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Figure 6.9: Electron cooler layout. See text for full description.

The foundation upon which the ERL is designed is the longitudinal match, which not only
dictates the machine topology, but also clearly defines the specifications of key lattice sections.
These include defining the linac energy gain and phase operating point (both accelerating and
decelerating passes), the required momentum compactions (first- and higher-order) of the arcs, and
the need for components such as chirpers, de-chirpers and/or chicanes for additional longitudinal
manipulations.

The longitudinal match is predicated on the initial beam conditions from the injector. The
injected bunch length is constrained on the low end by space charge (too short a bunch degrades
beam quality) and on the high end by linac phase acceptance (too long and the linac RF-imposed
curvature is too great to manipulate downstream). With an injector solution giving a bunch length
of 1.8 cm (full), the working longitudinal match has the beam accelerated from 7 to 55MeV/c while
sitting at -20� from crest to impart a phase-energy correlation along the bunch. Because the bunch
is already at the ideal length for the cooling channel, the first arc must be isochronous to first-
order (R56=0) but use higher-order momentum compactions to linearize the bunch. Upon exiting
the arc, there still remains a large phase-energy correlation which must be removed. A de-chirper
cavity run at the zero-crossing removes that correlation. To prepare for energy recovery, we need to
reverse the process. Following the CCR and its transport back to the ERL, a chirper cavity is run
at the other zero-crossing to impart a phase-energy correlation along the bunch. The recovery arc
arranges the momentum compactions so that when the beam is decelerated through the linac 180�

out of phase (160� from crest), the bunch is linearized and nearly mono-energetic at the dump.

6.4.2 Component Design

6.4.2.1 Injector The design of the CCR injector is demanding due to the need to preserve the
magnetization of high charge bunches from the cathode to the linac. Simulations make assumptions
that beam charge and current can be delivered from a multi-alkali photocathode inside a 400 kV
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This displacement insures the bunch of interest resides in the high field region of a septum magnet,
which is used to bend the exchanged bunch into/out of the circulation beam line.

The basic concept of the exchange is presented in Figure 6.18. An incoming ERL bunch is de-
chirped after traversing the ERL recirculation arc. It is then bent upward by a vertical dipole, and
brought parallel to the plane of the CCR by the field of the exchange septum. It is then focused
toward the CCR back-leg axis by the downstream transport, reaching an orbit node at an injection
fast kicker. The kicker removes the angle, merging the injected bunch into the CCR bunch train.
It is thereafter available for cooling. The process is reversed for the extracted bunch before it is
chirped and transported back to the linac.
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Figure 6.18: Schematic of the beam exchange region.

An extracted bunch is deflected downward by the fast kicker, generating an o↵set that directs
the bunch into the septum, whereupon it is directed toward the plane of the ERL. A vertical
bend brings the bunch orbit onto to the plane of the ERL; a re-chirper imposes a phase/energy
correlation on the bunch, and the downstream exchange-to-linac recirculation arc compaction is
used to recompress the bunch prior to reinjection and energy recovery with energy compression.

6.4.2.7 De-Chirper With a proper choice of momentum compactions, the ERL arc will linearize the
bunch. However to meet the energy spread specification for the cooling channel, the phase energy
correlation must be removed. This is achieved in the de-chirper which is a single 5-cell 952MHz
cavity operated at zero-crossing. With a gradient of 15MV/m the phase energy correlation is
removed.

6.4.2.8 Harmonic Kicker A harmonic kicker system in the CCR, as shown in Figure 6.9, delivers a
transverse harmonic kick. This harmonic kick is a linear combination of 5 odd harmonic modes with
the base frequency fk =86.6MHz to deflect incoming (outgoing) electron bunches from the injection
transport (to the extraction transport) to get them on to (o↵ of) the CCR. The system consists
of injection kicker, extraction kicker, pre-kicker, and post-kicker [31]. As for an extraction kicker,
the electron bunch at Ee =55MeV is deflected 2.5mrad downward to the extraction transport by
a total kick of 137.5 keV. Being combined harmonic modes, the kick is sharply peaked at the kick
frequency, which corresponds to every 11th incoming bunch.

We have adopted a new waveform synthesis scheme [32] that uses only five odd harmonics of the
base frequency and a DC o↵set voltage so that the number of required cavities for each kicker can
be reduced to one at the cost of a slightly higher total RF power and larger voltage slopes for the
residual kicks. The waveform is shown in Figure 6.19 (left), and Table 6.11 lists the specification
of the harmonic components of the waveform. The small “residual” of the kick on the 10 unkicked
bunches can be cancelled out by injection kicker, which is the same device physically separated

Parameters Current

Beam energy 55 MeV

Kick angle 2.5 mrad

fb 476.3 MHz

Qb 1.6 nC

Turns 11

fkick 86.6 MHz

Energy spread 3E-04

Bunch length 20 mm

𝜶x=𝜶y 0

𝜷x=𝜷y 120 m

𝜺nx=𝜺ny 36 𝝁m

Beam distr. Beer can

• A harmonic kicker system is a group of cavities that transit electron 
bunches between the ERL ring and the CCR.
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Requirements Implementation
The kicked bunches are uniform 
(with no angular spread).  A single frequency pre-/post- kicker

The bunches between the kicks are 
not affected by residual kicks

A pair of the kickers are separated by 
𝞹 phase

The number of the modes and the 
kickers better be as small as 
possible.

The kick consists of 5 (odd) 
harmonic modes of 86.6 MHz (in one 
cavity). 

The total dissipated power of the 
kicker must be minimized.

A careful RF/engineering design of 
the cavity

The kick must be stable against the 
various degrading conditions.

An efficient frequency tuning system 
and RF control. 
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The amplitude distribution of the kicker system

Modes freq. Amp.
1 86.6 MHz 25 kV
3 259.8 MHz 25 kV
5 433 MHz 25 kV
7 606.2 MHz 25 kV
9 779.4 MHz 25 kV
0 - 12.5 kV
11 952.6 MHz -34.1kV
0 - 34.1 kV

The temporal profile of pre-/post kick
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Simulation setup

±0.2 mrad
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The beam dynamics simulation with ELEGANT
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IKEK 𝝅-phase advance

• To demonstrate longitudinal 
dynamics (Longitudinal 
profiles of angular 
divergence) through the 
kickers with pre/post 
kickers. 

• Also checked is transverse 
emittance
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Loop 
coupler

Stub tuners

Beam port

Tapering

H=895 mmD=176 mm

A=70 mm

Electric field profile of 5th mode

Magnetic field profile of 5th mode

fully linear over a wide tuning range, only a few iterations of (11) are required to converge to a
desired accuracy value for �f/f ⇠ 1⇥ 10�5.

Ttt =
h
1 1 1 1 1

i
, Tst =

h
1 1 1 1 1

i
(13)

3.4 Field profiles of the cavity

The harmonic kick is defined as a line integration of transverse component of the Lorentz force
~FL along beam-axis, which is given as

Vkick =
Z L/2

�L/2
dz ~FL,? =

Z L/2

�L/2
dz e( ~E + ~v ⇥ ~B)?

= e

Z L/2

�L/2
dz

"

Ey cos (!z/c)� cBx sin (!z/c)

#

, (14)

where L = �� is e↵ective length and the relevant components of the fields on beam-axis are
expressed in terms of CST-MWS coordinates, i.e., ~E? = Eyŷ, ~v = cẑ, and ~B = Bxx̂. Also
temporal profile of the field components are separated. For a non-trivial kick with an electron
(at the center of cavity) on-crest of the RF phase, temporal profile of the electromagnetic fields
are E(t) = cos!t and B(t) = � sin!t, respectively, because the phase of B field advances that
of E field by ⇡/2. Notice with sin being odd function with respect to origin, the contribution
from the anti-symmetirc Bx field would be non-trivial.

In Fig. ??, various field profiles of the cavity are shown. The longitudinal profile (Fig. 2) of
the kick on the beam axis is approximately of Gaussian shape with small deformations mainly
caused by magnetic field profile of the 4th and 5th mode. In Fig. ??, the horizontal profile of the
kick Ey(x) is considered as constant over a few beam sizes. The vertical profile of the kick Ey(y)
has some gradient, suggesting a possible non-linear component contribution. The longitudinal
profile of the axial field Ez(z) is anti-symmetric with respect to the center and its integration is
zero.

(a) The electric field of 5th mode. (b) The magnetic field of 5th mode.

Figure 10 – The 3D field profiles of the QWR.

4 Coupler design

The power coupler that couples 5 harmonic modes of the kicker cavity is designed. To increase
the RF coupling and improve adjustability of the coupling after fabrication, a loop coupler is
used in a strong magnetic region in the cavity, i.e., near the top plate. The geometry of loop
coupler is optimized to make the harmonic coupling close to critical coupling and also insensitive
to deviation from ideal configuration.
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Tuner design
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-0.0169  -0.0101  -0.0032  0.0067  0.0082 
 0.0050   0.0215  -0.0270 -0.0212  0.0141 
 0.0375  -0.0885  -0.0001 -0.0935 -0.0135 
-0.0630  -0.0116  -0.0955 -0.1116 -0.0708 
-0.1909  -0.0055   0.0316 -0.0337 -0.1513

freq. sensitivity of the 
4th mode. by the 2nd tuner stub

T =

𝛥fk = Tki𝛥si 
• Linear approximation of frequency response to the tuner insertion
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𝛥fk is frequency deviation of k-th mode, T is tuning sensitivity matrix, and 𝛥si is displacement of i-th stub.

Tuning sensitivity matrix (around the default insertion depth l =15 mm) [MHz/mm]



Power coupler design
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Rcp

Rant
d

lgr Hcp

Bcp

rloop

wloop

hloop

!

Electric coupling

Magnetic coupling

5th mode 1st mode

Field leak

>

EIA 3.125 elbow

Tapered section
Coupler port

Straight transmission line

Ceramic window

Spacer

• 5 harmonic modes are critically coupled to the cavity by a loop 
coupler in predominantly magnetic region.

• Broadband coupler 
using double window is 
used to deliver 5 
harmonic modes.
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With beam loading, RF power from the RF source that maintains constant voltage in the cavity is given as

Figures of merit
Modes f  (MHz) TTF Rsh (M𝝮) Pd (kW) Q0 𝛥f/f 𝛽 Pg

1 86.6 1 0.95 0.37 6.47E+03 ±4E-04 0.7 0.38
2 259.8 0.98 0.87 0.69 1.11E+04 ±2E-04 1.2 0.70
3 433 0.94 0.61 0.99 1.44E+04 ±2E-04 1.2 1.00
4 606.2 0.88 0.42 1.44 1.67E+04 ±1E-04 1.1 1.44
5 779.4 0.80 0.23 2.52 1.58E+04 ±1E-04 1.1 2.53

With Ib = fk Qb= 0.35 mA, 𝜙s=0 (deflecting phase),

2.5. Wake fields and impedance 101

2.5 Wake fields and impedance

In this section, we evaluate the power dissipation due to the fields excited by beam
with certain time structure, in particular higher order modes (HOM). The method
we are using is to derive analytical formula for the power by each induced wake
field from the beam. The spectrum of induced wake modes can be obtained by two
simulations, one by eigensolver and the other by wake field solver. Also available
from the simulation are R/Q0 and QL for each mode. Finally total power can be
added by simply adding up the contribution from all the relevant modes.

2.5.1 Theoretical background

2.5.1.1 The voltage and power induced by beam

cn =
1

rn

Z 1

�1

Z 2⇡

0

dz d� e�in�Ez(~r) sin�i!z/c (2.164)

Pg =
5X

n=1

V 2
?,n

R?,n

(1 + �n)2

4�n

"✓
1 +

kaR?,n

1 + �n

Ib
V?,n

sin�s

◆2

+

✓
2QL,n

�fn
fn

� kaR?,n

1 + �n

Ib
V?,n

cos�s

◆2
#

⇡
5X

n=1

V 2
?,n

R?,n

(1 + �n)2

4�n

The induced voltage in the cavity via nth mode by the point charge q traversing
the cavity at t = t0 is given as

Vn(t) = 2knqe
(i!n�1/⌧n)(t�t0)H(t, t0),

where kn is loss factor, !n is resonant frequency, ⌧n is decay time of the cavity of n
mode, respectively. Also H(t) is a unit step function, whose representation is given
as

H(t, t0) =

Z t

�1
dt00 �(t00 � t0) (2.165)

Note that t = t0 is chosen at the moment the charge exits the cavity. From point
charge case, di↵erential charge case is written as

dVn(t, t
0) = 2kndq(t

0)e(i!n�1/⌧n)(t�t0)H(t, t0), (2.166)

Integrating (2.166) with respect to t0, we have

Vn(t) = 2kne
(i!n�1/⌧n)t

Z t

�1
dt0 I(t0)e�(i!n�1/⌧n)t0H(t, t0) (2.167)
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Vertical profile of the Ey Horizontal profile of the Ey

beam axisBeam size: 𝜎 = 6.25mm 
 Assuming 𝛾=110, 𝛽=120m, 𝜀n=36 𝜇m @kicker

±2𝜎 (97%)

• Because of lack of vertical symmetry of the QWR, the 
kick is expected to have some multipole components. 

Transverse profile of the fields
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r =15mm 
(4mm mesh) r =5mm 

(3mm mesh)

r =10mm 
(2mm mesh)

The refined mesh for multipole field evaluation

• We evaluate multipole transverse fields in terms of 
multipole coefficients of longitudinal fields via 
Panofsky-Wenzel theorem. 

treat ~E, ~B as in the same perturbation order as ~r1, i.e., o(1). Then putting this into (13) leads
to

d~p0
dt

+
d~p1
dt

+
d~p2
dt

= e
⇢
~E(~r0 + ~r1 + ~r2) + (~v0 + ~v1 + ~v2)⇥ ~B(~r0 + ~v1 + ~v2)

�
(14)

Taylor expanding ~E, ~B fields in perturbation order, we have

~E(~r) = ~E(~r0) + (~r1 + ~r2) · ~r ~E

�����
~r=~r0

+O(3), (15)

~B(~r) = ~B(~r0) + (~r1 + ~r2) · ~r ~B

�����
~r=~r0

+O(3) (16)

Then (14) separates in the order of perturbation,

d~p0
dt

= 0, (17)

d~p1
dt

= e
⇢
~E(~r0) + ~v0 ⇥ ~B(~r0)

�
, (18)

d~p2
dt

= e
⇢
~r1 · ~r ~E + ~v0 ⇥ (~r1 · ~r ~B) + ~v1 ⇥ ~B(~r0)

�
(19)

The 0-th order equation (17) is trivially integrated to ~p0 = m�0cẑ, recovering the unperturbed
motion. The first order equation (18) is written in components as

ṗ1x = e

(

Ex(~r0)� cBy(~r0)

)

, (20)

ṗ1y = e

(

Ey(~r0) + cBx(~r0)

)

, (21)

ṗ1z = eEz(~r0). (22)

To solve (20)-(22) for arbitrary x0, y0, one needs to express E,B fields in terms of multipole
fields, which introduces perturbation at another scale set by deviation from axis x0, y0 and
denoted by order variable O. Because the perturbed trajectory of a particle within the kicker
cavity is very small (of µm order) due to fast longitudinal motion and limited size of the kicker,
o(1) is much smaller than O(1). Therefore, we will not proceed to 2nd order equation (19),
which depends on o(1) on the r.h.s and denote ~p 1 as ~p and expand the theory in the order of
O.

(20)-(22) can be solved more simply by using Panofsky-Wenzel theorm. For deflecting phase
operation of the kicker with kicking direction being ŷ (as was done in CST simulation), we have

�py = �
e

!
Re

(

i
Z 1

�1
dzryEz

�����
~r=~r0

)

(23)

The integrand in (23) is expanded in terms of multipole fields of Ez, which is given as

Ez(~r, t) = Re

( 1X

n=0

En(z)(x+ iy)n
)

ei!t = Re

( 1X

n=0

En(z)r
nein�

)

ei!t. (24)

Then its derivative with respect to y is given as

ryEz

�����
~r=~r0

= Re

( 1X

n=1

iEn(z)n(x0 + iy0)
n�1

)

ei!t = Re

( 1X

n=1

En(z)inr
n�1
0 ei(n�1)�0

)

ei!t (25)

Spatial factor obtained from 3D field map (CST simulation)

Then (23) becomes

�py =
e

!

Z 1

�1
dz Re

(
X

n

iEn(z)n(x0 + iy0)
n�1

)
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✓
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#
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X
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"
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, (26)

where complex coe�cient cn can be obtained by

cn =
Z 1

�1

" Z 2⇡

0
Ez(~r)e

�in�d�

#
1

rn
sin

✓
2⇡fz

c

◆
dz (27)

Now that ELEGANT uses x̂ as kicking direction, we convert () by ⇡/2 rotation:

�p0x

�����
(x,y)

= �py

�����
(�y,x)

=
e

!

X

n

Re

"

in(�y0 + ix0)
n�1cn

#

=
e
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X
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nrn�1
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, (28)

�p0y

�����
(x,y)

= ��px

�����
(�y,x)
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e
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X
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n(�y0 + ix0)
n�1cn
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e
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(29)

Therefore, normal and skew coe�cients bn’s, an’s are defined by ELEGANT as

�px =
e

!

X

n

nbnx
n�1
0 where ~r0 = x0x̂ (30)

correspond to

bn = Re

"

incn

#

, (31)

an = Re

"

in�1cn

#

(32)

Noting that By(~r0) = Bz(~r0) = Ex(~r0) = 0, (??) is trivially integrated to p1x = 0.

2.4 Magnetized beam

Physically, the magnetized beam is generated by a gun wrapped with the Helmholtz coil. The
electron bunch emitted from the cathode has beam radius of rb = 2.2mm (with flat-top distri-
bution) at energy of 400 keV, which is dictated by laser spot size with negligible contribution
from thermal motion. The motion is purely longitudinal and is without Lorentz force by cathode
B-field. Within the coil, the canonical angular momentum (CAM) L is given as

L = m�⇢2�̇+
1

2
e⇢2Bcath, [SI] (33)

where ⇢ is radial distance from axis at the cathode gun, � is the energy at the gun, and Bcath

is magnetic field of the coil. The Bcath is determined so that the beam radius of electron bunch
at the cooling channel is rb,c = 0.7mm at Bc = 1T, i.e.,

r2bBcath = r2b,cBc, (34)

2.4. Performance analysis 95

To solve (2.143)-(2.145) for arbitrary x0, y0, one needs to express E,B fields in
terms of multipole fields, which introduces perturbation at another scale set by
deviation from axis x0, y0 and denoted by order variable O. Because the perturbed
trajectory of a particle within the kicker cavity is very small (of µm order) due to
fast longitudinal motion and limited size of the kicker, o(1) is much smaller than
O(1). Therefore, we will not proceed to 2nd order equation (2.142), which depends
on o(1) on the r.h.s and denote ~p 1 as ~p and expand the theory in the order of O.

(2.143)-(2.145) can be solved more simply by using Panofsky-Wenzel theorm.
For deflecting phase operation of the kicker with kicking direction being ŷ (as was
done in CST simulation), we have

�py = � e

!
Re

(
i

Z 1

�1
dzryEz

�����
~r=~r0

)
(2.146)

The integrand in (2.146) is expanded in terms of multipole fields of Ez, which is
given as

Ez(~r, t) = Re

( 1X

n=0

En(z)(x+ iy)n
)
ei!t = Re

( 1X

n=0

En(z)rnein�
)
ei!t. (2.147)

Then its derivative with respect to y is given as
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Then (2.146) becomes
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where complex coe�cient cn can be obtained by

cn =
1

⇡

Z 1

�1

"Z 2⇡

0

Ez(~r)e
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dz (2.150)
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x

Kicker top

Kicker bottom

Increase in angular 
divergence

quadrupole

Table 1
b =  

   1E+09 *

   0   0.0004 0.0053 0.0366 0.2086

   -0.0001   -0.0013 -0.0162 -0.1106 -0.6314

   0.0002   0.002 0.0268 0.182 1.0461

   -0.0003   -0.0028 -0.0375 -0.2529 -1.4841

   -0.0004   -0.0035 -0.0488 -0.3279 -2.0345

   -0.0008   -0.0063 -0.0983 -0.6677 -4.852Table 1-1
a =  
   1E+08 *
   0   0 0 -0.0004 0.0651
   0   0 0.0001 0.0008 -0.2008
   0   0 0 0.001 0.3535
   0   -0.0001 -0.0007 -0.0128 -0.6061
   0   -0.0005 -0.0053 -0.088 -1.5279
   0   -0.0006 -0.0057 -0.0972 -2.1107

becomes zero with vertical 
plane symmetry

becomes zero with 
horizontal plane 
symmetry

multipole order

frequency
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Multipole fields cancellation scheme (@ Ee= 55 MeV)
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x x

relative RF phase 𝜙RF= 𝜋 
betatron phase = 𝜋

Kicker top

 Kicker bottom Kicker top

Kicker bottom

Extraction kicker Injection kicker

 Beam axis

even poles

odd poles
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PRK POK
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Sextupole 
magnet

2.5. Wake fields and impedance 99

Also as a final check, we obtain dipole coe�cient b1, which must coincide with
the reference vertical kick.

2.4.3.7

The conversion of sextupole coe�cients between MRFDF and QUAD in ELEGANT
is done. First, in MRFDF we have

�px =
e

mc!

5X

n=1

nbnx
n�1 (2.150)

where px on r.h.s is already dimensionless quantity. On the other hand, in SEXT,
we have

�px = �
ec

mc
By(x, y)

= �
eB⇢L

mc

5X

n=1

knx
n

n!
(2.151)

where L is length of the magnet and B⇢ is beam rigidity and B⇢ = p/e. Now
equating (2.150) and (2.151), we have

1

!
3b3x

2 = �B⇢L
k2

2
x
2
,

! k2 =
6e

!pL
b3 =

6⇥ 3⇥ 108

2⇡f ⇥ 55⇥ 106 ⇥ 1
b3 =

5.2087

f
⇥ b3 (2.152)

where we set L = 1m. The normal poles are given by

k2 = [0.3205 0.3241 0.3222 0.3222 0.3261] (2.153)

2.5 Wake fields and impedance

2.5.1 Theoretical background

2.5.2 Simulation study of Higher order modes (HOM)

• Prepare macro file that computes figures of merit for all the HOM’s of interest.
Import it to the CST.

• Run the CST simulation. After the simulation run the macro file.

• Export the result and import to MATLAB, whose script plots the result.

Quadrupole 
magnet

2.4. Performance analysis 99

Also as a final check, we obtain dipole coe�cient b1, which must coincide with
the reference vertical kick.

2.4.3.7

The conversion of sextupole coe�cients between MRFDF and QUAD in ELEGANT
is done. First, in MRFDF we have

�px =
e

mc!

5X

n=1

nbnx
n�1 (2.150)

where px on r.h.s is already dimensionless quantity. On the other hand, in SEXT,
we have

�px = �
ec

mc
By(x, y)

= �
eB⇢L

mc

5X

n=1

knxn

n!
(2.151)

where L is length of the magnet and B⇢ is beam rigidity and B⇢ = p/e. Now
equating (2.150) and (2.151), we have

1

!
3b3x

2 = �B⇢L
k2
2
x2,

! k2 =
6e

!pL
b3 =

6⇥ 3⇥ 108

2⇡f ⇥ 55⇥ 106 ⇥ 1
b3 =

5.2087

f
⇥ b3 (2.152)

where we set L = 1m. The normal poles are given by

k2 = [0.3205 0.3241 0.3222 0.3222 0.3261] (2.153)

1

!
2b2x = �B⇢Lk1x,

! k1 =
2e

!pL
b2 =

2⇥ 3⇥ 108

2⇡f ⇥ 55⇥ 106 ⇥ 1
b2 =

1.7362

f
⇥ b2 (2.154)

The normal poles are given by

k1 = [] (2.155)

Cooler

Simulation results for 55 MeV Scheme

𝛼2= 0 m, 𝛽2= 120m, 𝜇2= 0.13
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The double-kicker cancellation scheme (@ Ee =110 MeV)
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xx

RF phase= 𝜋 
betatron phase=0

Kicker top

 Kicker bottomKicker top

Kicker bottom

 Beam axis

x

RF phase= 𝜋 
betatron phase =0

Kicker top

 Kicker bottomKicker top

Kicker bottom

Injected 
bunch

Circulating 
bunch

RF phase= 0, betatron phase=𝜋

Injection kicker pair Extraction kicker pair 
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PRK POK

IKEK

Sextupole 
magnet

2.5. Wake fields and impedance 99

Also as a final check, we obtain dipole coe�cient b1, which must coincide with
the reference vertical kick.

2.4.3.7

The conversion of sextupole coe�cients between MRFDF and QUAD in ELEGANT
is done. First, in MRFDF we have

�px =
e

mc!

5X

n=1

nbnx
n�1 (2.150)

where px on r.h.s is already dimensionless quantity. On the other hand, in SEXT,
we have

�px = �
ec

mc
By(x, y)

= �
eB⇢L

mc

5X

n=1

knx
n

n!
(2.151)

where L is length of the magnet and B⇢ is beam rigidity and B⇢ = p/e. Now
equating (2.150) and (2.151), we have

1

!
3b3x

2 = �B⇢L
k2

2
x
2
,

! k2 =
6e

!pL
b3 =

6⇥ 3⇥ 108

2⇡f ⇥ 55⇥ 106 ⇥ 1
b3 =

5.2087

f
⇥ b3 (2.152)

where we set L = 1m. The normal poles are given by

k2 = [0.3205 0.3241 0.3222 0.3222 0.3261] (2.153)

2.5 Wake fields and impedance

2.5.1 Theoretical background

2.5.2 Simulation study of Higher order modes (HOM)

• Prepare macro file that computes figures of merit for all the HOM’s of interest.
Import it to the CST.

• Run the CST simulation. After the simulation run the macro file.

• Export the result and import to MATLAB, whose script plots the result.

𝛼2=0m, 𝛽2= 110m, 𝜇2= 0.13𝜋

Cooler
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HOM power spectrum
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• The general analytical formula for induced voltage by n-th mode 
in the cavity is  

2.5. Wake fields and impedance 103

To investigate response of the cavity to beam independent of R/Q0 at each frequency,
the normalized voltage Vn per R/Q0 is given as

Vn,nor =
Vn

R/Q0
=

!n

2

Qb

lb
ce(i!n�1/⌧n)t

X

k

(2.177)

The induced voltage after N bunches is given as

Vn = Vq + Vqe
(i!n�1/⌧n)(t�t0) + · · ·Vqe

(i!n�1/⌧n)(N�1)(t�t0)

= Vq
1� e(i!n�1/⌧n)N (t�t0)

1� e(i!n�1/⌧n)(t�t0)
(2.178)

Consequently, the total power, i.e., the power generated by beam that is the same
as a sum of wall loss and power leakage through the ports, is given as

Pn(t) =
V 2
n (t)

QL ·Rk,n/Q0
(2.179)

The normalized power is given as

P

Rk/Q0
=

Vk(t)2

QL ·
�
Rk,n/Q0

�2 =
V 2
n,nor(t)

QL
(2.180)

Furthermore, average power Pave is computed as

Pave =
1

T

Z 1/fb

0

dt P (t) (2.181)

2.5.1.2 Impedance from wake potential

2.5.2 Simulation study of Higher order modes (HOM)

2.5.2.1 Setup and methods

To evaluate the power, one first determines a collection of the relevant modes in
power evaluation. The more modes are included, the better becomes the evaluation,
but simulation time rapidly increases as the number of the modes increases. The
relevant modes are determined by beam current structure.

• Prepare macro file that computes figures of merit for all the HOM’s of interest.
Import it to the CST.

• Run the CST simulation. After the simulation run the macro file.

• Export the result and import to MATLAB, whose script plots the result.

• The total power formula by n-th mode in the 
cavity and total average power are  

2.5. Wake fields and impedance 103

To investigate response of the cavity to beam independent of R/Q0 at each frequency,
the normalized voltage Vn per R/Q0 is given as

Vn,nor =
Vn

R/Q0
=

!n

2

Qb

lb
ce(i!n�1/⌧n)t

X

k

(2.177)

The induced voltage after N bunches is given as

Vn = Vq + Vqe
(i!n�1/⌧n)(t�t0) + · · ·Vqe

(i!n�1/⌧n)(N�1)(t�t0)

= Vq
1� e(i!n�1/⌧n)N (t�t0)

1� e(i!n�1/⌧n)(t�t0)
(2.178)

Consequently, the total power, i.e., the power generated by beam that is the same
as a sum of wall loss and power leakage through the ports, is given as

Pn(t) =
V 2
n (t)

QL ·Rk,n/Q0
(2.179)

The normalized power is given as

P

Rk/Q0
=

Vk(t)2

QL ·
�
Rk,n/Q0

�2 =
V 2
n,nor(t)

QL
(2.180)

Furthermore, average power Pave is computed as

Pave =
X

n

Pn,ave =
X

n

1

T

Z 1/fb

0

dt Pn(t) (2.181)

2.5.1.2 Impedance from wake potential

2.5.2 Simulation study of Higher order modes (HOM)

2.5.2.1 Setup and methods

To evaluate the power, one first determines a collection of the relevant modes in
power evaluation. The more modes are included, the better becomes the evaluation,
but simulation time rapidly increases as the number of the modes increases. The
relevant modes are determined by beam current structure.

• Prepare macro file that computes figures of merit for all the HOM’s of interest.
Import it to the CST.

• Run the CST simulation. After the simulation run the macro file.

• Export the result and import to MATLAB, whose script plots the result.

Vn is induced voltage across the cavity, kn is 
loss factor by a single charge, I is beam 
current, 𝜔n is angular frequency of the mode, 
and 𝜏n is decay time of the cavity. 

2.5. Wake fields and impedance 101

2.5 Wake fields and impedance

In this section, we evaluate the power dissipation due to the fields excited by beam
with certain time structure, in particular higher order modes (HOM). The method
we are using is to derive analytical formula for the power by each induced wake
field from the beam. The spectrum of induced wake modes can be obtained by two
simulations, one by eigensolver and the other by wake field solver. Also available
from the simulation are R/Q0 and QL for each mode. Finally total power can be
added by simply adding up the contribution from all the relevant modes.

2.5.1 Theoretical background

2.5.1.1 The voltage and power induced by beam

The induced voltage in the cavity via nth mode by the point charge q traversing
the cavity at t = t0 is given as

Vn(t) = 2knqe
(i!n�1/⌧n)(t�t0)H(t, t0),

where kn is loss factor, !n is resonant frequency, ⌧n is decay time of the cavity of n
mode, respectively. Also H(t) is a unit step function, whose representation is given
as

H(t, t0) =

Z t

�1
dt00 �(t00 � t0) (2.164)

Note that t = t0 is chosen at the moment the charge exits the cavity. From point
charge case, di↵erential charge case is written as

dVn(t, t
0) = 2kndq(t

0)e(i!n�1/⌧n)(t�t0)H(t, t0), (2.165)

Integrating (2.165) with respect to t0, we have

Vn(t) = 2kne
(i!n�1/⌧n)t

Z t

�1
dt0 I(t0)e�(i!n�1/⌧n)t0H(t, t0) (2.166)

Vn(t) = 2kne
(i!n�1/⌧n)t

Z t

�1
dt0 I(t0)e�(i!n�1/⌧n)t0 (2.167)

For more convenient computation, one can divide up integration range into bunch
distance 1/fb.

Vn(t) = 2kne
(i!n�1/⌧n)t

1X

k=�1

Z (k+1)/fb

k/fb

dt0 I(t0)e�(i!n�1/⌧n)t0H(t, t0) (2.168)
….

(27×11) /fb (4×11) / fb

t

gap

….….

The time structure of the beam current  I in the CCR

Single bunch 
profile is top-hat
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HOM power estimation
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0 0.5 1 1.5 2 2.5
frequency (Hz) 109
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100

P av
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Analytic formula
(normalized with QL=5  103)
Simulation
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Y: 1826
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cut off frequency of beam 
port  = first 100 eigenmodes

1/Tb~476.3 MHz

• (average) Power of HOM

Frequency spectrum  
of top-hat beam current

Pave,total   ~ 10W (Pave,loss   ~ 4W)
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Impedance spectrum

April 1 – April 3, 2019 !19
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• In wake field simulation, the 
locations of the peaks in (real) 
impedance spectrum were identified 
with resonant frequencies and the 
peaked values were with the shunt 
impedance, which is more accurately 
computed by CST Eigensolver.  .  
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Impedance spectrum

April 1 – April 3, 2019 !20

TEM: 5 harmonic modes for kick
TE11-ver.
TE11-hor.
TEM: higher harmonic modes

Cut off freq. of beam port • In wake field simulation, the 
locations of the peaks in (real) 
impedance spectrum were identified 
with resonant frequencies and the 
peaked values were with the shunt 
impedance, which is more accurately 
computed by CST Eigensolver.  .  
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Thermal/Structural Analysis of the QWR
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Channels

TOP

@ 1.25 l/min

BOTTOM

Supply pipe flow diverts to the three 
channels at the bottom

Top plate cooling channel on 
the outer conductor

The center conductor cooling pipe

The power distribution:Ptotal ~ 6.3 kW

The cooling ring for tuner stubs
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Inner 
conductor

Loop antenna

RF finger

Outer 
conductor 
and stubs

Temperature distribution @ power ~ 6.3 kW

Stub tuner
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Fabrication Plan

April 1 – April 3, 2019 !23RF source

Motorized stub station

Rotatable flange

• Design review is upcoming and kicker cavity  will be 
fabricated soon.  

• The subsequent development would be about the power (and 
pickup) coupler, tuning system, RF source (SSA), vacuum 
system, and control system. 

• In particular, one option for power supply is 5 narrow band 
amplifier for 5 harmonic modes and high-power harmonic 
combiner. 

Vacuum pump
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Low Level RF Harmonic Driver Developed by Electrodynamics, SBIR-I Project

April 1 – April 3, 2019 !24RF source

6-channel 1W Harmonic Arbitrary 
Waveform Generator (HAWG)

Electrodynamics developed stand-
along HAWG with a Tektronix 
oscilloscope and a PC based LLRF 
controller 


