DESY —MHFe-
Technical Note 19-03
April 2019

Proposal of an RF System for PETRA IV

Michael Ebert

Deutsches Elektronen-Synchrotron DESY
Hamburg, Germany



M. Ebert, MHFe, Proposal of an RF System for PETRA |V, DESY, Technical Note 19-03

Proposal of an RF System for PETRA IV

M. Ebert, MHFe
April 2019

INTRODUCTION

The role of an rf acceleration system of a storage ring is to generate a sufficient beam-accelerating
voltage to compensate beam energy losses caused by synchrotron radiation in bending magnets and
in insertion devices. Since 2009 the rf system of the PETRA Ill storage ring generates a voltage of
20 MV at a frequency of 499.665 MHz and accelerates an electron beam with a current of 100 mA for
synchrotron-radiation users. The needed rf power is generated by klystrons in two rf stations and is
supplied to twelve 7-cell cavities in a straight section of the PETRA Ill storage ring.

In upgrading the storage ring for PETRA IV the energy losses by radiation in bending magnets and in
insertion devices are going to decrease from 4.66 MeV per turn to 4.02 MeV per turn. Together with
the nearly two orders of magnitude smaller momentum compaction factor the required rf voltage
can be reduced to 8 MV. This lower needed rf voltage makes it reasonable to replace the more than
35 years old 7-cell cavities by state of the art single-cell ones. By replacing the twelve 7-cell cavities
by the same amount of single-cell cavities, each would have to supply the critical high voltage of 667
kV. In order to reduce the risk of cavity vacuum arcs and as a consequence the impact on the beam
the installation of 24 single-cell cavities is planned.

Lifetime and emittance of PETRA IV will be negative affected by Touschek and by intrabeam
scattering. As a countermeasure harmonic cavities are going to be installed to lengthen the bunches
and thereby to lower their charge densities.

FUNDAMENTAL RF SYSTEM

Cavities

In order to suppress coupled-bunch instabilities arising from the impedances of parasitic resonant
cavity modes a single-cell cavity with a broadband higher order mode (HOM) damping scheme has
been designed for 3rd generation synchrotron radiation sources [1]. Single-cell cavities using this
HOM damping scheme are foreseen to provide the rf voltage for PETRA IV.

The relevance of a given cavity impedance spectrum for the excitation of multibunch instabilities in a
storage ring is best described by the threshold impedance [2]. The threshold impedance Z""™"
obtained by equating the radiation damping time with the respective multibunch instability rise time.

can be

The equations for the longitudinal and transverse case are:
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where N¢is the number of cavities, f;;1om is the longitudinal HOM frequency, E is the beam energy, /5
is the average beam current, Qs is the synchrotron tune, a is the momentum compaction factor, f..,
is the revolution frequency, 7, are the damping times and £, are the beta functions at the cavities.

In this consideration the conservative assumption has been made, that every HOM coincides with an
instability driving beam frequency and that all cavities have identical impedances. With these
expressions the threshold impedances had been calculated for PETRA IV and for two other
synchrotron radiation sources using the so-called BESSY HOM damped cavity already since some
time. In Fig. 1 the threshold impedances are plotted together with the HOM impedances of the
prototype cavity [3]. The large space between HOM impedance and stability threshold of
about factor 8 in longitudinal direction and factor 2 in transverse direction guarantees a low
tendency to coupled-bunch instabilities in PETRA IV and offers space for the not yet considered
impedance contribution of the harmonic cavities.
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Fig. 1: Impedance distributions of resonant modes trapped into the cavity calculated with MAFIA. The
coloured lines show the thresholds of instabilities for PETRA IV (green) and for other machines already
running this cavity type

BESSY HOM damped cavities operate at gradients up to 1.7 MV/m at ALBA and at BESSY II. In order to
reduce the risk of cavity vacuum arcs a cavity voltage gradient of about 1 MV/m is chosen for PETRA
IV (at PETRA 1lI the cavity voltage gradient is 0.79 MV/m). The less challenging gradient requires the
installation of 24 cavities. The large number of cavities has the additional advantage that a single
cavity fault has merely little impact on the beam. The required power to generate the accelerating
voltage is 16.3 kW per cavity. The beam loading power at 200 mA beam current is
33.3 kW per cavity. Taking 5 % transmission loss in account, the power to supply one cavity is
52.1 kW. Each cavity is powered by its own solid-state amplifier transmitter. Fig. 2 shows a cut-view
of the BESSY HOM damped cavity with the star-shaped arranged damping waveguides and a real
exemplar on a test-stand at BESSY.
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HOM waveguide

Courtesy of Ernst Weihreter, HZB Courtesy of Wolfgang Anders, HZB

Fig. 2: Left: Cut view of the BESSY HOM damped cavity with the star-shaped arranged damping
waveguides. Right: Cavity on a test-stand at BESSY

Transmitters

Due to historical reasons PETRA Il is driven by the rf power of two transmitters each equipped with
two 800 kW klystrons. If a fault occurs in this structure, at least one transmitter will be switched off.
This means that half of the accelerating voltage will be missed and the beam will be lost. To minimize
the influence of rf faults on the beam, it is reasonable to assign each cavity a dedicated transmitter.
Instead of klystron or IOT transmitters, solid-state amplifier transmitters are preferred for the
PETRA IV rf systems. Meanwhile solid-state amplifiers (SSA) for the required rf power range are
available from various manufacturers [4], [5]. Key benefits of solid-state amplifiers (SSA) are:

e Easy maintenance because of elimination of high voltage handling.

e No experienced and today rare tube specialists are required for fault diagnosis and repair.

e High modularity of the amplifier elements associated with redundancy makes SSAs very
reliable.

e Significantly less rf noise compared to klystron or IOT transmitters.

HARMONIC RF SYSTEM

Both, the negative effects of lifetime and emittance of PETRA IV by Touschek and by intrabeam

scattering, can be reduced by using higher harmonic cavities (HHCs). These cavities lengthen the

bunches and thereby reduce their charge density [6]. If another voltage is added to the main rf

voltage with an amplitude and a phase in such a way that the slope at the bunch centre is zero, the

bunch will lengthen and the peak charge density will decrease. Higher harmonic cavities have been

used successfully for many years in second and third generation light sources in both in active as well
4
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as in and passive configurations. The frequency ratio between the harmonic and the fundamental rf
is basically freely selectable in a wider range. A large frequency ratio will result in a lower voltage of
the harmonic cavities. However, the flat bottom of the potential well will shrink as well. For practical
reasons, one usually chooses frequency ratios in the range of two to four between the harmonic and
the fundamental rf.

The required harmonic rf voltage for a flat potential at bunch transition is:

1 1 Uy \°
Vincy,e = Ver |73~ : )
opt. n2 le -1 eOVTf

where n is the order of the harmonic, U, is the energy loss per turn and Vs is the voltage of the
fundamental rf system. For PETRA IV n = 3 was chosen. The energy loss per turn is U, = 4.0 MeV and
the rf voltage V,; = 80 MV. This gives an optimum value for the harmonic voltage of
Vircopr. = 2.26 MV. See curves of rf components and potential well in Fig. 9.1. With some safety
margin the system is designed for V. = 2.4 MV. The number of harmonic cavities required is scaled
from the fundamental rf system. A three times higher frequency leads to three times shorter cavities.
If one allows the same gradient as for the fundamental cavities of about 1 MV/m, 24 harmonic cavity
cells are required. It is planned to make use of the downscaled BESSY HOM damped cavity, currently
under development in a collaboration between CERN and ALBA. The shunt impedance Rs of those
single cell harmonic cavity should be Rs = 1.5 M2 [7]. The dissipated power Py, of such one single
cell harmonic cavity then is:

(VH”C/ 24)2 (100 kv)?

P = = =333kW .
HHC 2 R, 2-1.5MQ

In case of using a passive harmonic system the cavity power is generated by the beam itself, but for
several reasons (different beam currents for brightness and timing mode, uneven bunch pattern with
gaps during filling) an active harmonic system seems to be essential for PETRA IV.

Transient beam loading effects along the bunch train could significantly degrade the total amount of
bunch lengthening and thus the lifetime improvement will be degraded [8]. Transient beam loading
could probably be counteracted by a feed forward beam loading compensation via the harmonic
power transmitter. Due to the large circumference of the PETRA IV ring the revolution harmonics are
just 130.12 kHz apart in case of an uneven bunch pattern. The unloaded bandwidth of the harmonic
cavities is about 90 kHz and thus in the same range. In consequence not only the harmonic
component nf,s = n- h- f., induces a significant voltage in the harmonic cavities but also a couple
of neighbouring revolution harmonics. Due to the fact that the harmonic cavities have to be detuned
according to the beam current with

Rs'n'frf

Afyne = ——2L.
fHHC VHHC R QO B

by several 100 kHz with respect to nf,r , the amplitudes of the higher neighbouring revolution
harmonics may even be dominant. For PETRA IV an extreme uneven bunch pattern with just the half
ring filled with 40 times 20 bunches has been simulated. The simulation included the beam spectrum
from the 1% revolution harmonic below nfyr to the 5™ revolution harmonic above nfyr. It turned out

5
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that under this conditions the 1*' revolution harmonic above nfyr is 20% stronger than nf,.r and the
potential well is deformed accordingly as shown in Fig. 9.2. The potential well can be flatten again by
increasing the harmonic transmitter power from Pype = 3.11 kW to Pyye = 28.4 kW per harmonic
cavity and an additional phase shift of ¢yye = —32 °. See Fig. 9.3. A more elegant solution would
be a stronger coupling of the harmonic cavities. Calculations with different coupling factors for the
harmonic cavities show an optimum coupling factor of f = 5.3 with respect to the required
harmonic transmitter power for the simulated uneven bunch pattern with just the half ring filled.
Choosing = 5.3 the potential well can be flatten again by increasing the harmonic transmitter
power from Pyye = 3.11 kW to Pyye = 10.5 kW per harmonic cavity and an additional phase shift
of ¢pyye = —27 °. See Fig. 9.5.

TECHNICAL LAYOUT OF THE RF SYSTEMS

To avoid a single point of failure the PETRA IV rf is going to be divided into 6 independent and
uniform rf systems with four fundamental cavities and four higher harmonic cavities. Each cavity is
supplied by its own SSA transmitter as shown in Fig. 3. In case of a fundamental cavity or a
transmitter fault the missing accelerating voltage can be compensated by the remaining three
cavities of this rf system by raising the cavity supply power from 52.1 kW to about 76 kW. Even if one
of the 6 rf systems is already out of service and a fundamental cavi ty or transmitter fault occurs in
one of the remaining five rf systems the trip can be compensated by raising the cavity supply power
from 67 kW to 105 kW. The cavity voltage of the remaining three cavities of the affected system then
must increase to 533 kV. However, even with well-conditioned cavities at good vacuum conditions
this voltage includes a high arcing risk. In addition to the correction of the missing accelerating
voltage, transient phase correction will also be required to counteract the excitation of synchrotron
oscillations [9], [10].
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Fig. 3: One out of 6 independent and uniform rf systems with four fundamental cavities and four
harmonic cavities each and the related transmitters and the common low level rf system

Nominal Beam Operation of the Fundamental RF
At nominal beam operation each cavity delivers 1/24 of the required rf voltage. The needed rf power
is:

Pe,, + Py

= PCdiss

(Vrf/24)2

2-Rg

=163kW and Pp=Ip —>
0

with Pc,.. = =33.3 kW,

where P, is the cavity coupler input power, P is the copper loss of the cavity and Py is the beam
loading power. In nominal beam operation the cavity is matched to the generator. Therefore no
reflected power will appear. For a matched cavity operation the required coupling factor is:

7
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P _3.04.

Bmaten =1+ P

Cdiss

To calculate the transmitter power Py..s at nominal beam operation, 5% transmission losses still have
to be considered.

Pirans = (Pcdiss + PB) -1.05 =521 kW
The transmitter power at nominal beam operation is Pygns = 52.1 kW per cavity.

In order to achieve high reliability and availability some extra power is needed. In case of a cavity or
transmitter failure the missing accelerating voltage shall be compensated by the remaining three
cavities of the rf system by raising the cavity supply power. This trip compensation should still work
even if another rf system is already out of service.

Fault Mode Operation of the Fundamental RF
Assumptions for beam operation in fault mode are:

e One of the 6 rf systems is already out of service,
e in addition a trip of a component of a remaining rf system occurs

The required voltage per cavity at beam operation with one of the 6 rf systems out of service is:

V, s
V. =—L =400kV .
©7 20

The required power per transmitter at beam operation with one of the 6 rf systems out of service is:

Perans = (Pcdiss + PB) -1.05 = 66.8 kW

Vrr
with  Pp, = (20) _ ps i ane Py =I5 =2 = 40.0 kW .

2:Rg €20

If in addition a cavity or transmitter trips, the unpowered cavity will extract power from the beam.
The part dissipated by the unpowered cavity is:

Vi
PCdiss = Z—RS = 109 kW
with VB=2-RSﬁ-IB-cos¢=272.0kV ,
where ¢ = arctan [éf;;ic- cos l/JS] = 36.1 °is the cavity tuning phase.

The part extracted from the beam by the unpowered cavity is:

B

Foo = 2 R T3 2

13- (cos@)? = 32.9 kW.
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The sum of the power extracted from the beam is 43.8 kW and will change the synchronous phase
by:

U | (109 + 32.9)kW
€o 200 mA

Vs

U
AYg = arcsin - arcsin( 9 > =18° .
eO " VTf

Now the rf system with the tripped cavity or transmitter has to deliver 1/5 of the total rf voltage and
a corresponding percentage of the power extracted from the beam by the tripped cavity.

The required power for a transmitter of the rf system affected by the tripped cavity is:

Pirans = (Pc,,,, + P5) - 1.05 = 1041 kW .

2
Ug , (10.9+32.9) kW

=41.8kW and Py=1I5- <&> =562 kW .

9

2-Rg

Wlth PCdiss = 5.3

The needed transmitter power at beam operation for each remaining cavity of the rf system affected
by the tripped component is Py.qns = 104.1 kW.
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Fig. 4: Fault mode beam operation of the fundamental rf. One of the 6 rf systems is already out of
service and additionally a cavity or transmitter of a remaining rf system trips
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Installation Site and Visualization of the Radio Frequency System

The radio frequency system is to be built in the south of the PETRA ring. The cavities are to be
installed at approximately the same location as the current PETRA Il cavities. To connect the 24
fundamental and the 24 harmonic cavities via the shortest way to their transmitters a new hall above
the tunnel and in between the current PETRA Il transmitter halls has to be built as shown in Fig. 5.
Fig. 6 shows how the 24 transmitter systems could be arranged in the new hall, and how the power
could be transmitted via waveguides into the tunnel. Fig. 7 shows the arrangement of the
fundamental and the harmonic cavities in the tunnel.

IR

Fig. 6: Visualization of the 6 PETRA IV rf systems

10
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Fig. 7: Detailed visualization of one cavity system

SUMMARY

To upgrade PETRA Ill to PETRA IV the twelve 7-cell cavities are to be replaced by 24 single-cell
cavities. Because of historical reasons PETRA Il is driven by the rf power of two transmitters each
equipped with two 800 kW klystrons. To minimize the impact of rf faults on the beam, it is
reasonable to assign each cavity a dedicated transmitter. Instead of klystron or IOT transmitters,
solid state amplifier transmitters are preferred for the PETRA IV rf systems. To avoid a single point of
failure the PETRA IV rf is to be divided into 6 independent and uniform rf systems with four
fundamental cavities and four harmonic cavities each. The fundamental transmitter power at
nominal beam operation will be 52.1 kW per cavity. But in order to compensate a trip of a cavity or a
transmitter even in case that one of the 6 rf systems is already out of service, the fundamental
transmitter power to be installed has to be 110 kW. Because lifetime and emittance of PETRA |V are
negative affected by Touschek and intrabeam scattering, the additional installation of harmonic
cavities to lengthen the bunches is necessary. With some safety margin the harmonic system is
designed for a harmonic voltage of 2.4 MV. The number of harmonic cavities required is scaled from
the fundamental rf system. With the condition of the same gradient of about 1.0 MV/m for the
harmonic and for the fundamental cavities, 24 harmonic single-cell cavities are required. The
harmonic rf power to be installed is 10 kW per harmonic cavity and is to be provided by one SSA
transmitter per cavity. The radio frequency system is to be built in the south of the PETRA ring. The
cavities are to be installed at approximately the same location as the existing PETRA Ill cavities. To
connect the 24 fundamental and the 24 harmonic cavities via the shortest way to their transmitters a
new hall above the tunnel and in between the current PETRA IIl transmitter halls has to be built.

11
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APPENDIX
Simulation of the Effect of an uneven Bunch Pattern on the Potential Well

For PETRA IV an extreme uneven bunch pattern with just the half ring filled with 40 times 20 bunches
was simulated. The simulation was intended to show how revolution harmonics near the resonant
frequency of the higher harmonic cavities (HHC) affect the potential well, formed by the fundamental
and the harmonic rf systems. The simulation included the beam spectrum from the 1* revolution
harmonic below nf,; to the 5" revolution harmonic above nfyr. The results are shown in Fig. 9.1 to
Fig. 9.6.

Fig. 9.1 shows components of cavity voltages in the case of an uniform bunch pattern with 80x20
bunches. The components are the fundamental voltage v,((t) (black), the harmonic generator
voltage vyye(t) (blue), and the beam-induced harmonic voltage vyyg(t) (red). The purple curve
shows the harmonic cavity voltage vy (t), which is the sum of the harmonic generator voltage and
the beam-induced harmonic voltage. The voltage seen by the bunches v, (t) (green) is the sum of
the fundamental voltage and the harmonic cavity voltage. The dashed curve (dark grey) represents
the potential U(wt). The potential is the energy a bunch gained from the rf-field of the voltage seen
by the bunches (green) minus the energy loss by synchrotron radiation for each phase, integrated
over a full fundamental rf frequency period. For optimum lengthening of bunches the potential must
form a well with a flat bottom at the phase of bunch transition as showed in Fig. 9.1

In case of an uniform bunch pattern with 80x20 bunches the lowest revolution harmonics have a
distance of 80 - f,.,, = 10.4 MHz. Hence their effect on the fundamental and harmonic cavities can
be neglected. In order to keep the harmonic cavities matched to the generator, they must be
detuned according to the beam current. For Iz = 200 mA the required detuning frequency Afyyc is

Rs-n-frf_ _ 36 MQ-3-500 MHz

- . 200 mA = 280 kH
Vame - 0o B~ 2.26 MV - 17000 mn z

Afunc =

The harmonic rf system should not supply power to the beam. Hence the optimum cavity coupling
factor must be f = 1.
The resulting cavity detuning phase is

2 36 MQ
1+1 226 MV

Rs
1+ ﬁ VHHC

PHHC = arctan( 'IB) = arctan( -200 mA) =72,5°

The required harmonic generator power is

(B Vi (1 +1)%(2.26 MV)?

= =71 kW
HHG 48  2-Rg 4  2-36MQ

The rf phase of the harmonic generator with respect to the bunches is ¢yyc = 0°

Fig. 9.2 shows components of cavity voltages in case of an uneven bunch pattern. In this example it
was assumed, that only one half of the ring is filled with 80x20 bunches. Because of the appearing

12
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harmonics of the revolution frequency f,.., = 130.121 kHz in interaction with the detuned cavities
the beam-induced harmonic voltage (red) is affected in amplitude and phase. As a result the curves
of the voltage seen by the bunches (green) and the potential are also deformed. The rf parameters
®uue and Py are unchanged with respect to Fig. 9.1. Merely the detuning of the cavities differs

due to the halved beam current.
Rs-n-frf 36 MQ-3-500 MHz

Afunc = = 100 mA = 140 kH
fune = 30 =18 =~ e MV - 17000 m “
2 R, 2 36MQ .
Quuc = arctan (1 T 7 . 7~ -IB> = arctan (1 1 . 26 MV - 100 mA) =579

Note: The harmonic cavities are detuned by 140 kHz and therefore almost on resonance with the 1%

revolution harmonic above n - wgp!

Fig. 9.3. shows a way to solve the problem. The effect of the revolution harmonics on the beam-
induced harmonic voltage (red) can be compensated by a matched change of generator phase and
amplitude. Reducing the generator phase to ¢yy; = —32° and increasing the generator power to
Pyne = 650 kW reproduces the initial conditions as shown in Fig. 9.1. However, providing 650 kW
harmonic generator power for extremely uneven but unlikely bunch pattern seems exorbitant,
particularly with regard to normal operation where only 71 kW are required. The required power for
uneven bunch pattern can be reduced by a stronger coupling of the harmonic cavities as shown in
Fig. 8.

——P_HHG /kW — - phi_HHC /Grad ----phi_HHG / Grad
1000 °
900 \ ”
800
E \1'\ 60
700 ]
= N
% 600 \ ~. 45 g
: Rt 30 é"
s T — =
: S
£ 400 ﬁ
2 300 o
-1} Sy N
9 200 T
100 | ~decmmmekm =" -
i -45
01 2 3 4 5 6 7 8 9 10
HHC coupling factor

Fig. 8: Required harmonic generator power Py , generator phase ¢y and cavity tuning phase
©uuc versus coupling factor f for the assumed uneven bunch pattern. The harmonic generator
power curve (blue) shows a flat minimum at § = 5.3. For 8 < 2 the required harmonic generator
power rises very strong. In contrast, for B > 5.3 the power rises rather weak. Conveniently, the
coupling factor can be between 4 < f§ < 6

Fig. 9.5 shows the same situation as in Fig. 9.3, but with stronger coupling of the harmonic cavities
and the reduced harmonic generator power as a result.

13
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The advantage of stronger coupling for uneven bunch pattern unfortunately has the disadvantage
that more generator power is required for normal operation. See Fig. 9.6 and compare to Fig. 9.1.

Legend to Fig. 9

Fundamental voltage
va(t) = Vrf ' Sin(a)rf t+ lzus)

Ver peak value of the fundamental voltage
Y, synchronous phase (from 0-crossing of the rising sine curve slope to the bunch position)

Generator voltage

2./B .
vHHG(t) = m “A/2 Pyye " R - COSPpyyc” sm(n Twepct+ q.')HHG - (pHHC)

%g /2 Pync " Rg - cos @y peak value of the HHC generator voltage with harmonic cavity detuned by @y ¢
p coupling factor of the harmonic cavity

PHHG forward generator power

¢HHG generator phase

Punc detuning phase of the harmonic cavity

Beam-induced voltage

m=5

vupp(t) = 113 B "Rs-Ig- Z [km " COS Pypcem " COS ((n "Wt M a)rev) "t— (pHHCm>]
m=-1

ﬁ R, - Iz peak value of the beam-induced voltage with harmonic cavity on resonance

n harmonic number

m revolution harmonic number below (-) respective above (+) 1 w, ¢

Km amplitudes of the revolution harmonic n - w,f + M * Wy, divided by the amplitude of - w;¢.

For the simulated bunch pattern the relevant k,, are:
k,=0.646; ky=1; k; =0.646; k; =0; k;=0.211; k, = 0; ks = 0.141
®uncm  detuning phase of the harmonic cavity with respect to the revolution harmonic 1 - w,s + M * Wyep

Harmonic cavity voltage

Vuuc(t) = vy () + vype(6)

Voltage seen by the bunches
Vspp (t) = vy (£) + vyup(t) + vype(6)

Potential
wt=1

U(wt) = —%- f (eqvssp(wt) — Uy) dwt + C

wt=—-T
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Fig. 9.1: Brightness mode bunch pattern with 80x20 bunches
IB:ZOO mA, PHHG: 71 kW, ¢HHG:0°I ﬁ: 1, (pHHC: 72.5°

Fig. 9.2: Uneven bunch pattern. Half ring filled with 40x20
bunches

IB: 100 mA, PHHG: 71 kW, ¢HHG: 00, ﬁ: 1, (pHHC =57.8°
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s =100 MA, Ppyio= 650 kW, s =-32° f=1, ¢,  =57.8°

Fig. 9.4: Uneven bunch pattern. Half ring filled with 40x20
bunches

Iy =100 MA, Pyyyo= 71 kW, Byue= 0% f=53, ¢,  =26.8°
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Fig. 9.5: Uneven bunch pattern. Half ring filled with 40x20
bunches
I =100 mA, Pyyc =240 kW, ¢HHG: -27°, ﬁ: 5.3,

Py = 26.8°

Fig. 9.6: Brightness mode bunch pattern with 80x20 bunches
Ig =200 mA, Pyyc= 134 kW, @ppc=0°, =53, Oy =45.3°
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PETRA IV PARAMETERS

Table 1: Essential PETRA IV parameters for the rf system design

Beam energy 6 GeV
Brightness Mode | Timing Mode

Beam current 200 mA 80 mA
Number of Bunches 1600 (=80 x 20) 80 (=80x1)
Bunch spacing 4 ns 96 ns
Bunch filling gap 20 ns 96 ns
Harmonic number 3840
Revolution frequency 130.121 kHz
Energy loss per turn 4.02 MeV

in bending magnets 1.32 MeV

in insertion devices 2.70 MeV
Momentum compaction factor 1.485 x 10°

Table 2: Parameters for the PETRA IV fundamental rf system

rf frequency 499.665 MHz
rf voltage 8 MV
Synchronous phase 30.2°
Synchrotron frequency 421 Hz
Number of single-cell cavities 24

rf voltage per cavity 333 kV
Shunt impedance per cavity 3.4 MQ
Unloaded quality factor 29,600
Loaded quality factor 7,400
Total wall loss in cavities 392 kW
Total beam loading power 800 kwW
Cavity coupling factor 3.0
Number of rf stations 24
Nominal transmitter power per rf station 110 kw

Table 3: Parameters for the PETRA IV 3™ harmonic rf system

rf frequency 1498.995 MHz
rf voltage 2.26 MV
Number of single-cell cavities 24

rf voltage per cavity 94 kv
Shunt impedance per cavity 1.5 MQ
Unloaded quality factor 17,000
Loaded quality factor 2,700
Total wall loss in cavities 71 kW
Cavity coupling factor 5.3
Number of rf stations 24
Nominal transmitter power per rf station 10 kW
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