3.3 Radio-Frequency System

As the electrons go around in the storage ring theyatadienergy in théorm of
synchrotron radiation at bends and insertion devices. In addition, particles lose energy due
to their interaction with wwrounding vacuum chamber walls of finite conductivity and
changes in the chamber geometry. This energy needs to be restored ¢écttbesko that

they can maintain a steady orbit in the storage ring. The purpose of the RF system is to
provide sufficientaccelerating voltage to make tgr these energy losses. The voltage of

the RF system should have enough tagheptancefor stable particle energy oscillations

thus providing a long beamédifime.

The energy loss of a single particle to synchrotron radiation per turn in the storage ring is
given by

E‘[GeV]

U,[KeV] =885
plm]

(3.3.2)
where E is the electron energy, apdis the bend radius. For 3 GeV operation, the energy
loss of the electrons per turn in thANIDLE storage ring is bJ= 0.97 MeV. This defines

the minimum required voltage in the RF cavities if the beam is to remain in equilibrium
orbit. However, bcause the radiation is emitted in discrete quanta, the patioiesgo
longitudinal (synchrotron) aedlations. Other factors, which contribute tongitudinal
instabilities of the electrons, are Coulomb collisions, and collisions with residual gas as
explained in sectioB.5, Beam Liétime. To compensafer these effects and to achieve
phase stability of longitudinal oscillations, the total peak voltage pvovided by the
cavities needs to be greater thaja Ohe ratio of maximum possible electron energy gain
per turn (when the ettron is on the crest of the RF wavereto the energy loss per turn

Uo is known as the over-voltagadtor. The over-voltage€tor should be more than 2 to
maintain good beam étime. Fig3.3.1 shows the particle tesjtories in the longitudinal
phase space of ANDLE when the total RF voltage of the ring is 3.3 MV. The equilibrium
synchronous phasg, is defined as the phase of the electron beam witlecesp the RF
accelerating wave when the energy gain by the particle-(N ¢,) is equal to the energy
lost to synchrotron radiation ¢UJper turn, meaning the synchronous phase should be
chosen such thatole\kr sin ¢,. The convention used for phase is tipat= O at the zero

crossing and the rise of the RF voltage. The stable boarding separatrix in the figure defines
the energy acceptance of the stored particles that is at the level of 2.4%.
The power transferred from the RF to thecton beam is given b, (kW) =U,l,, where

I, is the circulating current in AmpB addition there is also the power dissipated in the
cavity walls given by

Ver
2n; Ry,
where n, is the number of cavitieR,, is the shunt impedance of a single cavity. Thus,

the total power to be replenishedRs= B, + P, . The storage ring will have 6 RF cavities
for replenishing the ettron beam energy losses.

wall —

(3.3.2)

59



dE/E (%) Longitudinal phase space

40
204
0.0 L)
-2.0

40 g

0 90 180 270 360 450 540 630 720
Phase (degrees)

Fig. 3.3.1 The energy separatrix andinstable trajectories in longitudinal phase plane.
Green: separatrix, red: unstable and blue stable trajectories.

3.3.1 Cauvities

The ring RF cavities are operated at frequency94.654 MHz so as to be integer sub-
harmonic of the 3 GHz S-band injector Linac. The ring circumference of 216m gives the
harmonic number h=360 (number of RF periods per ring) with the convenient

decomposition of (3602° [(3” 0 pwhich allows the possibility of the ring operation with
many different bunch patterns. In the multibunch mode, from the available 360 RF
buckets, the beam will be stored in 282 contiguous RF buckets with a 78 bucket ion-
clearing gap to prevent ion trapping by the electric potential of the beam.

Fig. 3.3.2 Longitudinal section of the ELETTRA type cavity.

As a starting point we have assumed similar RF cavities as are used in ELETTR? [1],
Italian synchrotron light source in Trieste, that was successfully adopted for the Swiss
Light Source (SLS) [2] and ANKA [3]. These are conventional room temperature cavities
and use well-provetechnology. The cavity shape schematically is shown in Fig.3.3.2.

The RF system of CANDLE will consist of six single-cB00 MHz cavities, lated in

three straight sections. Each two cavities are powered with306ekW CW klystron
amplifier. The cavities are made out of normal conducting, OFHC copper, purity 99.99%.
The nominal axis length of the cavity is 480 mm. This length can be adjusted for tuning
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purpose by a few millieters. The internal diameter of the cavityp mm. The inside
profile of the cavity sction is made up of quarters dliipse (Fig.3.3.2). Table 3.3.1 lists
the single cavity parameters.

Table 3.3.1 Storage ring single cavity parameters (ELLETRA Type).

Resonant frequency,. (MHz) 499.654
Max Power from Klystrorp, (kW) 180
Effective length (m) 0.9
Shunt impedanc®,,(MQ) 3.4
Quality factor,Q, 40000
Peak RF voltag®,. (kV) 650
Power dissipation at

Peak voltageP,,, (kW) 62

To identify any possible beam cavity interaati so called Coupled Bunch Instability, the
full characterization of the High Order Modes (HOM) spectrum is required. The cavity
characterization includes the frequency f, quality factor Q, longitudipanB transverse

Ro shunt impedance, R/Q and the ideaétion of theHOM. Table 3.3.2 presents the
cavity characterizationfor 6 first longitudinal and transver$8OM measuredor the
ANKA cavities [3]. The listed modes resate below the cuff frequency of the beam
pipe and are therefore trapped within the cavity.

Table 3.3.2 CavityHOM modes characteristics.

Longitudinal HOM’s Transverse HOM’s
fr R/IQ Q Ri fr R/Q Q Ro
MHz Q kQ MHz Q MQ/m
L1 | 950 28.9 | 37000 1070.0 T1 743 4.7 41400 3.G
L2 | 1057 0.7 40200 28.1| T2 746 15.8 41800 10.3
L3 | 1421 5.0 333000 166.5 TB 1114 13.0 34100 10.3
L4 | 1514 4.9 27700, 135.7 T4 1220 0.1 40000 0.1
L5 | 1600 9.0 21000] 189.0 Thb 124p 4.5 24500 2.9
L6 | 1876 0.3 31000 93] T6 1304 0.3 307P0 0.3

3.3.2 RF Power Requirements

With the maximum number of insertion devices in place, the total energy that has to be
restored to the electron beam per turn in the ring is the sum of the energy losses in the
bends, wigglers and undulators, plus the miscellaneous energy losses in the vacuum
chamber. In the first stage of machine operation we hopemmission two bends, one
undulator, one wigglerl and wiggler2 beam lines. The number of beam lines from
insertion devices will be further increasedaitcordance with the establishment of the user
groups. To estiate the RF requirements in the case of machine operation with complete
installation of all insertion devices (in toth2) we assume five undulators, three wigglers

of type 1 and four wigglers of type 2. Table 3.3.3 shows the RF requirements in the storage
ring for 3 GeV energy and 350 mA circulating current.
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Table 3.3.3Storage Ring RF System Requirements.

Parameters Without ID Initial Final
Stage Stage

Number of wigglers (type 1) - 1 3
Number of wigglers (type 2) - 1 4
Number of undulators - 1 5
Energy loss in bendsoMeV) 0.97 0.97 0.97
Energy loss in ID’s 3 (MeV) - 0.1 0.415
Energy loss per turn (MeV) 0.97 1.07 1.39
Number of cavities 6 6 6
Total voltage Wr (MV) 3.3 3.3 3.4
Energy acceptance (%) 2.38 2.26 2.02
Overvoltage &ctor 3.4 3.08 2.45
Synchronous RF phasg (deg.) 162.9 161.06 155.90
Synchrotron tune §) 0.01099 0.0108 0.0104
Total shunt impedanceRs (MQ) | 20.4(6x3.4) 20.4 20.4
Power loss in cav. walls, kW) | 267 (6x44.5) 267 283(6x47)
RF-to beam powerd@am (kW) 340 (6x57) | 374(6x62) 486(6x81)
Miscellaneous lossesP(kW) 50 50 60
Total RF power needed (kW) 660 (6x110) 690(6x115) 830(6x14)

The total RF voltage for the operation of the machine is at the level of 3.3 MV providing
the energy acceptance of RF system better 26&nThe total power that goes to beam at
350 mA stored current is 430 kW without ID, 474 kW at the first stage and 486 kW at the
stage of fully popw@tednormal conducting insertion devices.

To achieve zero reflected power in cavities with full beam loading, the RF syistera s
fulfill the following conditions:

a. the reactive component of the beam current should be canceled by properly
detuning the cavity so that the beam-loaded cavity is seen as a pure
resistance;

b. this equivalent resistance is matched to the RErce impedance by the
correct setting of theonpling factor.

The detuningf ,, and the coupling factg8,, satisfying the conditions a) and b) are given by

Af =2fiicotqos, B.. =1+i : (3.3.3)

0 'w I:)W
where @ is the unloaded cavity quality factor, apdis the synchronous phase. Table

3.3.4 shows the possible operating conditionsefach of the single cavitidfer 3 GeV
beam energy and 350 mA of stored current.

Table 3.3.4 Single cavity operating conditions.

Stage Number Vre | ¢ Pw Po | B, | Af,

of cav. | (MV) (deg.) (kW) | (kW) (kHz)
Without ID 6 3.3 | 1629 445 57| 228 25.96
Initial stage 6 3.3| 161.1 445 62 239 25/4
Final stage 6 3.4| 1559 47.2 81 271 23)98
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The input coupler must be capable of feeding into the cavity a CW RF power of at least
150 kW (forward) and also to handle the full eetion. It is intended to be similar to those
operating in ELETTRA, which are of the coaxial type, terminated byuplmg loop. The
coupling coefficient3,, shall be adjustable within a range of 1 to 3.5 in order datcim

different beam loading conditions.

The RF requirements as well as the beam parameters arenig dependence of the beam
energy. Fig. 3.3.3 (a-d) shows the energy loss per turn (a), the enegytancéb), the

bunch length (c) and horizontal radiation damping time (c) when the beam energy is scan
within the range 2.5-3.2 GeV.

For the energy of 2.5 GeV the energy loss per turn is only 470 keV and the beam can be
maintained with only 2 cavities in operation with the total voltage of 1.3 MV. The energy
acceptance is still acceptahle55%, although the Touschekelifme is reduced to 7.3
hours, which results on the totaklifme of5.6 hours.

For the energy of 3.2 GeV the total voltage of 3.3 MV with 6 cavities is maintaining the
replenishment of the energy lost per turn of 1.25 MeV with the ersarggptance of the

2.1 %. The Touschek étime increase to 48ours, while the bremsstrahlung lead to
lifetime reduction to 3%ours. However, an integged beam lifetime is still at the level of

18.5 hours. With 3.2 GeV beam energy the bunch length is increasing to 7.5 mm, while the
horizontal radiation damping time is reduced to 2.8 msec providing an improved beam
injectionprocess from the booster.

Energy loss/furn (MeV) Energy aceptance (%)
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Fig. 3.3.3 Energy loss per turn (a), energycaeptance (b), rmsbunch length (c) and
horizontal damping time (d) versus beam energy.
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3.3.3 RF Operation and Low Level Electronics

The CANDLE storage ring RF power source includes three stations based on CW
klystrons capable of providing 300 kW powesach. Each individual klystron supplies two

RF cavities. The total available power of 900kW is sufficient then to serve the storage of 3
GeV energy, 350 mA currentegltron beam in the case of the fully p@tal insertion
devices in the ring. The power transmission line connecting theddgsto the cavities

will be composed of commercially available WR —1800 waveguide. The block-diagram of
the RF stations system is shown in Bg.4. The system includes a 500 MHz master-
oscillator and preamplifier; stable reference signal line; variable beam loading
compensation; fundamental frequency tuning loop; amplitude regulation loop; phase
regulation loop; RF signal measurements tools.

MO 500 Mhz || Preamplifier |—- x6 [PO0OMHZ 4 Linac

S0W
- ‘l, ----- to Linac
¥ Phase armor 500 Mhz reference signal line
L R ——
¥ e,
™ o =Leval amor |
.,
Drl'-rer%
Klystro | FD |- Reference signal
HY Power
Supply - YVSWR i_‘ RF Power
Circulaiﬂrﬁ:\*\, Load |- Reference level
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| RF Data | b= \m_ " A
Controller & i =)
= _ ]
Magic o
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Fig. 3.3.4 Block-Diagram of the Klystron-Cavitiessupply system. @ Phase shifter,a-
Input power regulator, PD- Phase detector, C- Comparator, CH® - Cavity
high power phase, H@- High power phase shifter2- Summator.

As a 500 MHz Master-Q@glator (MO) we are planning to utilize a synthesized oscillator,
which is both high stable and easy controllable. The output signal of the MO is amplified
by a solid state 50 W preamplifier and is fadough a phase shifteg)(and regulator of
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RF input level ¢). The input RF phase shifter and amplitude regulator are computer-
controlled. The accelerating voltage’s level and phase of cavities are compared with
reference signals and adjusted by the noted units. The high-power phase shif®rsréHP
included to tune the relative phase between the cavities. The common phase on the output
of klystron must be adjusted by means of the phase-shittateld béore the driver. The
bandwidth of the control loops must be adjusted to be less than synchrotiltaticrsc
frequency of the beam in the storage ring. Those parameters will be measured and
controlled by a hard-wired interlock chain. The system will provide the fast monitoring and
control of the klystron window sparks and gun arcs.

The frequency regulation lodpas a tuning range af 200 kHz, which corresponds to a
change in the cavity length of 0.2 mm (within the limit of elastic deformation). This
allows maintaining the cavity temperature variation of abe@0’C with a sufficient
budget for the compensation of the strongest beam loadiregtefdn the frequency
detuning which is around 25 kHz (Table). The maximum tuning speed of 1 kHz/s is fast
enough for ingcting the full beam in less than 30 s. In additithe sensitivity of the loop

is adjustable within the range & 0.1- 1 kHz and will be experimentally optimized to
avoid an extra use of the tuner.

The amplitude regulation loopas 3 dB bandwidth and is adjustable up to 5 kHz. It
regulates the cavity accelerating voltage better than 1% by tiogttbe drive power.

The phase loopompensatefor the phase changes up2@0° in amplification chain with
variable power. It also has a 3 dB bandwidth adjustable up to 5 kHz and must ensure a
phase stability of: 0.5’.

RF Cooling The tasks of RF Cooling Subsystem (see Fig. 3.3.5) are
« To carry away the power dissifed in the cavities walls
* To keep the working temperature of the cavities;
» To carry away the power dissifed in the Circulator and “Magic T” loads;
e To cool the Klystron.
* To cool the Klystron Power Supply;

RF cavities cooling system will be based on the heat exchange between two water circulits:
the primary circuit connected to théANIDLE external water plant and the sedary one,

which represents a closed water circoiheested to the cooling pipes of cavities.

The main task of this cooling station is to extract the RF power dissipated in the cavities
walls. The cooling rack must allow a tight regulation of the cavity external surface
temperature in a wide temperature range, in order to make possible the cure of Coupled
Bunch Instaliities via temperature tuning.

The secondary ater flux must always keep constant in any operatorglition. Precise

cavity temperature regulation is obtained by regulating the flux of the primary cooling
water hrough a kat exchanger. The temperature of the cavity walls will be measured by a
thermode. The initial heating of the sadary circuit vater wil be possible by means of a
heating resistances bank installed in the thermal bath. The preliminary cooling parameters
are listed in Table 3.3.5.
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Table 3.3.5 Parameter list of cavity cooling system.

Water Flow 250 I/min
Input Water Temperature and Stip 30-70C +£0.1°C
Water ondition Demineralised (deionized),
Condwctance of JuS/cm
Cavity Temperature Range and Stability 40-70C+0.05C
Handled Power 60 kW
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Fig.3.3.5 Storage Ring’s RF Station’s Cooling i€cuit (for a pair of cavities):
K — klystron, PS — Power Supply, FM — Flowmeter.

The cooling water must be the demineralised (deionized) withnductance of uS/cm.

The needed water flow will be more exactly defined ladar EBcause the @rking
temperature of the cavities can be differ for each of the cavities, we are planning to have an
independent temperature control unitéaich cavity to achieve the required gityb

3.3.4 HOM Damped Cavity

The RF cavity described before although quite conventional and operating at relatively
conservative performance levels should be capable of achievingAN®LE nominal
requirements. However, taking into account that the new High Order Mode damped normal
conducting cavity at 500 MHz for”t%generation light sources is under development at
BESSY [4], the cavity option for the ANDLE source can be improved to avoid multi-
bunch instabilities. The fully test¢¢OM damped cavity will be available in 2003 [5].

The cavity is cylindrically shaped with the beam pipe diameter of 74 mm. The wavequides
have a cutoff frequency of 650 MHz that is sufficiently below the frequency of the first
dangerous HOM, but sufficiently above the fundamental mode to avoid strong coupling.
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Fig. 3.3.6 presents the three dimensional view of the cydiallyi symmetric HOM
damped cavity and the longitudinal cross section of the cavity. The main parameters of the
cavity are given in Table 3.3.6.

Table 3.3.6HOM damped CS cavity parameters.

Frequency (MHz) 500
Effective insertion length (m) 0.7
Impedance ( MR) 4.5
Peak voltage ( kV) 617
Thermal power capability (kW) 100

beam axis

----------------

Fig. 3.3.6 TheHOM damped cavity shape (CS).

The relevance of a given cavity impedance spectrum for théagani of multbunch
instabilities in a storage ring is best described by the threshold impedﬂ?f@e@ich can
be obtained by equating the radiation damping time with the respectivebounatii
instability rise time. The longitudinal and transverse threshold impedances are given by

thresh _ 2EQ, ; ) ythresh _ 2E (3.3.4)
Ne fiimom 1,0 Ts ’ Ne frevl6BryTxy

where E is the electron energyl, is the average currenty, is the number of cavities,

Q. is synchrotron tune,f;,, longitudinal HOM frequency, fis the revolution

frequency,t, . damping times,, ~ betafunction at the cavitya is the momentum

compaction faar. Fig. 3.3.7 presents the longitudinal and transverse threshold impedances
for CANDLE and SLS storage ring and the HOM impedance of CS cavity .
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Fig.3.3.7 Longitudinal (left) and transverse (right) threshold impedances for
CANDLE and SLS storage ringstogether with impedance spectra of the
cylindrical HOM damped cavity.
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