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Abstract

The dependence of energy loss on bunch length was de-
termined experimentally for a single proton bunch in the
SPS at 26 GeV/c. This was done from measurements of
the synchronous phase as a function of intensity for dif-
ferent capture voltages. The results are compared with the
expected dependence calculated from the resistive part of
the SPS impedance below 1 GHz. Two impedance sources,
the cavities of the 200 MHz RF system and the extraction
kickers, give the main contributions to particle energy loss
in very good agreement with experiment. The results ob-
tained allow a better understanding of some mechanisms
leading to capture loss of the high intensity LHC beam in
the SPS.

INTRODUCTION

Studies of non-negligible capture loss of high intensity
LHC beams in the SPS in 2003 have shown that loss be-
haviour and dependence on different beam and machine
parameters could be explained by a non-zero synchronous
phase ¢ on the flat bottom [1] which is the result of en-
ergy loss of the beam due to interaction with the machine
impedance. This leads to a shortening of the bucket length
which for high intensities becomes comparable to or even
less than the length of the injected bunches. For the LHC
beam the reduction of bucket length is around 0.5 ns (RF
period is 5 ns) which corresponds to ¢, = 1.8 deg. With
many bunches in the ring and with feedback and feed-
forward systems in operation this effect is not easy to
measure. In this paper we present measurements of syn-
chronous phase shift using single bunches.

In the absence of acceleration the synchronous phase ¢
is defined by expression

sing, = U/(eV), 1)

where U is energy loss per turn and per particle and V' is
the voltage amplitude. The total energy loss normalised to
the number of particles can be found by measuring the syn-
chronous phase ¢, at different bunch intensities [2]. Be-
low, the energy loss derived from synchronous phase mea-
surements of single bunches (next section) is compared to
the energy loss estimated from the known SPS impedances
(last section).

MEASUREMENTS
Method

The change of synchronous phase with intensity can be
measured by observing the variation of phase between the

beam signal and either the signal obtained from a measur-
ing loop in the cavity or the RF signal sent from the power
amplifiers to the cavity. In the first case the signal con-
tains information from both the applied RF voltage and the
induced beam-loading voltage (energy loss) on the funda-
mental frequency. In the second case, the reference signal
does not include the beam-loading voltage component and
the phase shift with intensity is due to all other losses in the
ring plus the energy loss on the cavity fundamental.

The synchronous phase was measured in the middle of
the 26 GeV flat bottom (11.8 s long) by comparison be-
tween the time delay of the beam signal (wide-band pick-
up) and the reference signal sent to the cavity. An absolute
calibration of synchronous phase was obtained by extrapo-
lating to zero intensity.

Data analysis

Measurements were made with bunches injected from
the PS with the same longitudinal emittance of 0.3 eVs but
two different sets of bunch length. These bunches were
captured in the SPS with different voltages from 0.56 MV
to 3 MV so that the final bunch length was determined by
this voltage. Intensity was varied in the range (0.2 — 1.4) x
101! using the vertical scrapers in the PS and was measured
in the SPS. Raw data for the synchronous phase measured
after capture in different voltages as a function of bunch
intensity IV is shown in Fig. 1.
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Figure 1: Raw data for synchronous phase measured as
a function of bunch intensity for different voltages. Two
sets for 0.56 MV and 1.07 MV correspond to two injected
bunch lengths.

A linear fit of the form
bsi = boi + bi x (N/10'%)  [deg], 2

where ¢ = 1,...6 is the number of the measurement set
(different voltage amplitude or PS setting), was applied to
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Figure 2: Linear fits to the raw data for the synchronous
phase after removal of the constant offset ¢, as a function
of intensity for voltages (from top to bottom): 0.56 MV - 2
sets, 1.07 MV - 2 sets, 2 MV and 3 MV.

the raw data in Fig. 1. The results for A¢(N) = ¢s; — doi
are presented in Fig. 2.

The coefficients b; from the linear fit (2) are related to
the particle energy loss per turn, normalised to the bunch
intensity N/1019, by the expression

— [h m

U’i = — = —
N/1010 ~ 180°

b;Vi. 3)
In other words expression (3) gives the energy loss U for
a bunch intensity of 1019 and scales linearly with intensity.
For a constant energy loss one would expect b,;V; = const
for i = 1,...6. Values of the normalised energy loss U;
found from (3) are plotted in Fig. 3 for different voltages
V;. The fact that the resulting curve is not flat means that
the energy loss U has a non-negligible dependence on the
bunch length 7 which was different in each measurement
set.
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Figure 3: Normalised energy loss U; (keV) as a function of
the capture voltage found from (3).

Dependence on bunch length

In our measurements the bunch length varied in at least
three different ways. First, it was possible to change the

set spare Vv Tmin | Tmaz | Tavg
number | inPS | MV ns ns ns
1 on 056 | 3.4 3.6 | 3.50
2 off | 056 | 34 3.7 | 3.55
3 on 1.07 | 29 3.2 | 3.05
4 off | 1.07 | 3.0 3.3 |3.15
5 off 2.0 2.7 2.8 | 275
6 off 3.0 2.6 29 | 2.75

Table 1: Bunch length (40 Gaussian fit) measured for mini-
mum and maximum intensities and their average value 74,4
in 6 different experimental settings.

length of the injected bunches simply by using two differ-
ent RF settings in the PS (spare 80 MHz cavity on and off).
Second, due to different capture voltages in the SPS the
bunch length at the time of the measurement, after filamen-
tation, was also different. On top of this ~ 10% increase
in bunch length for an intensity change of a factor of seven
was recorded as well. The data for the bunch length mea-
sured in the SPS in the middle of the flat bottom for lowest
and highest intensities are summarised in Table 1.

The energy loss U; presented in Fig. 3 for different volt-
ages V; is shown in Fig. 4 as a function of the correspond-
ing average bunch length 7,,,, from Table 1 (large circles).
As can be seen the energy loss is larger for shorter bunches.
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Figure 4: Normalised energy loss U; (keV) before (large
circles) and after corrections (small circles, see text) as a
function of average bunch length 7.

The fact that the bunch length increases with intensity
and that the energy loss is smaller for longer bunches means
that the energy loss found from the linear fit for the average
bunch length is underestimated. This effect was treated by
two different methods: by quadratic fit to the phase vari-
ation with intensity in Fig. 1, and by applying the depen-
dence U (7) found from the linear fit to make a second iter-
ation to the data analysis, which give finally similar results
[3]. The correction obtained by the second method was
used together with two other corrections — a constant de-
crease of bunch length by 0.25 ns due to signal distortion
in the long cable and a correction due to the dependence
of the measured phase of the signal on its amplitude (small
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increase in energy loss oc V). The application of these
three corrections results in the measurement points shown
in Fig. 4 (small circles) and Fig. 6.

THE LOSSFACTOR EVALUATION

The measured dependence of energy loss on bunch
length can be compared with the curve calculated from the
known resistive impedance and the given bunch distribu-
tion [4]. Below, these estimations are made for the SPS
impedance and then compared with experimental results.

The energy loss of the bunch per turn and per particle
can be found from the following expression [5]

Up = —€’Nk = —2N'Y_ kn(0), 4)

where for a Gaussian bunch the loss factor k,, due to the
longitudinal impedance 7., (w) is

fin(0) = % 3" ReZn (pwo) exp[—(pwoo)?].  (5)
p=0

Here wy is the revolution frequency.

In the measurements o varied in the range (0.6-0.9) ns so
that impedances up to 1 GHz should be taken into account.
Contributions to the energy loss U = |U,|/(N/10%°) from
different SPS impedances below 1 GHz calculated for a
Gaussian bunch are shown in Fig. 5.
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Figure 5: Contribution to energy loss U (keV) from differ-
ent SPS impedances as a function of 4o bunch length.

As can be seen, the energy loss is dominated by the loss
in the fundamental impedance of the 200 MHz RF system
(shunt impedance Ry, ~ 4.5 MQ, quality factor Q = 140)
and the MKE kickers. The impedance of one MKE kicker
below 1 GHz can be approximated by a resonator with fre-
quency f,. = 0.6 GHz, R,, = 6 kQ2 and Q = 1. Contribu-
tions due to the main impedance of the 800 MHz cavities,
total Rs, = 1.94 MQ and Q = 300, as well as the HOM
of the 200 MHz RF system, with f,. = 629 MHz, Q@ = 500
and R, = 604 k2, are much smaller.

The contribution to U from the resistive wall impedance
is about 0.8 keV for a bunch with o = 0.6 ns and decreases
o o~3/2 for longer bunches.

The measured and estimated total energy losses U are
presented in Fig. 6 as a function of bunch length.

For many bunches in the ring energy losses are different
due to the change in beam spectrum. However for short-
range wake-fields the contribution to the energy loss is the
same. For 7 = 3nsand N = 1.3 x 10*! the energy loss due
to the MKE kickers alone is 20 keV which is sufficient to
create a 0.3 ns gap between the buckets for the LHC beam
captured in 2 MV. The re-installation of 5 of these kickers
in the ring in 2003 can explain the increase in capture loss
[1]. These energy losses are also responsible for kicker
heating by the LHC beam [6].
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Figure 6: Normalised energy loss U (keV) calculated from

the known SPS impedances (solid line) and measured from

the phase shift (circles — measurement points, dashed line
— their linear fit) for different bunch lengths.

In summary, the energy loss of a single bunch in the
SPS was found from a measurement of the synchronous
phase as a function of intensity. The use of different capture
voltages allowed the dependence of energy loss on bunch
length also to be measured. The same dependence eval-
uated from the resistive part of the SPS impedance, is in
good agreement with the measured results.
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