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Travelling Wave Structure
Travelling wave structure for SPS

I W. Schnell, 1965, and G. Dôme, 1977
Effective voltage seen by the beam upon one traversal

V = Z1Ig + Z2Ib

I Z1 =
√

R2Z0
2

sin τ/2
τ/2 l

I Z2 = −R2
8

[(
sin τ/2
τ/2

)2
− j2 τ−sin τ

τ2

]
l2

I τ = l
vg
(ω − ω0)

I R2: TWC series impedance
I vg: TWC group velocity
I Z0: line impedance
I linearised ω − k diagram
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Travelling Wave Structure
Vector Diagram

THE 200 MHZ TRAVELLING WAVE CAVITIES IN THE SPS

T. Bohl, CERN, Geneva, Switzerland

Abstract

The RF power limits of the travelling wave cavities under
heavy beam loading and their consequences will be dis-
cussed.

1 INTRODUCTION

The 200 MHz travelling wave cavities in the SPS are lo-
cated in the tunnel at LSS3. They are bar loaded trans-
mission lines consisting of four or five sections of eleven
cells each [1]. The RF power amplifiers are located at the
surface and are linked to the travelling wave cavities by
coaxial lines (Z0 = 50Ω). The series impedance of the
travelling wave cavity structure is given by R2 = 27.1 kΩ.

With respect to beam loading, the impedances Z1 =
VRF/Ig and Z2 = Vb/Ib are of interest. Here, VRF is the
axial voltage produced by the RF generator current, I g, as
it would be seen by the beam traversing the cavity not tak-
ing into account beam loading. Vb is the voltage induced
by the beam current Ib.

The impedance Z1 (adapted from [1]) is given by

Z1 =

√
R2 l2Z0

2

sin τ
2

τ
2

Z1 is proportional to the interaction length of the cavity,
l, and the transit time factor of the form sinx/x. The total
phase slip between the proton bunches and the travelling
wave, τ , is in first approximation, as a function of the RF
frequency ω, given by

τ =
l

vg
(ω − ω0) ,

where the group velocity, vg, in the travelling wave cav-
ity is given by vg/c = 0.0946, and the cavity centre fre-
quency ω0 = 2π × 200.222 MHz.

The impedance Z2 is given by [1]

Z2 = −R2 l
2

8

[(
sin τ

2
τ
2

)2

− j2
τ − sin τ

τ2

]
.

The total voltage seen by a proton beam passing through
a travelling wave cavity is then given by

V = Z1Ig︸︷︷︸
VRF

+Z2Ib︸︷︷︸
Vb

. (1)

This equation can be visualised in a vector diagram,
Fig. 1, shown for a case above transition energy.

With respect to the beam current vector, �Ib, the beam
induced voltage �Vb points in a nearly opposing direction at

Ib

Vb

Vrf

V

�Τ�3

Vb

�S

Figure 1: Vector diagram for Eq. 1.

an angle of about −τ/3 (beam loading angle). The total
voltage seen by the beam, �V , is the vector sum of �VRF

(produced by the power amplifiers) and �Vb.
The stable phase angle, ϕS, is typically in the range

of 45◦ (accelerating bucket) to 90◦ (stationary bucket) for
most of the modes of operation. The beam loading angle is
in the range of about −15◦ below transition to up to +15◦

above transition. The beam loading voltage is essentially a
function of Ib and l and typically in the range between zero
and 3 MV. The total voltage V required per travelling wave
cavity varies between 1 MV and 3 MV.

The interaction length of the cavity can be expressed in
number of sections as l = (11n− 1)l0 with l0 = 0.374 m
being the cell length. Fig. 2 shows which values of Vb are
obtained with cavities of n = 3, 4 or 5 sections, as a func-
tion of beam current, Ib.

Vb =
1

8
R2 l

2Ib =
1

8
R2 (11n− 1)2 l20 Ib
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Figure 2: Vb vs. Ib.

The beam currents which are of particular interest are
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Travelling Wave Structure
Counterphasing of Equal Length Structures

given in the following table:

Beam Np Ib η
LHC, ultimate 3× 80× 1.70× 1011 2.1 A 40%
LHC, nominal 3× 80× 1.05× 1011 1.3 A 40%
NGS 8× 1011 1.1 A 100%

Here the Ib values were established on the basis of a
bunching factor of two. This table contains also one col-
umn with the RF power duty factor η. As the LHC type
beams do not occupy more than 40% of the SPS circumfer-
ence, RF power will be needed only during that time. It is
possible to take advantage of this because the filling time
of the travelling wave cavities is much shorter than a revo-
lution period. NGS type beams, as they are foreseen, will
fill the SPS ring nearly completely (η = 100%).

Fig. 2 shows how Vb (and hence also the power to com-
pensate it) depends on Ib and the cavity length. The ques-
tion arises which RF power is available and is there an op-
timum cavity length?

2 THE POWER LIMITS

At present there are two RF power limits. After the upgrade
of the cavity power couplers and the RF amplifier power
supplies, the amplifiers will be able to deliver up to 1.5 MW
to a travelling wave cavity for η ≤ 50%. For η = 100% the
coaxial lines limit this to 750 kW. These values determine
the maximum available RF power, Pmax.

Due to several multipacting regions in the main power
couplers there is also a minimum power limit of Pmin =
100 kW.

For the case of Ib = 0, Pmin = 100 kW means that the
cavity voltage V would be about 1 MV, for one travelling
wave cavity or about 4 MV for all four together. To obtain
voltages smaller than that, two cavities are counter phased
with respect to each other as shown in the Fig. 3.

Ib

Vb

V
V1

V2

Vrf1

Vrf2

Vb

Vb

V2

V1
�Τ�3 �S

Figure 3: Vector diagram in case of counter phasing.

In the case of counter phasing, V1 = V2 = 1 MV, and
the vectorial sum of �V1 and �V2 equals �V . Varying the
counter phasing angle (angle between �V and �V1 or �V2, re-
spectively) total voltages of 0 to 2 MV will be obtained.

Having a closer look at �VRF,1 and �VRF,2 which are neces-
sary to produce �V1 and �V2, respectively, one observes that
VRF,1 < VRF,2 due to the corresponding angles between
�Vb and �V1 (or �V2). This might lead to potentially danger-
ous situations. The first being that VRF,1 gets too small
(hence P < Pmin), the second being that VRF,2 gets too
large (hence P > Pmax).

In the worst case situation concerning Pmax the de-
manded RF voltage VRF,2 will be largest in the case that
�V2 and �Vb are exactly anti-parallel. For the travelling wave
cavity providing V2 we then get VRF = V + Vb, V being
1 MV. Under these circumstances the total power P (see
Fig. 4) is given by P =

(√
PV +

√
Pb

)2
, where PV is the

power necessary to produce V in the case of Vb = 0 and

Pb =
1

64
R2 l

2I2b =
1

64
R2 (11n− 1)2 l20 I

2
b

the power necessary to compensate Vb in the case of V =
0.
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Figure 4: P vs. Ib, n = 4.

For a maximal available RF power Pmax, the
power available to produce V is given by PV =(√

Pmax −
√
Pb

)2
. To give a numerical example let us

consider Pmax = 1.3 MW, Pb = 200 kW (as in the case of
Ib =1.3 A, n = 4, see Fig. 4) then there will be only PV =
480 kW available to produce V . The power limit Pmax

for this example was chosen lower than the 1.5 MW men-
tioned earlier. The reason has to do with a power reserve
for transients.

The main beam loading compensation will be provided
by the feed-forward system. At the moment the batch en-
ters into the travelling wave cavity there will be an Ig tran-
sient of about 25%. Some power margin has to be taken
into account for this purpose. This margin depends on Ib

and η. For the three beam types discussed earlier this leads
to the following power limits, Pmax:

Ib Pb η Pmax

2.1 A 490 kW 40% 1.1 MW
1.3 A 200 kW 40% 1.3 MW
1.1 A 140 kW 100% 0.6 MW

As the counter phasing has some important conse-
quences for the travelling wave cavity power requirements

57Chamonix X
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Travelling Wave Structure
Step Response

Ch.2: BEAM DYNAMICS

The beam-induced voltage is

Vb =
R2L

2

4
ib

[(
sin(τ/2)

τ/2

)2

− 2i
τ − sin τ

τ2

]

(38)
For traveling-wave cavities the transfer

impedances from generator and beam are differ-
ent. This is in contrast with standing wave cav-
ities, which for a given mode exhibit the same
transfer function (circle in figure below) from
generator or from beam to cavity voltage. Perfect
correction of beam loading is not possible with
traveling-wave structures. This is illustrated by
the transient response of a traveling-wave cavity
to a step in generator power (linear rise of volt-
age) and to a step in beam current (parabolic rise
of voltage).

Figure below shows the impedance seen by
the beam. Solid curve is for traveling-wave struc-
ture. Dotted curve is for standing-wave structure.

Im Z

(b)

Re Z

(a)

τ = –π

τ = –2π

τ =2π

7–98
8355A27τ =π

τ =0

Figure below shows the transient response of
a traveling-wave structure.

Vb

Vg
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2.4.4 Space-Charge Dominated Beams in
Guns and Transport Lines
M. Ferrario, INFN-LNF

Laminarity parameter The dynamics of high
peak current low emittance beams is strongly
dominated by space charge effects [1]. Elec-
tron emission and transport is affected by self-
fields produced by the electron bunch itself and
by the image charge induced on metallic bound-
aries, which oppose the applied fields. A beam
characterised by an rms envelope σ =

√
〈x2〉 and

transverse normalised rms emittance

εn = 〈γ〉εg = 〈γ〉
√

〈x2〉〈x′2〉 − 〈xx′〉2 (1)

(εg = rms geometrical emittance) is space charge
dominated as long as the space charge collective
forces are largely dominant over the emittance
pressure, or the laminarity parameter

ρ =
Î

2IAγ

σ2

ε2n
(2)

greatly exceeds unity, where IA = 17 kA is the
Alfvén current. Under this condition the beam be-
haves like a laminar flow (all beam particles move
on trajectories that do not cross) and transport and
acceleration require a careful tuning of focusing
and accelerating elements in order to keep lami-
narity. Correlated emittance growth is typical in
this regime which can be conveniently made re-
versible [2] if proper beam matching conditions
are fulfilled [3]. When ρ < 1 the beam is emit-
tance dominated (thermal regime) and the space
charge effects can be neglected. The transition to
thermal regime occurs when ρ ≈ 1 corresponding
to the transition energy

γtr =
Î

2IA

σ2

ε2n
(3)

For example a beam with Î = 100 A, εn =
1 μm and σ = 300 μm has a transition energy
of 131 MeV. This energy limit defines also the
physical extension of the injection system. Space
charge effects may recur above transition if bunch
compressors are active at higher energies and a
new energy threshold with higer Î has to be con-
sidered.
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Travelling Wave Structure
With

I ~V = ~VRF + ~Vb

I ρ =
(

sin τ/2
τ/2

)2
− j2 τ−sin τ

τ2

I α = arg ρ

P =

(
τ/2

sin τ/2

)2{ 1
R2l2

V 2 +
R2l

2

64
I 2b +

1
4
VIbρ cos(α− ϕs)

}
.
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Travelling Wave Structure
Example

I 72 bunches, 25 ns bunch spacing,
I MD_SCRUB_26_L26400_Q20
I NQ = 1.7× 1011, Ipk = 2.1 A
I cosine-squared bunches of 1.5 ns (fshape = 0.92), Ib = 1.9 A

4 Sections 5 Sections

Note-2016-14 LIU SPS BD WG 2016-11-03 8



Travelling Wave Structure
Simplified Power Requirements
With τ = 0

P =
1

R2l2
V 2 +

R2l
2

64
I 2b +

1
4
VIb cos(ϕs),

and

lopt =

√
8V
R2Ib

.

I no transient beam loading
I uniform azimuthal beam distribution
I no beam loading angle variation
I no counterphasing

Note-2016-14 LIU SPS BD WG 2016-11-03 9



Feedback/Feed-forwardProton LHC beam
Beam loading

Beam loading compensation by feed-forward and feedback
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Figure I 1: Beam loading correction by a feed-forward and
feed-back pair.
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Feedback/Feed-forward
Feedback at injection

2 4 6 8 10 12 14
s in cycle
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0.1
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0.3

0.35

0.4
MV

Figure 9: Peak transient beam loading along the batch with
feed-forward compensation during the full acceleration cy-
cle from26 GeV to450 GeV. Same measurement and same
beam as Figure 7. Different vertical scale.

acceleration ramp is noticeable but small. Figure 9 shows
the peak transient beam loading along the batch during the
cycle. Comparing it to Figure 7 we conclude that the peak
voltage has been reduced from0.9 MV down to0.3 MV on
the flat bottom and0.35 MV during the acceleration ramp.
It is not surprising that the measured performance in term
of reduction of the peak voltage (1/3rd linear) falls a bit
short of the expected performance in term of low frequency
compensation (1/6th linear in a1 MHz band on each side
of the RF frequency) since the remaining peak voltage is
typically caused by the uncorrected high frequency com-
ponents of the beam loading transient. These are visible
in the beam loading voltage remaining on the second turn
(Figure 5).

5 PERFORMANCES OF THE ONE-TURN
FEED-BACK

The design of the one-turn feed-back has been presented
at this workshop last year [1]. Figure 10 recalls its prin-
ciple. The summing hybrid provides a signal proportional

Drive

TX

Feed−back

beam

200 MHz Cavity

Summing hybrid

−

Ig

Vt

Hback

Figure 10: Principle of beam loading correction with a one-
turn feed-back.

to the total accelerating voltageVt. The feed-back transfer
functionHback has large gain at the revolution frequency
harmonics±nfrev only. It extends the total delay of the
loop to exactly one revolution period so that the open-loop
phase shift is zero on the revolution frequency lines. The
expected performance is similar to the one obtained with
the feed-forward:15 dB (1/6th linear) impedance reduc-
tion in a band of1 MHz on each side of the RF frequency
(Figure 16 of [1]). Let us now evaluate its performance
with beam. Figure 11 shows the behaviour at injection. No-

Figure 11: Compensation of the beam loading at injection
with the feed-back. I/Q components ofVt (AC coupled)
showing the progressive compensation turn after turn,20µs
per div.,Trev = 23µs. (One batch of48 bunches,0.83 ×
1011 protons per bunch, four sections cavity, MD session
30th Aug. 2000).

tice how the compensation by the feed-back builds up turn
after turn, unlike the full compensation available with the
feed-forward on the second turn (Figure 5). The feed-back
is a closed-loop system, and its performances are less sen-
sitive to the drifts of gain and phase of the power amplifiers
(as long as it remains stable). Figure 12 shows the perfor-
mance achieved1 ms after injection with the same beam.
In the centre of the batch, the beam loading voltage has
been reduced by a factor larger than8. The next measure-
ment shows the efficiency of the one-turn feed-back dur-
ing the acceleration cycle (Figure 13). The Figure must be
compared to Figure 6 showing the same measurement with-
out the feed-back. The beam loading compensation seems
slightly better than the one achieved with the feed-forward.
This is confirmed in Figure 14 showing the peak transient
beam loading along the batch during the cycle. Comparing
it to Figure 7 we conclude that the peak voltage has been
reduced from0.9 MV down to0.150MV on the flat bottom
and0.225 MV during the acceleration ramp.

67Chamonix XI

P. Baudrenghien et al, 2001

I Q26, Q20
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Feedback/Feed-forward
Feed-forward at injection

zero, and the total accelerating voltage is thusVrf (point A
on the diagram). As the batch enters the cavity, the beam
induced voltage rises slowly during the cavity filling time
and the total accelerating voltage varies in the head of the
batch from point A to point B where the total voltage has
reached the valueVt = Vb + Vrf . The variation of the
vector∆V during the bunch passage gives a measurement
of the transient beam loading. The feed-forward and the
one-turn feed-back systems presented here will try to min-
imise this vector. Using an arbitrary reference at the RF fre-
quency, we can demodulate∆V (vectorially) and obtain its
two components I and Q (projections of the vector∆V on
the corresponding two axis) that will vary slowly during the
passage of the batch. The two components are AC coupled
so that they represent the transient beam loading only. (On
the vector diagram the effect of the AC coupling is to move
the origin of the I/Q coordinate system to point A). The per-
formances of the beam loading compensation will be eval-
uated by observing the effect on either the I and Q com-
ponents or on the modulus of∆V (|∆V | =

√
I2 +Q2)

during the passage of the batch. A perfect compensation
scheme would vary the generator drive so thatVrf moves
from point B (Vrf = Vt) for the first bunch of the first batch
to point A (Vrf = Vt − Vb) after a timeτf

(
1− vg

v

)
, track-

ing at all times the actual beam induced voltageVb (func-
tion of the intensity profile along the batch). With this per-
fect compensation, all bunches would see the same accel-
erating voltage. The signalsI, Q and

√
I2 +Q2 (AC cou-

pled) would remain zero during the passage of the batch.
Without correction, transient beam loading has three dam-
aging effects on the beam [1]:

• At injection, the phase of the RF is not correct for the
bunches in the head of the batch. The result is emit-
tance blow-up after filamentation and capture loss.

• The bucket area is not constant along the batch result-
ing in a modulation of the bunch intensity.

• At transfer into the LHC, the bunches in the head of
the batch do not fall in the centre of the receiving
bucket.

In addition, strong beam loading can make the RF beam
control system unstable [4]: In hadron machines the RF
amplitude and phase are controlled by feed-back loops.
The amplitude loop compares the total accelerating volt-
age to a reference generated by a function (to vary its value
during the acceleration cycle). The phase loop compares
the RF phase to the phase of the beam to damp the rigid
dipole oscillation (coupled bunch oscillation of order 0)3.
If the beam loading is not corrected these loops will be-
come unstable above a threshold ofY ≈ 2.

3If the cavity is of the standing wave type an additional loop controls
the tuning of the cavity.

4 PERFORMANCES OF THE
FEED-FORWARD

The principle of feed-forward correction is shown in Fig-
ure 4. The beam currentIb is measured with a pick-

Drive
Feed-forward

TX

beam

-

PU 200 MHz Cavity

Ib

Ig

Hfwd

Figure 4: Principle of feed-forward correction.

up whose bandwidth covers several tens of MHz around
200 MHz. It is then filtered by the transfer functionHfwd

and the output is subtracted from the drive of the genera-
tor. The goal is to produce a correcting drive that compen-
sates for the beam loading in the cavity. The delay from
the pick-up to the correcting voltage makes it impossible
to measure the beam current and correct the beam loading
in the same turn. An intentional full turn delay is there-
fore implemented in the transfer functionHfwd. The de-
sign was presented last year at this workshop (Section 2 of
[1]). The expected performance was at least15 dB reduc-
tion (1/6th linear) of the beam induced voltage in a1 MHz
band on each side of the RF frequency (Figure 10 of [1]).
Figure 5 shows the achieved performance at injection. The
feed-forward measures the beam current on the first turn

Figure 5: Compensation of the beam loading at injection
with the feed-forward. I/Q components ofVt (AC coupled):
The time window (5µs per div.) shows the first turn where
no compensation can be applied, and the second turn (after
one revolution periodTrev = 23µs) with the full correction
from the feed-forward. (One batch of72 bunches,0.7 ×
1011 protons per bunch, four sections cavity, MD session
2nd Nov. 2000).

and applies full correction on the second turn so that the

65Chamonix XI

P. Baudrenghien et al, 2001
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At 1 ms after injection

feedback feed-forward and feedback

Figure 12: I/Q components ofVt (AC coupled)1 ms after
injection (500 ns per div.). Top: no compensation. Bottom:
feed-back on. Beam conditions as in Figure 11.
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Figure 13: Transient beam loading with one-turn feed-back
compensation during the full acceleration cycle. The hori-
zontal scale inµs covers a fraction of each turn, the vertical
scale in seconds covers the full cycle. Same measurement,
same beam and same scales as Figure 6.
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Figure 14: Peak transient beam loading along the batch
with feed-back compensation during the full acceleration
cycle from26 GeV to 450 GeV. Same measurement and
same beam as Figure 7. Different vertical scale.

6 PERFORMANCES OF THE
FEED-FORWARD AND FEED-BACK

PAIR

At this workshop last year, we have presented the final
system consisting of a pair of feed-forward and one-turn
feed-back on each cavity (Figure 15). This set-up was in-
stalled on one cavity at the end of the run 2000, and we
will now compare the achieved performances with the the-
oretical ones:30 dB impedance reduction (1/30 linear) in
a band of1 MHz on each side of the RF frequency (see
Figure 17 of [1]). Let us first evaluate the performances

beam

PU

Drive

TX

Feed−back

−

Feed−forward

200 MHz Cavity

Summing hybrid

−

Ib

Ig

Vt

Hfwd Hback

Figure 15: Beam loading correction by a feed-forward and
feed-back pair.

1 ms after injection. Figure 16 shows the measurement
with one batch of48 bunches. In the centre of the batch the
beam loading voltage is hardly visible on this scale. A high
frequency transient in the head of the batch remains un-
corrected. A possible explanation will be mentioned later
(Section 7.2). Figures 17 and 18 show the remaining beam
loading during the cycle. The peak transient beam loading
is now down to0.125 MV on the flat bottom, and0.2 MV
during the acceleration ramp, from an uncorrected value of
0.9 MV with this beam intensity.

Chamonix XI68

Figure 16: I/Q components ofVt (AC coupled)1 ms after
injection (500 ns per div.). Top: no compensation. Bottom:
feed-forward and feed-back pair on. Beam conditions as in
Figure 11.
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Figure 17: Transient beam loading with feed-forward and
feed-back pair compensation during the full acceleration
cycle. The horizontal scale inµs covers a fraction of each
turn, the vertical scale in seconds covers the full cycle.
Same measurement, same beam and same scales as Fig-
ure 6.
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Figure 18: Peak transient beam loading along the batch
with feed-forward and feed-back pair compensation dur-
ing the full acceleration cycle from26 GeV to 450 GeV.
Same measurement and same beam as Figure 7. Different
vertical scale.

7 UPGRADE OF THE RF POWER CHAIN

7.1 The new RF windows

The program to upgrade the RF windows of the travelling
wave cavities is now well underway. The goal is a power
handling capability of1.3 MW per cavity in pulsed mode
(40 % duty cycle in one turn) and0.75 MW in CW [6].
For the nominal beam current of1.3 A and a0.6 eVs emit-
tance, this high power is not needed with the foreseen SPS
cycle for the LHC beam [3]. The generator current cre-
ated by the beam loading compensation presents a25 %
overshoot (four sections cavity) at the end of the rise time
equal to the cavity filling time. The beam current must
thus be increased by25 % in order to compute the peak
RF powerPpk needed to handle this overshoot. The cor-
responding power levels are listed in the captions of Fig-
ure 2. 600 kW are sufficient with a four sections cavity.
(See also the power requirements presented last year in this
workshop [5]). 1.3 MW are needed for the ultimate cur-
rent of2.1 A and it will also give some margin if the SPS
must handle a nominal beam with an emittance increased to
1 eVs [7]. The new window has been tested with1.5MW in
pulsed mode and0.75 MW CW. We are installing it on cav-
ity 2 during this shutdown so that it will be tested in normal
operation with beam during the run 2001. We will also test
the possibility of conditioning the window at low RF power
(as well as at the nominal power) so that the matched RF
capture voltage (around650 kV total) could in the future
be realized with the four cavities without counterphasing
(162.5 kV per cavity). This would remove the present lim-
itations due to the counterphasing required [5].

7.2 Frequency response of the Siemens trans-
mitters

The first two of the four SPS travelling wave cavities are
powered by a plant of RF amplifiers designed by Siemens.
Each of these plants consists of a cascade of four stages:

69Chamonix XI

P. Baudrenghien et al, 2001
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Feedback/Feed-forward
Limitations

I Z1 6= Z2

I f0, dispersion
I cavity voltage measurement
I feedback and fs (Q26/Q20)
I noise
I bandwidth of amplifiers
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Limits of Beam Loading Compensation

I beam loss at flat bottom
I injection
I examples of P , Vcav for TWC200-4 (5 sections)
I voltage partition: not discussed
I counter-phasing: not discussed
I Vmin: not discussed
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Limits of Beam Loading Compensation

I MD_SCRUB_26_L26400_Q20, 2014-11-05
I 72 bunches with 25 ns bunch spacing, 3 batches
I NQ = 1.25× 1011
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Injection 1

P Vcav
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Injection 2
P Vcav
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Injection 3
P Vcav

Note-2016-14 LIU SPS BD WG 2016-11-03 19



Limits of Beam Loading Compensation

I MD_SCRUB_26_L26400_Q20, 2015-04-13
I 72 bunches with 25 ns bunch spacing, 4 batches
I NQ = 1.5× 1011

Flat Bottom

P(TWC200 − 1) P(TWC200 − 4)
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Limits of Beam Loading Compensation

I MD_SCRUB_26_L26400_Q20, 2014-12-10
I 72 bunches with 25 ns bunch spacing, 1 batch
I NQ = 1.7× 1011

Injection

VDrive P
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Injection

P Vcav
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Limits of Beam Loading Compensation

I MD_SCRUB_26_L26400_Q20, 2015-06-01
I 72 bunches with 25 ns bunch spacing, 1 batch
I NQ = 1.9× 1011

P Vcav
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Limits of Beam Loading Compensation

I MD_SCRUB_26_L26400_Q20, 2015-05-08
I 72 bunches with 25 ns bunch spacing, doublet, 1 batch
I NQ = 1.7× 1011 at injection

Injection and whole cycle

P Vcav

Note-2016-14 LIU SPS BD WG 2016-11-03 24



Losses at Flat Bottom

I S shape phase space distribution (bunch rotation in CPS)
I feedback/feed-forward

I injection oscillations
I peak power limit
I 1st/2nd batch power increase
I fs, Q26/Q20
I h/w limitations

I longitudinal dampers
I Q26/Q20

I TWC 800 MHz
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