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= Abstract

Accelerating cavities that excite multiple modes at integer
harmonics of the fundamental frequency can potentially be
used to limit the effects of rf breakdown and pulsed surface
heating at high accelerating gradients. Understanding the
Sis
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longitudinal stability and the acceptance of such a cavity
=]
important to their development and use. The general
Hamlltoman for longitudinal stability in multi harmonic

cavities is derived and the particle dynamics are explored.

INTRODUCTION

A multi-harmonic cavity that operates at high gradients
£ could act as an alternative cavity design for CLIC. Cavities of
é this type have unconventional surface electric and magnetic
E field profiles that can potentially lower the surface field emis-
£ sion and/or pulsed surface heating without compromising
E the gradient [1]. Two particular phenomena found in multi-
.2 harmonic cavities provide the main motivation for their use:
5 (a) the anode-cathode effect, which can be found in an asym-
: metric multi-harmonic cavity that relies on fields pointing
<. into one wall (cathode-like) to be significantly smaller than
< fields pointing away (anode-like) from the same wall. This
u:§ effect will raise the work function barrier to supress field
& and secondary emission, and (b) a reduction in the surface
© heating by lowering the average H> I along the surface.

For cavities of this type to be used in an accelerator, the
effect of the additional mode on a bunch of traversing parti-
o cles needs to be explored. To achieve this, a Hamiltonian is
5 derived that describes the behaviour of particles with small
A deviations from the synchronous particle in energy and/or
O phase. Typical formalisms of this kind only account for a
< single TMg19 mode which follow a cos(kz) longitudinal dis-
© tribution [2, 3] (where k is the wave number and z is the
£ longitudinal coordinate) and not for a combination of modes
with different longitudinal field profiles.

Harmonic rf systems are often used to linearise the energy

gain [4] and reduce the energy spread of the bunch [5, 6].
These typically require an additional cavity operating in a
2 TMy1o mode with a frequency that is an integer harmonic
@ of the main cavities. Here however, we excite two modes
% simultaneously within one cavity.

The first section presents tracking results for a particle
g traversing a linac and this is compared with the Hamiltonian
£ found in literature. In subsequent sections, a general Hamil-
g tonian for multi-harmonic cavities is derived and applied to
£ two seperate modal configurations.
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SINGLE MODE PARTICLE TRACKING

The electric field of a TMy g standing wave in a cavity
with amplitude Ej is

Er = Egcos (kz) cos (wt + ¢). (D

where ¢ is the phase of the field when the particle is at z = 0,
w is the angular frequency and k = 2n/B8,1. The energy
gain of a charge ¢ as it crosses a single cavity gap g is given
by
g/2
W= quf cos (kz) cos (wt + ¢)dz 2)
-g/2
The energy relative to the synchronous particle is w =

W — W;. The relevant differential equations in terms of
the Hamiltonian H are given by [2]

aw oH
ds = qET(B)(cos (¢) — cos (¢5)) = —% 3)
and ds .
w
ds _Zﬂm ~ ow’ )

where V) = Ej f,gg/fz cos (kz)dz. and T is the transit time
factor given by

g/2

g2 €08 (kz) cos (ﬁZ )dz

Vo

Tp) = , (%)
with E; = Vy/g. For the synchronous particle, T remains
constant as the cavity gap increases with ;. For negligibly
small acceleration rates, the differential equations can be
integrated, and the Hamiltonian is

S +aBTIsing = gcos (@)l (6)
" Byim
where B and y, refer to the velocity and gamma factor of

the synchronous particle.
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Figure 1: Comparison of Hamiltonian with particle tracked
according to Eq. 2.
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Figure 2: Phase space plots for a cavity exciting both the TMg;9 and TMp;; modes. A phase shift is gradually applied to the
TMp11 mode and the gradient is kept constant for each step. For all steps, @ = 0.222. Rows (a) and (c) show the energy gain
of a traversing particle as a function of its initial phase offset. Rows (b) and (d) show the phase space contours, with the

seperatrix marked in red.

A comparison between tracking the particle directly under
the influence of the field with the derived Hamiltonian can
be found in Fig. 1. The parameters used were consistant with
an X-band cavity, with Ey = 1 mV/m and ¢; = —n/3. To
assess the accuracy of the Hamiltonian, we have subjected
the particles to an extremely small acceleration (1 mV/m).
We injected particles with an initial energy of 1 MeV and
this makes the effect of acceleration negligible within a few
cavities (as it is less than a second order effect). Nonetheless,
there is an 8% discrepency discernible in Fig. 1 between the
two methods and this we attribute to the change in velocity
which accumulates after transit through several thousand
cavities.

GENERAL HAMILTONIAN FOR
MULTI-HARMONIC CAVITIES

The electric field in a multi-harmonic cavity is given by

Er = Eo[(1 — @) cos (kz) cos (wt + ¢)

+ acos (hkz + ¢,p) cos (h(wt + @) + dun)] M
where « is the fractional contribution from the additional
harmonic, % is the harmonic number, ¢, is a phase shift
relating to the longitudinal distribution and ¢, is a phase
shift in time for the harmonic mode that is additional to the
shift from the synchronous phase. The energy gain of a
particle traversing this field is given by

W =gq[E (1 — @) cos (¢) + aEj(cos (¢pnp) sin (he)
+ sin (¢np) cos (he))],
5: Beam Dynamics and EM Fields
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where
E g/2
E = —Of cos (kz) cos (a)i)dz 9)
8 Jgn Bc
and
E g/2 z
Ep=—-—— cos (hkz + ¢,p) cos (hw—)dz. (10)
8 Jogn Bc

Using Eq. 8, a differential equation for energy can be ob- .

tained, and a general Hamiltonian can be derived by fol-
lowing the same methodology as that found in the previous
section.

w? + gWo[E1 (1 — a)(sin ¢ — ¢ cos ¢)

" Byimca
+ Eha[coswnhxw — ¢sin (hy))
in (h
+ sin <¢nh>(s“‘§1 D) 4 geos (o)1,

an

where W) is a scaling factor that is used to ensure the energy
gain of the synchronous particle is the same for each step
within each study. We now apply this Hamiltonian to glean
some insight into the beam dynamics in second harmonic
and third harmonic cavities.

SECOND HARMONIC CAVITY

In the case of a cavity that excites a fundamental TMy¢
mode with a second harmonic TMg;; mode, h = 2, ¢,), =
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2 Figure 4: Phase space plots for a cavity exciting both the TMg19 and TMy;» modes. « is varied to determine at what

~ harmonic field strength secondary buckets begin to emerge. Rows (a) and (c) show the energy gain of a traversing particle
£ as a function of its initial phase offset. Rows (b) and (d) show the phase space contours, with the seperatrix marked in red.

—n/2. We prescribe the syncronous phase of the second
‘Z harmonic by assigning it a value that reduces the acelerating
-';.j gradient to half the peak. This is in order to be consistent
:£ with the single mode case. This synchronous phase varies
& for each step. Here, ¢,,, is varied, in order to determine the
. variation of the acceptance.

The energy gain and phase space contours for a second
N harmonic cavity are displayed in Fig. 2. It can be seen that
S as ¢,y increases, a plateau begins to form in the energy gain
% of particles crossing the cavity. This allows a reduction in
= the energy spread and a large increase in the phase width
< of the bucket. The acceptance for each step can be found in
S Fig. 3
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Figure 3: Acceptance of the accelerating bucket in a second
harmonic cavity with @ = 0.222 as a function of ¢,,.

THIRD HARMONIC CAVITY

Here, we consider simultaneous excitation of a TMyqg
S mode with a third harmonic TMy;, mode, which corresponds
=to h = 3 and ¢ pnn = 0. The contribution from the har-
‘q"é monic mode « will be varied in order to determine when
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additional stable regions form in between the main acceler-
ating buckets.

The beam dynamics in this case is investigated and the
results are shown in Fig. 4. The contours begin to distort
as a increases, however it is not until @ = 0.6 that stable
regions begin to form, shown in Fig. 5. The additional
buckets emerge when the peak of the field in between the
main buckets exceeds the energy gain of the synchronous
particle.

35
% 3.0 - Primary Bucket
E 25 - Secondary Bucket
> 2.0
215
% 1.0 T
& 0.5 —
/
0.0 . =
00 02 04 06 08 10
a

Figure 5: Acceptance of the accelerating bucket as a function
of . The red line is the primary bucket and the blue line is
for the secondary buckets.

CONCLUSION

A Hamiltonian has been derived that allows an arbitrary
combination of harmonic modes to be modelled. This was
then applied to two different mode configurations in order
to gain an insight into the phase space behaviour of the
particles. Future studies will be focused on beam dynamics
with accelerating gradients appropriate to linear colliders
and light sources.

5: Beam Dynamics and EM Fields

Beam Optics - Lattices, Correction Schemes, Transport



6th International Particle Accelerator Conference IPAC2015, Richmond, VA, USA JACoW Publishing
ISBN: 978-3-95450-168-7 doi:10.18429/JACoW-IPAC2015-MOPJEO81

REFERENCES

[1] Y.Jiangand J.L. Hirshfield, Multi-Harmonic Accelerating Cav-
ities for RF Breakdown Studies, Proc. of IPAC’ 13 (WEPMAZ28,
2013)

[2] T. Wangler, RF Linear Accelerators, (Wiley-VCH, 2008) .

[3] A. Chao et al., Handbook of Accelerator Physics and Engi-
neering, (World Scientific, 1999).

[4] J. Grieser et al., A Digital Beam-Phase Control System for
a Heavy-Ion Synchrotron with a Double-Harmonic Cavity
System, Proc. of [IPAC’13 (WEPMEQ04, 2013)

[5] K. Hanke, Past and present operation of the CERN PS Booster,
(International Journal of Modern Physics A, 2013).

[6] M. Pedrozzi et al., First operational results of the 3rd harmonic
superconducting cavities in SLS and ELETTRA, PAC’03, Ore-
gon, USA (2003).

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2015). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

5: Beam Dynamics and EM Fields MOPJE081

@

D01 - Beam Optics - Lattices, Correction Schemes, Transport 509 @



