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ABSTRACT

ALBA is a 3rd generation synchrotron light source located in Spain, in operation since 2012. In preparation
for its upgrade to a 4th generation facility, which requires addressing the significantly reduced Touschek
lifetime, ALBA has designed and constructed a higher-order mode (HOM) damped active 3rd harmonic RF
cavity. This cavity is designed to longitudinally lengthen the electron bunches, thereby reducing their density
and enhancing the beam lifetime. The design is based on the EU HOM-damped cavity currently employed
in ALBA’s main radio frequency (RF) system. The cavity prototype was installed in the BESSY II ring under
a collaborative agreement between ALBA, HZB, and DESY, institutions that operate at the same main RF
frequency, 500 MHz. This paper presents the first commissioning results, including bead-pull measurements,
high-power conditioning and initial beam tests in both single and multi-bunch operation modes. The results
confirm that the cavity parameters are consistent with the design specifications, the HOMs are effectively
mitigated, and the anticipated beam lifetime enhancement is achieved, demonstrating the feasibility of the

designed cavity.

1. Introduction

Many synchrotron light sources are currently transitioning from the
third to the fourth generation [1-7]. A key challenge in these upgrades
is maintaining a reasonable beam lifetime despite the significant reduc-
tion in transverse emittance. Harmonic radio frequency (RF) systems
are widely employed to mitigate beam lifetime reduction caused by the
low emittance and the associated increase in the Touschek scattering ef-
fect. The addition of the harmonic system provides longitudinal bunch
lengthening, reducing the electron density and enhancing the Touschek
lifetime.

While active harmonic cavities have been utilized historically (e.g.,
NSLS-VUV [8]), most modern light sources, such as MAX IV [9],
ALS [10], BESSY II [11], Elettra, and SLS [12] rely on passive cavities.
Passive cavities, whether normal-conducting or superconducting, oper-
ate using beam-induced voltage, which is regulated through resonance

frequency tuning. Since in passive cavities the synchronous phase is
inherently tied to the resonance frequency, it is not possible to achieve
the optimal phase across the entire beam current range. Additionally,
in case of normal conducting ones, their low shunt impedance restricts
their operation primarily to high beam currents. Although supercon-
ducting passive harmonic cavities, such as those used at Elettra [12],
offer superior power efficiency, support operation at low beam cur-
rents, and enable higher voltages per cavity unit, their higher cost and
operational complexity make them less suitable for most synchrotron
light facilities, particularly those lacking the existing infrastructure to
support superconducting RF technology.

Normal conducting active harmonic systems, though more complex
and costly than normal conducting passive ones, offer several advan-
tages: (i) They enable optimal bunch lengthening across the entire
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beam current range, with significant benefits for single-bunch oper-
ation. Machine studies conducted in low-current, single-bunch mode
provide valuable insights into RF system dynamics. (ii) Active sys-
tems deliver more stable cavity fields through low-level RF (LLRF)
control, enhancing thermal stability and eliminating issues such as
plunger movement. (iii) They support advanced feedforward and feed-
back mechanisms, which help mitigate instabilities and compensate for
transient beam loading [13,14].

ALBA, a 3rd generation synchrotron light source located in Spain,
has been in operation since 2012 and is now preparing for its 4th gen-
eration upgrade [1]. To address the significant reduction in Touschek
lifetime of its upgrade, ALBA designed and constructed a prototype
of a 1.5 GHz, active, normal-conducting, higher-order mode (HOM)
damped, 3rd harmonic cavity [15]. The cavity, known as 3rd Harmonic
EU cavity, is based on the 500 MHz EU HOM-damped cavity design [16,
17] currently employed in ALBA’s main RF system.

To validate the cavity design and performance, ALBA initiated a
collaboration with HZB and DESY, two German institutions that, like
ALBA, are transitioning their synchrotron light sources from the third to
the fourth generation [4,5]. All three institutions share the same main
RF frequency of 500 MHz, meaning their harmonic cavities operate at
1.5 GHz. Through this collaborative agreement, the cavity prototype
was tested in the BESSY II ring at HZB, benefiting all parties by
providing an harmonic cavity design adaptable to their specific upgrade
requirements.

This paper presents the first commissioning results from the 3rd
Harmonic EU Cavity, operating in active mode. The cavity is pow-
ered by an RF amplifier and controlled via digital LLRF, allowing
full control of harmonic voltage amplitude and phase for any beam
current. Section 2 provides a brief overview of the double RF system
theory. Section 3 summarizes the design, construction, and testing
of the prototype cavity. Section 4 presents tests with beam results,
including single and multi-bunch operation modes.

2. Double RF system theory

In a double RF system the total accelerating voltage seen by a
particle on every turn is given by the sum of the cavity voltages and
their relative phase to the beam:

Vi(@) =V, sin (@ + @) + Vjy sin(ey, + nep) @

where V,,. and V), are the voltage amplitudes of the main and harmonic
cavities, respectively, the terms ¢, and ¢, represent the synchronous
phases for the main and harmonic systems, ¢ is the particle’s phase off-
set with respect to the main synchronous phase, and » is the harmonic
order.

When the harmonic phase and voltage are set such that both the first
and second derivatives of the total voltage are zero at the synchronous
phase, a quartic potential well is created, resulting in the so-called
flat potential condition. This flatter potential reduces the oscillation
speed of particles within their bucket, leading to longer bunch lengths,
lower peak charge densities, and an extended beam lifetime, without
altering the beam energy distribution. The reduced peak charge density
and increased bunch length also mitigate the intrabeam scattering
effect, which otherwise contributes to emittance growth. Furthermore,
operation near the flat potential condition enhances Landau damping,
driven by the broader distribution of synchrotron frequencies.

The conditions to achieve flat potential are [18]:

2
_ 1 1 Uy
VhC,fp = Ve \/n_Z - n?—1 <eO Vine > @
nU, 1
tandy, r, = 0 3)

_eOVmc U, 2
\/(nz_l)z_n4< 0 )
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where U, represents the energy loss per turn due to synchrotron radi-
ation, e, denotes the elementary charge, and the subscript fp refers to
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the flat potential case.

The negative of the ratio of the longitudinal restoring force of
the harmonic system with respect to that of the fundamental one is
represented by ¢, defined in [19,20] but adapted here to the sine
convention of the synchronous phase for the sake of consistency:

—nVj,. cos ¢,

T Vet @

For 0 < ¢ < 1, the synchrotron frequency is reduced and the bunches
are lengthened. ¢ = 1 corresponds to the flat potential case, when the
forces of the main and harmonic system cancel each other and there is
no net linear restoring force, and thus the linear synchrotron frequency
of the synchronous particle is zero [19]. Significant bunch lengthening
occurs above 0.9, but depending on the system’s parameters beam
instabilities ascribed to the double RF system may arise well before
reaching flat potential, around values >0.95 [20,21]. When ¢ > 1, the
synchroton potential becomes a double well with two minima, which
results in a double-hump longitudinal bunch shape, often unstable and
not desired for operation. ¢ is thus an useful figure to assess the system’s
closeness to what we consider the case of optimal bunch lengthening,
E=1.

3. Harmonic EU cavity
3.1. Design and key features

The 3rd Harmonic EU cavity adopts a pillbox design with nose
cones, providing a maximum accelerating voltage of 200 kV at 1.5 GHz.
The diameter of the cavity body is 136.9 mm and the length between
end walls is 104 mm. The cavity is 300 mm long from flange to flange.
It is intended to be used as an active third harmonic RF cavity for
synchrotron light sources. A cavity prototype was manufactured dur-
ing 2020-2021 in collaboration between AVS Added Value Solutions
(Spain) and VITZRO NEXTECH (South Korea) [22].

Fig. 1 provides a render image highlighting the main cavity compo-
nents and a picture of the prototype taken during the site acceptance
tests:

Fig. 2 shows the electromagnetic model of the prototype cavity.
Three circular ridged waveguides extract HOMs from the cavity body,
with a cutoff frequency of 1.72 GHz to avoid damping the fundamental
mode. In earlier designs, in-vacuum ferrites were placed at the ends of
these waveguides to dissipate HOMs power. As an advancement over
previous designs, this cavity replaces the ferrites with transitions to
coaxial N-type connectors, termed “transdampers”. The transdampers
redirect HOMs power to external RF loads, eliminating the need for
in-vacuum ferrites. This design simplifies manufacturing and enables
direct HOMs monitoring via external devices [23].

As seen in 3, each transdamper consists of two sections: a transition
from a circular ridged waveguide to a rectangular waveguide, and
a broadband transition from the rectangular waveguide to a coax-
ial connector [15]. Vacuum isolation is achieved using a commercial
broadband coaxial vacuum feedthrough. The transdampers efficiently
couple frequencies between 1.75 GHz and 5.3 GHz, converting circular
TE;; modes into coaxial TEM modes in a two-step process. First, the
ridged circular waveguide TE;;-like mode is transformed into a rect-
angular TE;, mode. Subsequently, this rectangular mode is converted
into a coaxial TEM mode via a rectangular waveguide-to-N-coaxial
transition.

Using the frequency domain solver in CST Microwave Studio [24],
the simulated transmission (S,;) and reflection (S;;) coefficients of
the ridged circular TE;; mode were calculated across the 1.75 GHz
to 6 GHz frequency range, to safely cover both the beam pipe cut-
off frequency of 3.8 GHz and the maximum design frequency of the
Transdampers of 5 GHz. The results are presented in Fig. 4.

RF power is delivered to the cavity via an EIA 3-1/8 coaxial line.
An electromagnetic model of this coupler is presented in Fig. 5. Two
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Fig. 1. Top: Representation of Harmonic EU cavity components. Bottom: Harmonic EU
cavity prototype during the site acceptance test.

Fig. 2. Electromagnetic model of the cavity prototype, showing frontal and lateral
section views.

alumina disks hold the inner conductor in place and provide vacuum
isolation. An inductive loop at the end of the coaxial line couples the
power to the cavity body. The coupler allows the adjustment of the
coupling factor (f) by rotating the waveguide along the central axis.
This rotation changes the angle of the coupling loop with respect to
the magnetic field of the TM010 accelerating mode.

The cavity also features a 35 mm diameter cylindrical plunger that
allows fine-tuning of the resonant frequency by moving in and out of
the cavity.
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Table 1
Measured tuning range of the cavity prototype.

Parameter Frequency [GHz] Plunger position [mm]
Maximum frequency 1.5041 44

Central frequency 1.4979 31

Minimum frequency 1.4917 0

Total tuning range 12.4 -

Table 2

Main cavity parameters measured at the central resonance frequency, f,.
Parameter Symbol Value Unit
Reflection coefficient Si -50.8 dB
Coupling factor p 1.006 -
Bandwidth BW 214 kHz
Loaded quality factor Q, 6995 -
Unloaded quality factor 0, 14031 -
Transmission to pick-up antenna So1 —-45.9 dB

3.2. Low RF power measurements

Upon reception of the cavity prototype, some low power RF mea-
surements were made to validate the performance of the manufactured
cavity. Table 1 presents the frequency range achievable by the cavity
prototype when the plunger is moved across its full range. The mea-
sured tuning range of 12.4 MHz allows the cavity to be detuned by
several revolution frequencies when installed in the BESSY II storage
ring.

Fig. 6 illustrates the variation in the resonant frequency and quality
factor as the plunger position changes over the entire tuning range.

At the central frequency of 1.4979 GHz measured in Table 1, the
input coupler angle was adjusted to minimize reflected power, achiev-
ing critical coupling (8 = 1). Table 2 summarizes the key low-power
measurements obtained under this condition.

Additionally, the ability of the transdampers to couple into the
cavity body was assessed by measuring the RF transmission between
two transdampers using a Vector Network Analyzer (VNA). Fig. 7
shows the transmission measurement, where the predicted 1.7 GHz
cutoff frequency of the damper arms is evident. The observed signal
transmission between the two arms, mediated by the cavity body,
confirms the capability of the transdampers to effectively couple HOMs
within the cavity.

The cavity’s vacuum quality was tested by pumping its volume with
a turbo-molecular pump. After 72 h of pumping, the pressure dropped
to 3x 1077 mbar. No leaks were detected. Residual Gas Analyzer (RGA)
analysis indicated that hydrocarbon contamination was approximately
three orders of magnitude below the partial pressure of water vapor.

3.3. HOM analysis

The HOM analysis of the 3rd harmonic RF cavity was conducted
using eigenmode simulations in CST Microwave Studio [24] for the
first 300 modes and up to the TM,;-mode cutoff frequency of the
beam pipe, ~5.0 GHz. The first mode corresponds to the fundamental
frequency, while the remaining 299 modes are HOMs. The simulations
were performed on a tetrahedral mesh with curved elements of second
order to allow for a good approximation of the cylindrical walls of
the cavity and the HOM dampers. The eigenmodes on this grid were
calculated with second order of the eigenmode solver to reach accurate
results within reasonable time. The computational domain is enclosed
by the metallic walls of the cavity. The only openings are the input
coupler and the three HOM couplers, which are considered as ports,
and the beam pipes, which were closed by metallic walls in sufficiently
large distance. The first 300 modes means This allowed the impedance
spectra for the cavities to be derived and compared to the calculated
longitudinal and transverse instability thresholds, Zi***" and Z‘resh,

Il
respectively. Fig. 8 illustrates the longitudinal shunt impedances of
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Fig. 3. Electromagnetic model of a transdamper.
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Fig. 4. S, and S,, of the transdamper from 1.75 to 6 GHz simulated with CST MWS
Studio.

the first 300 HOMs, including the fundamental mode. The blue curve
represents the longitudinal impedance threshold for BESSY II, above
which coupled-bunch instabilities may occur. As expected, the shunt
impedance of the fundamental mode exceeds the instability threshold,
while the remaining 299 modes remain well below it. Fig. 9 shows the
transverse shunt impedances for the simulated modes, excluding the
fundamental mode, which intrinsically has no transverse effect. The
plot confirms that all transverse shunt impedances are significantly
below the instability threshold. The thresholds were calculated using
Egs. (5) and (6), using input data from Table 3:

thresh — E 2Ef5

Z"N ) = 7 That )
thresh _ Txy 2_E

Zl (f) - freu Ib ﬂ’ (6)

Among the 300 modes analyzed, only one mode, at 2.105 GHz,
interacts significantly with the beam. This mode exhibits an external
quality factor of 68, indicating sufficient damping to prevent adverse
effects on the particle beam. However, substantial RF power couples to
this mode and propagates through the higher-order mode couplers and

Table 3

Input data used to calculate the impedance budgets of BESSY II.
Parameter Symbol Value Unit
Revolution frequency Srev 1.2492 MHz
Beam current 1, 300 mA
Beam energy E 1.7 GeV
Momentum compaction factor a 7.3 -107* -
Synchrotron frequency [ 7.0 - 10° Hz
Beta function B 5.0 m
Longitudinal damping decrement T 752 s
Transversal damping decrement Tey 250 st

Table 4

HOM external quality factor and R/Q ratio. The shunt impedance, R, follows the
>

convention P = %’ where P is the power dissipated in the cavity and V the cavity

voltage.

Frequency [GHz] External Q R/Q [Q]
1.821 101.14 14.48
1.905 97.89 9.85
1.994 23.58 0.29
2.105 68.00 47.32
2.198 20.03 0.02

the hollow waveguide-to-coaxial transition. Additionally, four higher-
order modes exhibit weak coupling to the beam at 1.821, 1.905, 1.994,
and 2.198 GHz, respectively. As shown in Table 4, all of these modes
have external quality factors below 100, ensuring effective coupling to
the HOM dampers and sufficient damping.

Determining the longitudinal and transverse shunt impedances of
the HOM s in this type of HOM-damped cavity presents significant chal-
lenges, ascribed to the unique characteristics of the cavity design and
the presence of HOM couplers with large coupling apertures attached
to the cavity body. In the presented cavity, the following phenomena
are observed:

* Mode distortion: With the exception of the fundamental mode, all
higher-order modes are significantly perturbed, losing their dis-
tinct classification as pure TM- or TE-type modes. Instead, hybrid
modes, referred to as HEM (Hybrid Electromagnetic) modes, are
observed.

Misalignment of axes: The electrical axis of the cavity no longer
aligns with the beam axis, and in some cases, it is skewed relative
to the beam axis. This misalignment arises primarily due to the
asymmetric longitudinal distribution of the three HOM couplers,
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Fig. 5. Electromagnetic model of the RF input coupler.
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Fig. 7. RF transmission between two transdampers through the cavity body.

as is also the case in the 500 MHz EU HOM-damped cavity, where
this arrangement optimizes coupling to the HOMs [16].

Coupler reflections and mode splitting: Because the HOM couplers
are not perfectly matched, up to 20% of the extracted HOM
power is reflected back into the cavity. As a result, the HOM
couplers effectively behave as additional resonators coupled to
the cavity body. Consequently, each mode splits into a passband
of four coupled modes: three resonances associated with the HOM
couplers and one with the cavity body itself. This configuration
creates a dense spectrum of modes, most of which are irrelevant
to particle dynamics.

These phenomena complicate the specification of both calculated
and measured shunt impedances. In particular, transverse shunt
impedances can no longer be defined using conventional physical-
mathematical methods due to the highly deformed mode geometries.
To address this issue, the longitudinal shunt impedances of monopole
modes were calculated along the mechanical axis of the cavity, follow-
ing standard procedures. For dipole modes, the maximum longitudinal
shunt impedance was determined around a cylindrical mandrel with a
radius of 5 mm centered on the cavity axis to identify their polarization
direction. At this azimuthal location, the transverse shunt impedance
was subsequently calculated. The same procedure was applied to higher
polarizations. The values obtained through these calculations were then
used to generate Figs. 8 and 9.

3.4. Bead pull measurements

3.4.1. Basics of bead pull data analysis

When a small object, a bead in this case, perturbs the electromag-
netic fields in a cavity, each mode of the frequency f experiences a
frequency shift Af [25], which can be expressed as:
Af _ AW
7=
where AW is the change of the energy W stored in the mode. The
value of AW depends on the material and geometry of the bead, with
reference values available in the literature for various bead geometries.
For example for a metallic spherical bead

)

BZ
AW = zd’ (—eOE2 + _1402 ) s ®
and for a dielectric ball
_ 3 2e—1
AW—n:a(eOE €+1), )

where a is the bead diameter, E and B are the field amplitudes at the
position of the bead, ¢, 4, are fundamental constants and ¢ is the bead
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permittivity.

Typically, a better signal-to-noise ratio in bead pull measurements
is achieved if the phase change A¢ of the mode instead of the frequency
shift is measured:
Af  tanAg

f 20,

(10

For the fundamental (TMy;o) mode, the field components can be
approximated as E = (0,0, E,) and B = 0. Using the definition of the
shunt impedance:

2

R 1 w0z
R__L\|\/E i 22\ dz| | 11
0 coU/ zexl’<lﬂc> z an
the final expression for the shunt impedance can be derived as:
2
R 1 .WZ
<§>QL= m /\/tan(A(p)exp <1E>dz (12)

For higher-order modes, the field geometry becomes complex, often
requiring measurements with multiple beads of different materials and
shapes. Simulated results for higher-order modes can be used to predict
the expected bead pull signal and validate experimental measurements.

3.4.2. Measurement system

To characterize the cavity modes, an automated bead pull measure-
ment system was developed and constructed at HZB. Details of the
system are shown in Fig. 10.

The system consists of two motorized two-coordinate tables to move
the bead in the transverse plane and a motorized system to pull the
bead longitudinally. A VNA, synchronized with the longitudinal motion
of the bead, is used to track the phase variation of the cavity mode
at a fixed frequency. The used beads include a metal syringe needle
(10 mm x 1.3 mm), a metal sphere (23.3 mm, Pb), and a dielectric
sphere (210 mm). A graphical user interface (GUI) was developed to
automate the measurements for a predefined set of frequencies on a
transverse mesh.

3.4.3. Experimental results

Fundamental mode

Measurements of the fundamental mode confirmed the shunt
impedance values predicted by simulations. The measured parameters
are summarized in Table 5.

In Fig. 11, the results of the bead pull measurements are shown.
The left panel depicts seven phase shift profiles obtained using a
small metallic sphere as the bead. The right panel shows the mesh
of transverse bead positions for each measurement. Fig. 12 displays a
contour plot of the mode impedance overlaid (not to scale) with the
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Fig. 10. Bead pull measurement system developed at HZB.
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Fig. 11. Left: Bead pull measurements of the fundamental mode at 1.499 GHz using a spherical 3.3 mm bead. Rigth: Mesh of the seven measurements.

Table 5
Fundamental mode parameters obtained with the bead pull technique.
Frequency [GHz]

Shunt impedance [MQ] 0,
1.499 1.05 13200

cavity geometry, indicating the positions of the plunger and the main
coupler. The observed asymmetry in the phase shift profile and the
shift of the electromagnetic center of the mode were also predicted by
simulations.

Higher order modes (HOMs)

The analysis of HOM measurements is challenging due to the com-
plex mode geometries, where assumptions about field symmetry are
not always valid. As previously explained, this complexity is attributed
to the asymmetry of the cavity caused by open ports (e.g., the input
power coupler, plunger, damping arms, and pick-up loop) and the small
volume of the 1.5 GHz cavity. Nevertheless, bead pull measurements
allow upper estimates of mode impedances under the assumption E =
(0,0, E;) for a dielectric bead.

For the most critical modes, simulations were used to determine
field directions and verify consistency between simulated and measured

1.05

103

1.02

1.01

1.00

Shunt impedance (MQ)

0.99

0.98

0.97

Fig. 12. Fundamental mode: contour plot of the mode R/Q, using data of a spherical
3.3 mm bead.
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Table 6

TMO11 mode parameters obtained with the bead pull technique.
Frequency [GHz] R/Q [Q] Shunt impedance (R) [kQ]
2.095 45.4 8,17

impedance values. Comparing results from different beads helps refine
these estimates. Measurements with the syringe needle bead are par-
ticularly sensitive to longitudinal electric fields and provide the closest
approximations.

To give an estimation of how accurate measurements for HOMs
are, the results for one of the most dangerous monopoles, the mode
TMO11, are shown in Fig. 13. The blue solid line represents the phase
change as a function of the longitudinal coordinate (z), while the green
dotted line represents the field profile E ~ \/E, assuming E, changes
direction at the cavity center. The observed discontinuity is attributed
to the misalignment of the transverse electromagnetic and mechanical
centers, causing small transverse field components at the cavity center.
Table 6 summarizes the measured parameters for the TM011 mode.

Figs. 14 and 15 summarize the measured impedance of HOMs. If
the mode symmetry could be identified, it is indicated above the mea-
surement points. For modes with good signal-to-noise ratios, impedance
estimates from all beads are provided.

All beads were calibrated using a copper pillbox cavity with small
openings, to ensure the theoretical mode frequencies and field distri-
butions were undisturbed.

3.5. Energy loss of electron bunches traversing the 3rd harmonic cavity

Another important issue addressed in this study was the evaluation
of the energy deposited by the bunches traversing the 3rd harmonic
cavity across all frequencies, particularly during high-current opera-
tion. This analysis is crucial to ensure that the coaxial feedthrough and
the matched power load outside the vacuum can handle the maximum

HOM power extracted from the beam. To calculate the energy loss, an
analytical method developed by R. B. Palmer at SLAC in 1987 [26]
was applied. For clarity, several general remarks regarding the physical
process of energy loss when a highly relativistic bunch crosses a cavity
are provided.

At 3 GeV kinetic energy, the passing bunches are highly relativistic,
and their contracted field disks cannot interact with the outer periphery
of the cavity. Based on the Pythagorean theorem for velocities [27],
the radial propagation velocity of the fields is significantly limited.
Consequently, the field perturbations generated during cavity traversal
propagate slowly within the field disk. The energy loss of an electron
bunch in the cavity is therefore determined primarily by the immediate
radial environment surrounding the field disk as it enters the cavity
from the beam pipe. Upon re-entering the beam tube after crossing the
cavity, the radial propagation of the field disk is sheared off, leaving
the residual field energy in the cavity.

The energy loss from the field disk results from the diffraction
of its frequency components when the bunch enters the cavity space
from the beam tube. According to Babinet’s principle [28], half of the
diffracted energy is radiated into the shadow region, while the other
half is radiated into the beam pipe region of the cavity. The shadow
region corresponds to the cavity volume with a radius larger than the
beam pipe radius, and the energy diffracted into this region is captured
by the HOM waveguides. Using Palmer’s analytical approach [26], the
HOM power extracted into the HOM dampers is given by:

1 T,
APyoy = 5 (ko) = Koee) 12, (13)

N,
where T, is the revolution time, N, is the total number of circulating
bunches and I, is the beam current. k(c,) is the loss factor which
determines the overall energy loss of a bunch into all modes including
the fundamental one:

1 g
k(o) = —— 1] 2.
(@) drega \ 20,
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Fig. 16. (a) Cavity installed in HoBiCaT bunker, (b) Solid State Amplifier, (c) LLRF.

This value depends on the beam pipe radius a, the gap length g of
the cavity and on the bunch length o,. k.. is the loss factor of the
fundamental mode and is given by:

()
o)
Using Egs. (13), (14), and (15), it was calculated that during normal
operation of BESSY II, 300 mA and 400 bunches, a maximum total
power loss of 27 W is expected, corresponding to a HOM load of
approximately 9 W for each HOM waveguide. This value is well within
the specifications of the components. The analytically calculated power

loss shows good agreement with CST-MWS simulations, with deviations
below 10%.

acc

_ W

kacc - 2 (15)

3.6. High power conditioning

The cavity was installed in the SUPRALAB@HZB testing infrastruc-
ture, located in the HoBiCaT bunker, with all necessary infrastructure
and safety requirements in place. The experimental setup included
the cavity, solid-state amplifier (SSA), waveguides, and digital LLRF,
all installed and operational in the lab. For these tests, the p was
approximately 0.76.

The pictures in Figs. 16 show the different hardware equipment.

Following the installation of the system, thorough checks of the
cooling system, cabling connections, and commissioning of the controls
and digital LLRF were carried out. High-power RF conditioning was
then initiated. Over a period of two weeks, a combination of pulsed
conditioning and continuous power vacuum cleaning was employed.
The system achieved a power level of 14 kW (or cavity voltage ampli-
tude of 170 kV), with only a moderate temperature increase observed
at critical hot points of the cavity. This confirmed the effectiveness of
the cavity’s cooling system. Additionally, a vacuum level below 10~8
mbar was reached, as shown in Fig. 17.

The results of the laboratory tests demonstrate that the cavity meets
all expected performance requirements, including fundamental shunt
impedance, HOM damping, and power-handling capability.

4. Tests with beam

Following the successful laboratory testing, the cavity was installed
in the BESSY II storage ring. Fig. 18 shows the cavity in its operational
position within the tunnel.

Extensive tests were conducted to evaluate the performance of the
cavity. These included verifying the HOM damping mechanism and
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Fig. 17. High power tests in HoBiCaT. Vacuum level (in mbar, log scale), forward power (in dBm), and temperature (in °C at the coupler flange) at 12.5 kW continuous wave

(CW) power over approximately three days of operation.

Fig. 18. 3rd harmonic cavity installed in the BESSY II storage ring. (1) Transdampers, (2) plunger, (3) beam pipe, (4) ion getter pumps.

analyzing the bunch lengthening effects in both single-bunch and multi-
bunch operation modes. Additionally, lifetime measurements were per-
formed to validate the ultimate goal of the third harmonic system. Dur-
ing all tests, the cavity’s coupling factor was set to 0.8, a value which
minimizes the reflected power for the specific operational conditions
under study.

4.1. HOM measurements

To verify the previous computations on the damping effect of the
transdampers on the HOMs shown in Section 3.3, the cavity was
excited with a 1 mA single-bunch beam. The spectrum from the pick-
up antenna was recorded under two conditions: with the transdampers
terminated with 50 Q, and with an open circuit. In the open-circuit
configuration, the power absorbed by the damper arms is reflected back
into the cavity body, thereby negating the damping effect. To isolate the

10

single-bunch spectrum from the cavity body, the envelope formed by
the peak amplitudes at each revolution frequency was extracted. This
process is illustrated in Fig. 19.

The detected peaks were matched between the two measurements.
As shown in Fig. 20, the transdampers effectively remove or signifi-
cantly attenuate all modes below 3 GHz while leaving the fundamental
mode unaffected. Above 3 GHz, most modes are attenuated to a lesser
extent. However, according to simulations, better damping perfor-
mance was expected in this frequency range, as indicated in Fig. 4.
Further investigations are ongoing to understand the transdampers’
response at higher frequencies, even though the measured modes above
3 GHz have shown no observable effects on the beam.

4.2. Single bunch

Since only one harmonic cavity has been installed in the BESSY
II storage ring, the main RF cavity voltage was set to 400 kV to
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ensure that the harmonic cavity could operate at its optimal setting
for achieving a flat potential. This configuration required the harmonic
cavity voltage to be set at 108 kV.

We measured the single-bunch charge distribution using a high-
resolution streak camera (see Fig. 21), while maintaining a beam
current of approximately 0.5 mA to minimize the effects of short-
range wakefields from the ring. To effectively probe the longitudinal
focusing force, we recorded the longitudinal oscillation frequency of
the bunch using the BBFB (bunch-by-bunch feedback) system. The
harmonic voltage was varied from 10 kV to a maximum of 130 kV in
increments of 5 kV. ¢, was set to the value that meets the flat potential
condition, determined by performing a phase scan from —180° to 180°
and selecting the value that minimized f,.

The variations observed in the measured bunch charge distributions
(illustrated in Fig. 22) can be attributed primarily to the progressive
transformation of the corresponding potential wells, defined by the RF

11

with a being the momentum compaction factor, o the relative energy
spread and U(s) denotes the potential well. We conducted a fitting
process, employing a potential well model defined as:

U(s) = ays + aps” + a3s° + ags* + ass® (18)

which is determined by the RF voltages and phases in both the main
and harmonic cavities [19]. This model effectively captures the ob-
served bunch distributions, as demonstrated in Fig. 22.

Using the fitted coefficients a; of the potential well, the linear
synchrotron frequency can be determined as 1/2a,c, expressed in ra-
dians per second [19]. This concept is valid only when the potential
well is primarily governed by the quadratic term (s?), as the motion
becomes increasingly nonlinear when the quartic term (s*) starts to
dominate. The computed synchrotron frequencies were compared with
the measured values, as shown in Fig. 23.

The remarkable agreement between the modeled and measured syn-
chrotron frequencies (f,) serves two critical purposes. First, it confirms
the validity and accuracy of the fitting model. Second, it demonstrates
that linear motion effectively describes bunch dynamics when the
potential well remains predominantly quadratic. Discrepancies between
the model and measurements are generally below 100 Hz. However,
as the potential well transitions to a quartic shape, the spread of f;
increases, resulting in a broader distribution (approximately 0.5 kHz
rms under the optimal potential condition). Beyond this regime, the
formation of two distinct potential wells (as indicated by the presence
of two humps in the bunch charge distribution) introduces uncertainty
about which well or combination of wells contributes to the measured
frequency.

In summary, the agreement between the model and single-bunch
measurements is excellent. Under the specified conditions, the bunch
length was increased by a factor of 3 compared to the initial zero-
current bunch length of 8.6 mm. This significant bunch lengthening at
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Fig. 21. Streak camera images for the single bunch mode, showing the bunch lengthening effect of the harmonic cavity.
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Fig. 23. Measured and calculated synchrotron frequencies (f,) as a function of
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such a low current underscores the advantage of the cavity being active,
enabling optimal lengthening across the entire beam current range.

4.3. Homogeneous filling pattern

The next step was to inject a multibunch homogeneous filling
pattern, with all the RF buckets filled, and check the performance of
the 3rd harmonic cavity.

Fig. 24 shows the streak camera images showing the bunch length-
ening of all the bunches, quite homogeneously, at three different har-
monic voltages, for a 12 mA beam.

The fact that we have only installed one harmonic cavity in the
storage ring makes it difficult to test the full capability of the harmonic
system at full current, i.e 300 mA. Several strategies were used in order
to reach the harmonic voltage that meets flat potential condition with
a high current homogeneous filling pattern.

First, 300 mA of current in homogeneous filling were injected in
the storage ring with the harmonic voltage at 130 kV and the funda-
mental voltage at 800 kV, using only two main cavities instead of the
usual four needed for operation. Then, the main voltage was gradually
reduced targeting a total of 460 kV, the value which would achieve flat
potential. At 615 kV of main voltage, the measured bunch length was
140 ps of FWHM. ¢,, was set to 0°, which we refer to as zero-crossing, in
all cases. Even though this phase value will never meet the flat potential
condition, setting the system in a near flat potential state, this was done
for the sake of increasing the system stability.

However, after reducing the main RF voltage to approach the target
voltage for a flat potential, large coherent longitudinal oscillations
of the beam were observed, ultimately leading to beam loss. This
behavior was attributed to a DC Robinson instability, triggered by the
combination of low main RF voltage and a limited number of harmonic
cavities. To mitigate the observed oscillations, a negative detuning of
the main cavities was applied, enabling operation at 615 kV. This result
aligned well with theoretical expectations: further detuning reduces the
imaginary part of the cavity impedance and suppresses the coherent
frequency shift, thereby mitigating the DC Robinson instability [29,
30]. The maximum applied detuning was —30° to prevent excessive
reflected power from the cavity.

The second strategy was to set up two main RF cavities at total
voltage of 460 kV, while keeping the harmonic one at 130 kV, and
inject current progressively. By doing so, it was possible to reach
60 mA in uniform filling pattern in flat potential conditions, i.e. & =
1.0. The maximum current and flat potential conditions achieved are
summarized in Table 7.

A phasor diagram showing how the generator power compensates
the beam loading during this second studied case is shown in Fig. 25.
In this case, most part of the cavity voltage is driven by the generator.

12



F. Perez et al.

Vh = 10 kV

time (ps)

02 04
time (us)

06 080

Vh = 105 kV

0.2
time (us)

Nuclear Inst. and Methods in Physics Research, A 1072 (2025) 170195

Vh = 125 kV

04 06 080 02 04

time (us)

06 08

Fig. 24. Streak camera images for homogeneous filling pattern at 12 mA, 400 kV of main RF Voltage and 10 kV (left), 105 kV (center) and 125 kV (right) of harmonic voltage.

Table 7
Homogeneous filling pattern tests summary. These cases are the operation limits found
for £ = 1.0 and the nominal 300 mA, respectively.

Current [mA] Main voltage [kV] Harmonic voltage [kV] &
60 460 130 1.0
300 615 130 0.7
Im [Vl {2
-10 -5 5
x10* Y Re V]
Yo
4
v 1-6
VC =130 kv €
Vg =113.67 kV Vg -8
Vb =63.07 kV
1y = 29.024° -10
¢s hc =0
8 =0.83 e
Isr=60 mA ><104 14

Fig. 25. HC phasor plot for the ¢ = 0.98 case, showing how the beam loading is
compensated with the generator power.

4.4. Beam lifetime

Finally, in order to further confirm the bunch lengthening, the
lifetime was also measured for a single bunch. For that, a current of
4 mA was stored and its decay with time was recorded for different
values of the harmonic voltage. The main RF voltage has been kept
constant to 450 kV so that flat potential can be reached with an
harmonic voltage of 126 kV, according to Egs. (3) and (2).

To distinguish the Touschek effect, the same 4 mA current have
been stored spreading them over all the bunches in a homogeneous
filling pattern so that we can evaluate the lifetime component due
to gas scattering. Fig. 26 shows the current trends for these cases for
different & values.

The lifetime has been measured by fitting the data from Fig. 26 to:

1 14 19)
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Fig. 26. Current trends for homogeneous uniform filling (HFP), and for single bunch
at different harmonic voltages values, expressed as the ratio &.

where [, = 4.0 mA.

For the HFP the fitted lifetime is r = 58.8 + 5.2 h, and we use this
value to subtract the gas scattering lifetime component from the fitted
lifetime in single bunch, and so, estimate the Touschek component.

Fig. 27 summarizes the Touschek lifetime fittings for every &. The
gain factor for the Touschek lifetime, calculated as the ratio between
the lifetime fittings of the trends with respect the one at ¢ = 0, is also
shown.

It is worth noting that the increase of the Touschek lifetime at the
quartic potential is around a factor of 3, fitting remarkably with the
bunch lengthening factor obtained in the previous paragraph.

5. Conclusions
We have developed a full active harmonic RF system, including the

cavity, the amplifier and the LLRF systems, working at 1.5 GHz. We
have successfully tested the system in the lab, and with beam at the
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BESSY II storage ring.

We have demonstrated the full capacity of the active harmonic RF
system for operating at any beam current condition, from low current
single bunch up to high current multibunch.

We have properly modeled the double RF system, and we are
confident the system will perform as expected for the BESSY II ring
as well as for ALBA, and the upgraded ALBA II storage rings.

Though the results of HOM simulations presented in Section 3.3
and measured values presented in Sections 3.4 and 4.1 are in good
agreement for the cavity fundamental mode and HOMs up to ~3 GHz,
there are significant differences at higher frequencies. In future versions
of the cavity, a revision of the transdampers’ construction is foreseen
to improve the RF transmission at higher frequencies.

Still remaining to investigate is the behavior of the system when
a gap is introduced in the beam filling pattern, which will lead to
transient beam loading effects, and reduce the bunch lengthening ef-
ficiency.
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