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Transverse wakefield calculated by the double circuit model
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Abstract:

X-band accelerators for multi-bunches are a new way to produce high luminosity and energy efficiency

bunches. The smaller the size and the more bunches, the more severe is the wakefield in the X-band accelerators,

unless some means of strongly suppressing the transverse wakefield is adopted in the design of the accelerating

structure.
designed accelerator structure have been demonstrated.

Here, the derivation of the wakefield function of the double circuit model and its application to the
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1 Introduction

For multi-bunch accelerating structures, the long
range transverse wakefield is one of the most important
problems which needs to be addressed, as it has a bad
effect on the transverse emittance. To date, the trans-
verse wakefield can be calculated by four models: the
uncoupled model, single-band equivalent-circuit model,
double-band equivalent-circuit model and the spectral
function method. The calculation of wakefield by the
double circuit model and its application to the accelera-
tor structure is given here.

2 The difference equation

Discussing the influence of the transverse wakefield,
the TM110 mode is the one that contributes the most.
Differences of each model exist in the factors taken into
consideration that affect the parameters of the TM110
mode. In the double circuit model, not only the cou-
pling between the adjacent two cells, but also the effects
between the TM110 and TE111 modes are also consid-
ered. By expanding the fields in each cell into an infinite
set of orthonormal modes, and relating the coefficients
in adjacent cells to one another by treating the iris cou-
pling using Bethe’s static approximation, we can get the
difference equations for the double circuit [1]:
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where z,,, kni1/2, fm are parameters of the TM110
mode, and Z,,, knt1/2, fm are parameters of the TE110
mode. An equivalent circuit model of Egs. (1) and (2)

is shown in Fig. 1 [2], where z,,= Ty = are the

wz,’ 2
resonant frequencies of loop m of the TM mode and TE
mode respectively.

The double circuit model takes loop m of the chain

to represent cell m of the cavity, and the currents in the
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Fig. 1. Equivalent double circuit LC loop of the

accelerator structure.
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two chains vary in time as !, ! with w, & the angle
resonant frequency of the two chains respectively and ¢
the time, and takes the currents in the frequency domain
as G (W), T (D).

First, the parameters of Egs. (1) and (2) are derived
from the dispersion curve of each cell. The dispersion
curve for the periodic structure corresponding to the
double circuit model is obtained by setting:

Fin=focos(me) and f,, = fosin(ma). (3)
In Egs. (1, 2), taking all parameters independent of m
Egs. (1, 2) become:

(x—A—kcosg)f = —\/ﬁsinqﬁﬁ (4)
(2—Atkcoso)f = —\/ﬁsingbf. (5)

Combining the two equations above, the dispersion rela-
tion of the two modes is:
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When the phase shift ¢ equals zero or 7, derived from
Eq. (6), the frequencies of the zero and 7t modes of the
two bands, which can be obtained by the simulation soft-
ware CST, are given by:

AP =z —k,@+k and A\ =a+k,3—k. (7)

The four parameters z, z, k, k can be obtained directly
from Eq. (7). Given the boundary condition correspond-
ing to a structure with N full cells:

fo=f1afN+1ZfNJﬁ/z:HuﬁNH/z:HN, (8)

fO:_flafN+1:_fN;’%1/2:’%17’%N+1/2:’%N-

The eigen-functions of the double circuit model can be
then determined by:
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Written in a more compact manner, Eq. (9) simply
becomes:

Mf=M\f. (13)

By Eq. (13), the eigenmodes of the accelerator struc-
ture equivalent to the double circuit model can be found.

3 The kick factors

Assuming that the cavity is empty at =0, and the
exciting charge reaches the center of cell m at t=mL/c,
then the charge in the cell m at time ¢ is:

Q(t)=qd(t—mL/c). (14)

Then in the frequency domain, by the Fourier transform,
Eq. (14) becomes:

Q(w)=gexp(—jmwL/c). (15)

Then the driving terms in the structure has the effect of
adding

q .
B = ————————exp(—jmwL
ToC VI xp(—jmwL/c)
ng exp(—jmwL/c—jm/2), (16)
N q .
b = ——————==exp(—jmwL/c)
2wCom I
q . .
= ———exp(—jmwL/c—jn/2), (17)
wvV2C,,
to the right of Egs. (1) and (2) respectively.
For the p'™ eigenvalue, Eq. (13) is written as
Mfr=A,f", (18)
where M is the matrix of the system, fp the p** eigen-

function and \,=w_? the p" eigenvalue.
When the exciting charge enters this system, then the
eigenfunction becomes:

MG—Aj=h (19)
Combining with Eq. (18) leads to:
. F V(p).ﬁ]
g= z : (20)
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Going back to the time domain,
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Then:

f(p)w f(p) f(p)
m qz f(p) |2 \/T \/_

|

The integral in the above equation contains two poles,
at w=*w,. According to the residual theorem [3], the

wdw ejw(tfnL/c)ij[/Q' (22)
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result is:
f(p)w fép) fép)
m Z f(p) |2 Z /—2Cn + ,—2C’n

X sm{wp (t—nL/c)}. (23)

In addition, the current in the m®®
to the TM110 mode is [1]:

t): V 2C,,G,, (t)

The voltage drop caused by the exciting charge in the
loop m is:

circuit corresponding

(24)

1

Vm(t)zc_f Im(t')dt'+ci.
m JO m

Combining Eqs. (23-25), the voltage drop across the ca-
pacitor is:

(25)

f(p) f(p) f(p)
Vet HZWPZ(V—” f)
x cos(w, (t—nL/c)). (26)

The voltage drop across the capacitor represents the en-
ergy loss of a test particle to the dipole modes of the
cavity. By using the Panofsky-Wenzel theorem [4], the
transverse kick can be obtained from the longitudinal
one,

vm<t>=<c/x>fum<t'>dt'.

0

(27)

Thus, the transverse kick in cell m is:
Vin(t) =

fr(f) f(p) f(p)
- s (e i)

x sin(w, (t—nL/c)). (28)

Besides, the value of the capacitor is assumed to be
Co= (2K, xexL)™", where K", =w™ K™ /¢ (29) is
the loss factor of the dipole mode.

So Eq. (28) becomes:

(p) (m) (m)
= 2¢.%e sz"f \/72 (fy(f’)‘ /Kén)wgn)

- f(p)|2
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V!?L

(29)
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By the trigonometric function, Eq. (28) can be writ-
ten in terms of amplitude and phases of the modes:

V()= _VPsin(w,t—0,),

P

(30)

where

(m) (m)
v = 2LV IZ(fm/ngn)

" Nuw,|f@)?

+fP)4/ f(é%é“) einer|, (31)
and
S GOV KD+ N D0 sin(ng,
6, =" .(32)

Z (FPN KM 4 fPN KoM ) cos(ng,)

In space coordinates with a test particle following a dis-
tance s behind the driving charge, the transverse kick is
given by:

Combining Eq. (32-34) the total kick felt by the test
charge going through the whole structure is:

V(s):ZZVW(f’)sin(wps/c+mep/c—9p). (35)

By the same operation used to derive Eq. (29), Eq. (35)
becomes

V(s):Zsin(wps/c—i—G;—Hp) ZVﬂ(f’)eim“”P . (36)
P m
Where
S ROV KW sin(me,)
6 (37)
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Assuming that the couplings are small so that the effects
of any precursor voltage can be ignored, then when s<0,

Vin(8)=V,, <mL—|—s) ) (33)  V(s)=0, which then leads to
c
Summing up the contribution of all the cavity cells, the V(s)’quqexeNLZKpsin%. (38)
total kick felt by the test charge is: . ¢
V(S):ZV’”(S)' (34) | Where ¢,=w,L/c, and
SOV K WM emer x| ST (O KW 4 f0 K006
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(color online) Results of the double circuit model for: (a) the mode spectrum, (b) the mode density (nor-

malized), (c) the product of kick factor and mode density, (d) the kick factor. Red lines show the results of the
uncoupled model and green dashed lines show the results of the double circuit model for comparison.
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The wakefield function of the entire structure is then
given by:

s)zQZK,,smﬁ. (40)
p

When taking the effects of the TE111 mode into consid-
eration, the kick factor should be

S (Y K f0 K o)

n

2

K =

P

. (41)
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Considering the definition of shunt impedance [5] and

Eq. (29)
2
ny(bp) \ KM Wi (14eP))elner
K,="— — (42)
pr‘ F®
Where
(n)
er’= f<p> Vs(/{' (43)
[V

4 Wakefield calculation results

Using Eq. (39, 40), the distribution of the wakefield
parameters and its envelope are calculated, giving the
results shown in Figs. 2 and 3.

From Fig. 2, modes of the second band (roughly over
17 GHz) have low kick factors and therefore do not con-
tribute significantly to the wakefield. As can be seen in
Fig. 3, there are some differences between the results of
the uncoupled model and the double circuit model, but
they have the same general tendency.

References

1 Karl L R. Bane. http://www.slac.stanford.edu/pubs/slacpubs/
5750/slac-pub-5783pdf, SLAC-PUB-5783, 1992

2 Khan V. http://cds.cern.ch/record/1386309/files/EuCARD-
BOO-2011-001.pdf, EuCARD-BOO-2011-001, 2011

wakefield envelop for N=120 cells 6=0.018 fm

10°

uncoupled model
T coupled model
% 10 E
2
>
:g- 10" ¢ YT A i' it \‘ Al
o { f U | |
g Yk | |, ‘, 1| ‘W, 1 ‘I'
= “I}“"‘ i |I|||||||||| || | | Y|| |
<100 ‘
g "l|||||||||n" X
=

|0~I L L L 1 L 1 L I L
0 2 4 6 8 10 12 14 16 18 20

s/m
Fig. 3. (color online) The envelope of the wake
function calculated using the uncoupled model

(red line) and the double circuit model (green
dashed line).

5 Conclusion

On the basis of the eigen-functions of the equivalent
double circuit model, expressions to calculate the long
range transverse wakefield and its parameters, the mode
frequency and kick factor, have been deduced, as shown
in Egs. (38-43). The results of those parameters of the
designed accelerator structure, calculated by the deduced
expressions, have been given in the end, together with
a comparison with the results of the uncoupled model.
From the comparison of the results of the two different
models, the double equivalent circuit model does give
some more information about the TE111 mode, which
gives secondary impact on the following bunches, just as
the result shows. On the other hand, the comparison of
the wakefield envelope not only gives a support of the
second model, but also shows the effects of the TE111
mode on the distribution of the wakefield envelope.
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