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Abstract

Controlled longitudinal emittance blow-up together with
a fourth harmonic RF system are two techniques that are
being used in the SPS in order to stabilize the beam be-
fore injecting into the LHC. The emittance blow-up has
been achieved by introducing a band-limited phase noise
during acceleration. Measured variations of the final emit-
tance along the batch can be explained by the modification
of the synchrotron frequency distribution due to the effect
of beam loading in a double harmonic RF system.

INTRODUCTION

The nominal LHC beam in the SPS consists of four
batches separated by 3 gaps of 225 ns. Each batch con-
tains 72 bunches spaced by 25 ns with 1.15x10!! protons
per bunch. This beam is accelerated by four 200 MHz
travelling wave cavities, equipped with feed-forward and
feed-back systems. However, a longitudinal coupled bunch
instability observed at high energies appeared to be a lim-
iting factor because of its low threshold at 2 x 100 p/b.
This beam is finally stabilised by increased synchrotron fre-
quency spread using a fourth harmonic RF system [1] and
controlled longitudinal emittance blow-up which is applied
during the ramp by introducing band limited noise through
the phase loop of the main RF system [2].

Although the controlled emittance blow-up is necessary
to stabilize the nominal intensity beam at flat top, the final
bunch length and therefore emittance is limited due to the
injection into the 400 MHz buckets of LHC. For that rea-
son, bunch to bunch emittance variations along the batch
can lead to particle losses in the LHC. Non-uniform emit-
tance blow-up of high intensity beam in SPS had been ob-
served at the end of 2004 and previous studies [3, 4] sug-
gested that this effect can be attributed to the bunch to
bunch variation of the incoherent synchrotron frequency
due to the residual beam loading. This analysis showed that
for the bunches at the edges of the batch the zero amplitude
synchrotron frequency is lower than for those in the middle.
Therefore, for a constant noise band along the batch for all
bunches we would expect the blow-up to be more effec-
tive for those in the middle of the batch (optimum phas-
ing). However, the experimental results show that bunches
at the edges of the batch are blown-up more than those in
the middle.

The present work extends the previous analysis by con-
sidering how the whole synchrotron frequency distribution
is modified for the different bunches in the batch, defined
mainly by the residual beam loading in the 200 MHz RF
system. It will be shown that for the bunches at the edges
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of the batch, where the bigger synchronous phase varia-
tions due to beam loading occur, a significant change in the
synchrotron frequency distribution appears, making larger
blow-up possible.

OBSERVATION OF NON-UNIFORM
EMITTANCE BLOW-UP

With the controlled emittance blow-up a stable beam of
emittance up to ~0.6 eVs can be delivered to the LHC.
However, the measurements that are presented here were
done for a single batch with nominal intensity, with the
aim to obtain maximum emittance (~0.9 eVs) for transfer
to LHC which might be requested. Particle momentum and
applied RF voltages (200 MHz and 800 MHz) for the SPS
cycle are shown in Fig. 1. The band limited noise [2] was
introduced through the phase loop of the 200 MHz RF sys-
tem at 185 GeV (14.8 s along the cycle) and lasted for 3 s.
Figure 2 depicts the noise band and the synchrotron fre-
quency spread (calculated for low intensity) during the cy-
cle where the noise is applied. For nominal intensity beam
the low intensity settings should be shifted down by ~10 Hz
due to an incoherent frequency shift produced by the SPS
inductive impedance ImZ/n~7 Ohm.
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Figure 1: Particle momentum (green), the 200 MHz voltage
(blue) and 800 MHz voltage (red, x10) programme along
the cycle.

The bunch lengths were deduced from the acquired
bunch profiles after correcting for the pick-up and cable
transfer function [5]. Figure 3 shows the results for two
cycles where different noise bands were applied. The plots
present the bunch lengths at different moments in the cycle.
Both cases correspond to a successful blow-up in the sense
that at the flat top the bunches were stable. However, it is
apparent that bigger blow-up occurs for the bunches at the
beginning and the end of the batch. Furthermore, we can
clearly see from the bottom plot where the noise band was
lifted up 10 Hz compared to the top one, that the relative
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Figure 2: Noise excitation (red dashed lines) and syn-
chrotron frequency spread at the end of the cycle, calcu-
lated for low intensities and for a bunch of 0.5 eVs.

excitation of the bunches in the edges of the batch was less
compared to those in the middle.
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Figure 3: Measured bunch lengths before the blow-up
(green), just after (red) and at the flat top of the cycle (blue).
The noise frequency band was shifted down ~20 Hz (275-
175 Hz) at the top plot and ~10 Hz (285-185 Hz) at the
bottom with respect to the calculated values (low intensity).

The bunch position variation along the batch Ar (found
from the bunch profiles after a Gaussian fit), which cor-
responds in the stable situation to the synchronous phase
displacement A¢; = w,rAt (w,y is the 200 MHz RF fre-
quency), is shown in Fig. 4 for the same data presented in
Fig. 3. The antisymmetric pattern of the curves before the
noise excitation (green line) indicates that the bunch posi-
tions are mainly defined by the beam loading in the main
200 MHz RF system, compensated by the feed-back and
feed-forward systems. At flat top (blue line), where the
bunch lengths become smaller the effect of the 800 MHz
beam loading, without feed-back and feed-forward sys-
tems, also becomes non negligible and it disturbs the pre-
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vious pattern. The effects of beam loading are considered
in the next section.
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Figure 4: Longitudinal bunch position shift with respect to
nominal position along the batch. The data correspond to
those of Fig. 3.

BEAM LOADING EFFECTS

It is apparent from the measurements presented in the
previous section that the beam loading in the RF cavities
of the SPS, for nominal intensity beam, is changing signifi-
cantly the position of the bunches along the batch. For this
reason the calculation of the beam loading effects is pre-
sented in this section, based on the theory of the travelling
wave RF systems given in [6].

The DC beam current for bunches with 25 ns bunch
spacing and 1.15x10!! protons per bunch is 0.74 A. For a
Gaussian distribution, the 200 MHz fourier component of
the beam current would be around 1.30 A before the blow
up (bunch lengths~1.7 ns), while the 800 MHz component
would be about 0.15 A. The induced accelerating voltage
Vp in the cavity depends on the filling time 7;. When the
batch enters the cavity the bunches at the head see only the
accelerating voltage created by the power amplifiers V.
As more bunches enter the cavity the induced voltage fi-
nally reaches a steady value according to the filling time of
the cavity. The first situation is defined as transient beam
loading state, while the second is called steady state.

The beam loading impedance Z;, = ‘I/—: defined from the
ratio between the beam induced voltage V;, and the beam
current [, is given, for a travelling wave cavity, by the for-
mula [6]

I2R, [/sin Z\? —si
zb=——2[( 2)—1-2T S“”}, (1)

8 z 72

2

where R; is the series impedance of the travelling wave
cavity, L the interaction length and 7 the total phase slip
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between the proton bunches and the travelling wave, given
as a function of the RF frequency w by

== (=) @
Vg
where wy is the cavity central frequency, v, is the group ve-
locity, given in the travelling wave cavity by v, /c = 0.0946.
The parameters of the cavities that were used for the calcu-
lations of the impedances are listed in Table 1.

In the case of the 200 MHz RF system the 4 travel-
ling wave cavities (2 short and 2 long) are equipped with a
feed-forward and a one turn feed-back system which com-
pensate the beam loading effect [7, 8] by modifying the
impedance Z;. For the 800 MHz RF system two travelling
wave cavities are installed but only one is used for accel-
eration, without feed-back or feed-forward systems (to be
installed in 2011). Figure 5 presents the calculated values
of the induced voltage in the 200 MHz (feed-forward and
feed-back were taken into account) and 800 MHz RF sys-
tems just before the noise application.
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Figure 5: Calculated beam induced voltage in the 200 MHz
(top) and 800 MHz (bottom) RF systems just before the
noise excitation. Vo99 = 4.5 MV and Vgyo = 0.5 MV. The
time O is when the first bunch enters the cavity.

The total voltage V, seen by a synchronous particle
passing through a travelling wave cavity (200 MHz or
800 MHz) is given by

V=V +V 3)

This equation for the steady state value of V; (in the cen-
tre of the batch) is visualized in the case of acceleration, in
the top vector diagram of Fig. 6 (black arrows). With re-
spect to the beam current I, the accelerating voltage of the
power amplifier V, is placed at angle ¢,, while the beam
induced voltage V,, is at angle -7/3. This angle is calcu-
lated from the beam loading impedance and is defined as
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the beam loading angle. The angle ¢, corresponds to the
synchronous phase.
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Figure 6: Vector diagram showing the beam loading volt-
age. On top for one cavity at steady (black) and tran-
sient (red) state and on bottom for both the 200 MHz and
800 MHz RF systems.

From the vector diagram the following relations can be
obtained
Vicos¢s — Vpsint/3

t = 4
an . Visin¢g + Vpcos7/3 @

_ Vising; + V,cost/3
a cos @y,

Vrf (5 )

For fixed V, in the top vector diagram the variation of the
synchronous phase A¢; (bunch position) according to the
values of the induced voltage V; along the batch (red ar-
rows in Figure 6) can be calculated.

Vyrcos¢r — Vprcost/3
V,psingy + Vi sint/3°

tan(¢; + Ady) = (6)

where k corresponds to the bunch number along the batch.
The formalism described above can be used to calculate the
phase shift along the batch for the 200 MHz (A¢?™) and
the 800 MHz (A¢}{*) RF systems with the only difference
that in the case of 800 MHz RF system the phase ¢, in the
top vector diagram of Fig. 6 is 0. The phase shift variations
A¢? and AgE™ of the two RF systems can be used in order
to find the total phase shift, by taking into account that the
vectors V2% and V8% found for each RF system have a
phase angle ¢, for the steady state (black arrows at bottom
plot of Fig. 6). Note that here is considered only the case
where phasing between the two RF systems is established
using measurements in the middle of the batch. According
to that the phase shift A¢g; can be derived from

V290 sin(@7%) + VA sin(AgF™)

tan(P ) =
() = V200 2 020) 1+ VA0 cos(agi®)

@)

where @y = ¢y + Adg, ds0 is the synchronous phase of
the total voltage for the steady state and @7 = ¢, + A,
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Table 1: Parameters of the Travelling Wave Cavities (2 of each Type)

200 MHz Long 200 MHz Short 800 MHz
Centre frequency 200.222 MHz 200.222 MHz  800.888 MHz
Interaction length 20.196 m 16.11m 3.46m
Series impedance R, 27.1kQ/m? 27.1kQ/m? 647kQ/m?
Filling time L/v, 0.712 ps 0.568 us 0.330us
Beam loading impedance L?R,/8 1.38MQ 0.879MQ 0.968 MQ

Calculation of the Bunch Position

Using Eq. (7) we can calculate the variation of the syn-
chronous phase A¢y which corresponds to the bunch po-
sition variation along the batch, just before the noise ex-
citation. The results for both 200 MHz and 800 MHz RF
systems are plotted in Fig. 7 (solid line). An example of
measured bunch positions is also presented for comparison
(dashed line).
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Figure 7: Bunch position variation along the batch at the
time in the cycle before the noise excitation.
4.5 MV and Vgoo =0.5MV.

Voo =

We can clearly see that our model can closely repro-
duce the measurements, indicating that the main cause of
the bunch position variation is the induced voltage in the
RF systems. However, the difference shows that there are
other parameters that have not been taken into account in
the consideration of the model.

The total external voltage that is seen by the particle in
the centre of the batch, considering both V,; and V}, for the
two RF systems is

V = V*%%in ¢ + V¥ sin(4¢ + @,) 8)

where @, is programmed to ®, = —4¢, + « for the bunch
shortening mode above transition. The induced voltage in
the 200 MHz system is changing the bunch position by
A¢g. Taking into account that the phase shift between
the 200 MHz and 800 MHz RF systems is fixed at ¢ for
A¢si = 0 (Fig. 6), this change of synchronous phase due to
beam loading in 200 MHz is equivalently introduced in @,.

V = V*%sin¢ + V¥%sin(4¢ + @, + Ady), )

where A¢g, = 4A¢,. Due to the presence of the second RF
system the synchronous phase changes by an angle d¢;.

Beam Dynamics in High-Intensity Circular Machines

Considering now that the measured shift of the bunch posi-
tions A¢7°** is given by the sum

AP = Ay + 8¢ (10)
we can estimate that
VS()() in(4Ag™eas
sp, = zg)l( ¢ ) (11
Vi cos ¢
From Egs. (10) and (11) we have
VS()() sin(4A¢me“‘V)
A — 4 A meas _ _t CTANTTVS 7 , 12
which for small values of A¢7*** can be simplified to
Vtsoo
Apy = 4N |1 + 4 ————— 13
¢ Ps ( V20 (- cos ¢s)) )

This means that for the batch edges, where Afeqs =~
100 ps we have A¢, =~ 40°. Inserting this value into (9)
we can calculate the synchrotron frequency distribution in-
side the bunch using for @, the programmed value. The
results are plotted in Fig. 8 for A¢, = 0,+40°,+£70°. In
the plot the noise frequency bands were lifted up by 10 Hz
(195-295 Hz and 185-285 Hz) compared to those used in
operation (185-285 Hz and 175-275 Hz), since for the cal-
culations the synchrotron frequency shift due to the SPS
inductive impedance was not taken into account .
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Figure 8: Synchrotron frequency distribution as a function
of action normalized to emittance calculated for the voltage
of Eq. (9) with @, = —4¢,+n. The dotted and dashed lines
present the phase noise bands that were used.
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The blue curve in Fig. 8 shows that for one end of the
batch (k=1), a flat region (w'(J) ~ 0) appears on the
synchrotron frequency distribution, indicating that these
bunches for fixed noise band can be blown-up more
(0.57 eVs, 0.59 eVs) than those at the centre of the batch
(k=36, 0.49 eVs). On the other hand, the synchrotron fre-
quency distribution is different for the opposite batch end
(k=72, red curve) which shows that this bunch is blown-
up less (0.45 eVs, 0.465 eVs). The system is very sensi-
tive to the differences in @, and since the calibration of the
phase shift between the two RF systems is based on beam
measurements (bunch shape or beam stability) [4] we al-
ways have an offset which in general is not known. For
that reason the synchrotron frequency distribution can be
significantly modified. In addition the calculated value of
@, [1] is different from the programmed one by ~ 10° at
800 MHz. Of course the difference is not big but larger
variation can cause critical changes in the synchrotron fre-
quency distributions.

In addition to the bunch to bunch offset in ®, the total
voltage is also different for the bunches at the edges of the
batch, because of beam loading. Figure 9 shows the syn-
chrotron frequency distribution after taking into account
the voltage modulation at the edges of the batch (k=1 and
k=72). For @, the programmed value was used, while a
larger value of A¢, = +£70° was used, in order to demon-
strate the sensitivity of the synchrotron frequency distribu-
tion for this parameter.
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Figure 9: Synchrotron frequency distribution as a function
of emittance. The change in the total voltages at the edges
of the batch was taken into account. Same color code as in
Fig. 8.

The last plot gives an example where the bunches for the
extreme cases of A¢, are more blown-up for the applied
noise bands. This difference becomes more pronounced
during the 3 seconds of the noise excitation where the
bunch parameters are changing. For a more accurate model
we need to implement also the potential well distortion that
occurs from other impedances and in particular the kickers.
This impedance does not introduce a difference from bunch
to bunch but still modifies the synchrotron frequency dis-
tribution. Furthermore, locking the phase of the voltage in
the two RF systems by a measurement outside the batch
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can also affect significantly the results.

CONCLUSIONS

Controlled longitudinal emittance blow-up together with
the operation of a high harmonic RF system are essential
for the LHC beam stabilization in the SPS. Measurements
of bunch lengths at the flat top show that after the noise ex-
citation a non-uniform emittance blow-up occurs. Taking
into account the residual beam loading in the 200 MHz RF
system and the beam induced voltage in the 800 MHz RF
system the observed variation of the bunch position along
the batch can be closely reproduced. The bunch positions
are mainly modified by the residual beam loading in the
200 MHz RF system. The synchrotron frequency distri-
bution calculated for bunches at different positions in the
batch using the total voltage derived from this model can
explain the large variation in emittance along the batch for
the applied phase noise band.

We would like to thank G. Papotti for her help during the
measurements.
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