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Abstract

Using a beam spectrum measurement the detailed struc-
ture of the CERN SPS longitudinal machine impedance,:
has been observed over a wide frequency range. Single;
high intensity proton bunches were injected into the ma-*.
chine with RF off. The spectrum of the unstable bunch * v

modes, produced by the different resonant impedances in” =° ° ', EEEEET T N T
the ring, was measured during slow debunching. The max-
imum mode amplitude as a function of frequency was
recorded for many injected bunches. The central frequencyllider operation in the past, where the microwave insta-
of each bunch mode is close to the resonant frequenbylity was a limitation [3], with the large total intensities

of the impedance and the width depends upon the bunelehieved in fixed target operation, where coupled bunchin-
length. Using sufficiently long bunches allowed the mastabilities are seen.

chine impedance to be seen in detail in the frequency rangeThe microwave instability, first observed in the SPS in
100MHz to 4GHz. The low frequency of this range is de41976 [4], is not harmful for present operation, but it lim-
fined by the initial stable bunch spectrum, and the higlts the single bunch intensity of the LHC beam. A new
frequency by the vacuum chamber cut-off frequency. Thmeasurement technique [5], used last year and described
dominant peaks in the spectrum have been identified withelow, has allowed us to determine the dominant sources
different impedance sources in the machine - some prewf longitudinal impedance in the SPS responsible for this
ously unknown. instability.

Figure 1: Examples of beam signals at 1.56GHz

1 INTRODUCTION 2 SPECTRUM MEASUREMENT

When trying to understand or predict the behaviour of in2.1 Method of measurement and results
tense beams in particle accelerators, accurate knowledg

O.f the machine coupling |mpe;dance IS esse'ntlall. The dﬁéd from linear theory and simulation. This is the “recipe”
sign of new accelerators profits from an estimation of thﬁ/e followed in our measurements

impedance by powerful numerical codes. Older machines . . . . )
which have not been able to benefit as much from thesq' Inject long single bunches above the instability thresh

. o d, (in our case at 26GeV, bunch lengtk 25-50ns, emit-
calculations usually have significantly larger and less Weﬁancez—: ~ 0.2-0.3eVs and intensit¥ = 1 — 5 x 1010 par-
known impedance. oo P

ticles per bunch). RF is off.

chyrfbjrpv?i,thblrjrﬂ;rll; g:iszosse,c:gi ghgﬁgjén;r%tgn\éai‘;:%?_ ¢ Observe the signals growing after injection as a func-
cumference. The SPS has exceeded its initial design i lon of time, (wideband longitudinal pickup with spectrum

g'nalyser, bandwidth 3MHz, used as a receiver). See ex-

tensity many times over, but must now be upgraded to b - . .
the injector for the new LHC machine. One of the critical's({}mples in Fig.1. Record the maximum amplitude at each

beam parameters for this mode of operation is the Iongggth_'uze)ncy, (centre frequency varied over from 100MHz to
tudinal emittance. The emittance at extraction at 450GeV R Tai<e data at each frequency from a large number of
must be kept between 0.5eVs and 1eVs with a preferengtlamches (at least 10)
from LHC for the lower value defined by dynamic aperture X

o : ) e The bunch should debunch very slowly (length
[1]. In addition if the emittance turns out to be higher thanchange& 50% during the observation time 100ms).

0.6eVs, clean injection into the LHC would require a new The result of this method applied to the SPS in two dif-

additional RF system in the SPS. The emittance at ir]je(f‘érent sets of measurements is shown in Fig.2. The fine
tion at 26GeV is foreseen as 0.35eVs which will increase o

to ~0.5eVs after the matching process [2]. ConsequentFtrUCture of the beam spectrum, which was very repro-

. ible, is clearl n.
great care must be taken to control emittance blow up antyc'iIC ble, is clearly see

therefore both single and coupled bunch instabilities du
ing the cycle. Note that the beam of 243 bunches, intensi
10" per bunch, filling 3/11 of the machine circumferenceyWe measured the peak mode amplitude of the instability
combines the high single bunch intensities obtained durirend used simulation to confirm our interpretation of the re-

fie method was first found experimentally and then justi-

%_/.2 Justification for method from linear theory
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Figure 3: Profile and spectrum of unstable bunches
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75 b in the first plot as a mountain range display. The unstable
| W modes grow on the bunch and by taking the FT of each
| profile we see clearly in the second plot the increase of sig-

nals with definite width at each frequency corresponding

W file measured every 100 turns from injection is presented

R Y R T SR PR to the different impedance sources. The projection of the
Frequency (CHz) spectra from Fig.4 averaged over many bunches would give
» similar results to Fig.2. Peaks appearing at different times
25 225 e explains why taking the maximum amplitude, (recipe item
¢ =0.24 eVs 2), reproduces many unstable modes. Note also the slow
* N=1.5x10" debunching.
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The initial perturbation grows a&p,,(t) o« e~***, with
instability for Im2 > 0. For a resonator with shunt
impedanceR,;, and quality factor) the instability growth
rate is given by

Mode amplitude
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ImQ ~ w, < 67Es O

o

wheren is the slip factor and, is the synchronous energy.
In this approximation the growth rate is indepen-
dent of the initial bunch distribution and proportional to
(Rsn/Q)'/?. The same formula can be applied when RF is
Figure 2: Structure from 0.1GHz to 4.0GHz on if the growth rate is much larger than the synchrotron

sults for this non-linear regime. However it is possible tdreduency. It was first conjectured in [6] that for a sin-
gain some information from the theory for the linear regim@'€ bunch instability due to a narrow band impedance, the
of a fast microwave instability. We assume: (a) the ininstability threshold should depend db, /@ and aver-
stability growth rate is much faster than the dezbunchingg/e current, in contrast to the broad band impedance case
time defined as the time when the bunch length increask¥™ < wr/2Q) whereZ/n and peak current are impor-

by v2; (b) w.T > 1, wherew, is the centre frequency @nt. _ .

of the impedance, (many wavelengths cover the bunch); From Eq.2_we draw the |mporta_nt conclusion that al-
(c) the impedance bandwidth is less than the bunch Spéi]_ough damping resonators (reducifig, but R.;/Q =
trum bandwidth~ 1/7, (narrowband impedance regime),coﬁSt) can always help cure coupled bunch |nstabllltles,
but not so low as to provoke strong coupled bunch phenorﬂllS dges not apply to the'smgle bunch case until the broad-
ena. Then from linear theory the spectrum of the unstabRnd impedance regime is reached.

bunch mode at azimuthal harmonigs,
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3 IMPEDANCE SOURCES

App ~ n/ po(B)e ") dg, (1) Using the results of the measurements shown in Fig.2,
o it was possible to determine the sources of the dominant
whered is the azimuthal coordinatgy () is the bunch line impedancesin the SPS. The peaks at 200MHz and 800MHz
density,;n, = w,/wo, andwy is the revolution frequency. are from the fundamental mode of the two travelling wave
We see that the spectrum shape is given by the Fouri€fW) RF systems which have higR;; /@ and low Q ¢
Transform (FT) of the stable bunch, shifted to the resonad80). Small peaks from 0.4GHz to 1.4GHz can be identi-
frequency of the impedance. As an example Fig.3 showied with the HOM modes of the six RF systems in the SPS
this solution in space and frequency domain for a parabol[@]. However the sources of peaks at 400MHz and above
bunch. Longer bunches have narrower spectral bandwidth4GHz were not obvious.
giving finer resolution, (recipe item 1). This can be seen in Frequencies above 1.4GHz suggest cavity-like devices
reality in measurements on the SPS. In Fig.4 the bunch pravth a radiusr of around 8cm. In the SPS there are about



M gives some indication oR,, /. For a further estimation
% we have tried to use growth rate measurements. Indeed,
%\v\\“ from Eq.2, Rs;,/Q o (ImQ/w;)?. However these mea-
52000% surements are difficult for the following reasons. First the
% stable bunch spectrum moves with debunching. Second,
ﬂ% all frequencies within the unstable bunch spectrum grow
SDOMN simultaneously. This means that sources close together can
w/‘\ﬂ_ contaminate each other, see Fig.1 (left). This leads to a
%6 — %% 35 @0 =0 huge scatter in the measurements. However in some cases
ne neee the signal is relatively clean, see Fig.1 (right). This signal,
3000 at 1.56GHz, has an average growth time of 2ms for N = 4
x10'0. This givesR;;, /Q = 11.5K2 which should be com-
pared with the value of 21.Tkgiven by MAFIA. We also
used threshold measurements at given frequencies, observ-
ing the maximum amplitude as a function of intensity to
estimate this impedance [9], and obtained the same results.
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Figure 4: Fourier analysis of longitudinal bunch profiles. Our present SPS impedance model to describe single

bunch phenomena consists of the 12 dominant resonant

800 pumping ports which fit this criterion and can explaifmpedances whose frequencies were found from measure-

all high frequency resonances. It is interesting that thents with the beamiz,;, /@) and@ values were obtained
Simp|e formula for the resonant frequency for manl from MAFIA calculations and |a.b0rat0ry measurements,

modes of a cylindrical cavity respectively. These impedances correspond to four main
sources: two TW RF systems, extraction septa and vacuum
c 1\ 2 w 2 ports. Using this model for the LHC beam in the SPS sug-
— _ — m,n . . . 1
fr=3 <Z> ( p— ) (3) gests that the beam with nominal intensity:* protons per

bunch, will be at the limit of instability. Knowing the guilty
is in good agreement with the frequencies observed. Heféements in the machine measures will be taken to reduce
z is the cavity lengthi is the axial mode number and, ,, their impedance in readiness for the SPS as LHC injector.
is then-th root of equation/,, (u) = 0, J,,(z) being the Finally we believe that this method of impedance mea-
Bessel function. For an axial longitudinal electric field surement could be applied to other accelerators.

T'Moni modeSio; = 2.405 andio; = 5.52. We thank R.Cappi, D.Manglunki and the CERN PS and
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"Cm a ) ’ X ’ &Boussard for useful discussions.

1.4,1.53,1.88,2.34,2.87,3.2,3.42,3.7and 4.0GHz. Th
can all be seen in Fig.2 at close frequencies. Simulation
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The measured spectrum in Fig.2 suggests the frequencies
of the various sources. The amplitude of the peaks already



