
pipe in the same time, although the resistive wall wakefield
is unconspicuous. As illustrated in Figure 3, the situation is
the exact opposite of the resistive wall wakefields. Reducing
the aperture contributes to the decrease of the total geometry
wakefields. Although the wakefield of the corrugated pipe
in scheme 4 is lager than that in other schemes, geometry
wakefields of step-outs constitute the main part of the sum.

In order to choose an optimal scheme, we calculate the
total wakefield of the overall undulator section including
the wakefields of vacuum chambers in the undulators. The
results are illustrated in Figure 4. When the material of the
inner segment is copper or aluminum, a smaller aperture
means a smaller total wakefield. Nevertheless, when the ma-
terial is stainless steel 304, the results of these four schemes
turn out to be similar, because the resistive wall wakefields
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Figure 3: The geometry wakefields of inner segments. (a)
and (b) show the geometry wakefields of step-outs while (c)
is the result of the corrugated pipe. We calculated the sum
of all the geometry wakefields and put the result in (d).

become as important as the geometry wakefileds. The wake-
fild of the copper inner segment is closed to the aluminum
one, while the wakefield of the stainless steel inner segment
is obviously too large. In addition, due to price concern we
chose aluminum as the material of inner segments. Thus it
is obvious that scheme 4 is the best choice. However, con-
sidering engineering issues, we chose scheme 3 as the final
scheme.

wake sum Cu wake sum Al

energy loss[MeV]
energy loss[MeV]

0 0.05 0.1 0 0.05 0.1
s[mm] s[mm]

(a) (b)

wake sum St

energy loss[MeV]
5 3

0.05 0.1
s[mm]

©

Figure 4: The total wakefield of the overall undulator section.
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Figure 5: The simulation results and theoretical results of
step-out wakefileds.

DISCUSSION

In the process of finding the optimal scheme, we won-
dered if a taper step-out (a connection with a slope or an arc
between pipes of different apertures) will be helpful in dimin-
ishing the wakefield [9]. At first we compared the simulation
results with the theoretical results [10] to demonstrate the
reliability. The formula we referenced is

Z|| = éll”lé .
T a

This formula is applied to round pipes, for flat pipes, the
fraction b/a should be replaced by nb/4a.The results are
shown in Figure 5. The simulation results and the theoretical
results agree well. Then we calculated the wakefileds of taper
step-out (both slope mode and arc mode). All the simulation
results are almost the same. If we calculate not only the
geometry wakefield but also add the resistive wall wakefield
in the same time, the taper step-outs will generate smaller
wakefields but the difference is not obvious.

In addition, we need an estimation of the roughness wake-
field for the designation of FEL-I. Based on the bump mode
theory proposed by K.Bane [11] (the diagram of the bump
mode is shown in Figure 6), we suggested an upgrade. The
original formula is

CZ() r
Wrms = _af31/423/27r3/2 bO'Zz s
where a is a packing factor expressing the relative area on
the surface occupied by the bumps.

.,.’
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Figure 6: The diagram of the bump mode theory.

In this theory, the slant angle 0 is neglected, which is
an important parameter of the roughness level of surface.
Moreover, the value of « is artificially selected. This leads to
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Figure 7: The schematic diagram of our hypothesis and the
roughness wakefields calculated based on our new theory
and small-angle approximation.

an overlarge value in some cases. We supposed that a bump
is limited to an equal-height triangle as shown in Figure 7.
We hypothesized that the wakefield generated by a bump
is similar to an equal-height triangle. This hypothesis is
based on our experience that the geometry wakefield mainly
depends on the aperture variation. Thus the packing factor
o could be expressed by the roughness slant angle 6
a= ;—rtanze .

The comparison of roughness wakefield calculated by our
new bump mode theory and small-angle approximation [12]
is shown in Figure 7. We are gratified by the great agreement,
which demonstrates the reliability of our proposal.

CONCLUSION

In order to diminish the wakefields, four different pipe
schemes were presented. Vacuum chambers with small di-
ameters generate stronger resistive wall wakefields and lead
to the corrugated pipes unshielded. However a smaller diam-
eter of vacuum chamber means a smaller geometry wakefield
of the step-out. The taper scheme shows little help for di-
minishing the wakefield. Thus the choice of optimal scheme
should be based on sufficient calculations. Further more the
choice of materials was also considered. The results show
that the total wakefield decreases when we choose a smaller
diameter. Synthetically considering engineering issues, we
chose the 8mm diameter pipe scheme and aluminum as the
material of vacuum chambers. We also studied the rough-
ness wakefield in FEL-I. Based on the bump mode theory,
we suggested an upgrade showing a great agreement with
small-angle approximation. Thus this theory could be more
reliable.
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