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Longitudinal instabilities in the SPS

E. Shaposhnikova, CERN, Geneva, Switzerland

Abstract 2 SINGLE BUNCH INSTABILITY

Measurements made during machine depelopment (MOhe single bunch instability, more often referred to as the
periods over the last few years are summarised. Whil@icrowave instability, has a long history in the SPS. It was
the sources of single bunch instabilities seem to be usdready observed for the first time in the 1977, [5], one year
destood, those for multi-bunch instabilities are still undeafter the first commissioning of the SPS. It produced inten-
study. Since the nominal LHC beam in the SPS was not yetlty limitations both forpp and lepton beams at injection.
available, studies of longitudinal emittance blow-up havo far it was not harmful for the fixed target operation.
been made on the present fixed target beam. Results fromvieasurements of the spectrum of an unstable single
the recent MD with the LHC type beam and plans for 1999unch injected into the SPS with RF off allowed the dom-

are also reported. inant impedances of the SPS up to 4 GHz to be seen, [6].
Apart from fundamental and high order modes of the 5 dif-
1 INTRODUCTION ferent RF systems installed at the moment in the SPS, less

known sources were identified as well. They are:
The SPS accelerator will be used as the injector for the o _
LHC with beam intensity requirements close to that already ® around 800 vacuum ports — cavity-like objects be-
achieved in the SPS, both for single bunch and total inten- ~ tween dipole magnets all over the ring,
sity. However in both cases bunch parameters were differ- ® 16 extraction septa.
ent and from the point of view of beam stability not always
in favour of the LHC beam.

Single bunches with intensity d'! were accelerated
in the pp era. At injection (26 GeV) emittance blow-up
was observed from an intensity 8f5 x 10° for bunches
with a momentum spread é?pﬂ = 3.2 x 1072 and bunch
length™ = 3.3 ns, [1]. The LHC beam at injection has

These are elements with short-range wake-field, which
nevertheless can couple a few consecutive bunches of fixed
target (bunch spacing 5 ns) and even LHC beam (bunch
spacing 25 ns). Measured in the laboratory the quality fac-
tors @ for different modes are of the order of 100, [7]. The
vacuum ports modes have a high total valueRaf, /@,

22 _ 9 x 102 andr = 4 ns. If we assume a scaling which defines the instability growth .raImQ in the case
P of narrow-band impedances,(r < Q):

of the threshold intensity proportional (é3p—p)27-, then the

nominal bunch intensityl(1 x 10'!) is already well below ImQ Ne2wo|n| Ren 3

the threshold. o\ TerE, O (1)

In the fixed target cycle a record total intensity4of x
10'® was achieved for the beam filling)/11 of the ring.  HereN is the bunch intensityy, = 27 f, is the revolution
Measurements showed, [2], that in normal operation theequency,E, is the energyy is the slip factor,r is the
longitudinal beam emittance at 450 GeV is around 2 eMsunch lengthR,;, is the shunt impedance and = 2r f,

(0.2 eVs at injection). is the resonant frequency of the impedance.

The total intensity of the nominal LHC beam is only The model containing the impedances from the four el-
2.6 x 10*3, however squeezed infy11 of the SPS ring. ements (travelling wave RF systems at 200 and 800 MHz,
Quite significant emittance blow-up in the longitudinalextraction septa and vacuum ports) and consisting of 12
phase plane, from 0.5 up to 1 eVs, is allowed for the LHGesonant peaks have been used in numerical simulations
beam before extraction at 450 GeV. However, if the valug reproduce bunch lengthening measurements, [8]. For
of emittance can be kept below 0.7 eVs, no additional Rost cases th&,; /@ values were found from calculations
system, neither in the SPS nor in the LHC, [3], is requirednd theQ — from the laboratory measurements. While the
to be installed for a clean SPS - LHC transfer. dependence of calculated and measured bunch length and

The considerations presented above have motivatgeak line density are in general very close, it seems that
more detailed studies of beam stability in the SPS. Weome impedance is still missing in the present model.
started with single bunch (1995-1996). More recent mea- The program developed to cure this instability, see [9],
surements were devoted to multi-bunch instabilities. [10], includes shielding the guilty elements found.

Analysis of intensity limitations for the fixed target beam
due to instabilities can also be interesting for the possible 3 MULTI-BUNCH INSTABILITIES
future of the SPS as a neutrino source in the Gran-Sasso
project. This subject was brought up in discussions durinig the absence of the nominal LHC beam, we started stud-
the workshop, [4]. ies of multi-bunch instabilities in the SPS on the fixed target
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Beam | FT | LHC | For a low intensity bunch with emittanee= 0.18 eVs

injection energy (GeV) 14 26 (value at injection) the calculated variation of the bunch
extraction energy (GeV 450 450 length during this cycle is shown in Fig. 2.
transition crossing yes no
RF system (MHz) 200 200 °
bunch spacing (ns) 5 25 45
filing pattern 10/11 311 af €=0.18 eVs
number of bunches 4200 243 35 b
intensity/bunch 100 10! o f
total intensity 4.3 x 103 | 2.5 x 10%3 m
long. emit. atinj. (eVs)|  0.18 0.35 =25k
long. emit. atext. (eVs) 1.2-2.0 0.5-1.0 2r
15
Table 1: Parameters of fixed target and nominal LHC beam b
05 |
(FT) cycle. The comparison between the parameters of FT o Ll L

|
1 15 2 25 3 3.5 4 4.5 5

and nominal LHC beam in the SPS is shown in Table 1. .
Time (s)

As one can notice the main difference between the FT

End IF]HE beﬁm.is the much higher i_ntinsit);] of th? I‘HCFigure 2. Calculated length of low intensity bunch for
unch. Another important parameter is bunch spacing. normal-operation voltage program in fixed target cycle.

In the fixed target cycle different signatures of instabili-
ties are observed at injection, after transition crossing and

towards the end of the cycle, [11]. We see bunch shape \ieasurements of bunch length starting just after tran-
oscillations (different multipoles, from dipole to octupole,gjtion crossing, [2], done from bunch profile (at 0.85 of

depending on cycle time and intensity) together with thg, peak line density) for beam with total intensy,; =
growth of a wide band beam spectrum which reaches max- . 113 gre presented in Fig. 3.

imum amplitude on the flat top.

; : i it s mw. nb vers. 06.16; 31.10.1997 17:46:32
~ Our studies of multi-bunch instabilities could be divided cutl: 0.15, MO t: 0.-6.nsec, T 1-157 Hi-163L
into 3 parts: analysis of the effect on the beam, a search for File: ~ pp pro mbunch data 1997 oct 08 nr103. asc

sources and a study of possible cures. The results of the Time @msecD
first two are presented below. The cures are summarised in 2000 3000 4000
2.5 20
101 o | pesnp i
§ o et o A
3.1 Effect onthe beam P |
= 1.5 i
The voltage for the FT cycle in normal-operation is shown % i
in Fig. 1 together with the corresponding bucket area. : 1 i
S i
7 0.5 I
°t ﬁ\ 0 20 40 60 80 100 120 :140
Voltage (MV) Turn Number ~ 1000

5|
Figure 3: Measured bunch length of high intensity beam
for normal-operation voltage program in fixed target cycle.
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-

As one can see, at the end of the cycle instead of decreas-

? ! ing (as in Fig. 2 for constant emittance) the bunch length
1f Bucket area (e\[s) starts to grow. Emittance estimated from bunch length
o~ measurements at different moments in the cycle is shown in
L e T T Y- Fig. 1 (circles). After transition crossing bunch emittance
Time (s) continuously blows-up practically filling all space available

in the bucket. At high intensity the longitudinal emittance
Figure 1: Normal-operation voltage and correspondingncreases from injection by almost a factor 10 (from 0.2
bucket area in fixed target cycle. Filled circles show exVs to 2 eVs), filling completely the bucket. Reducing the
timated emittance for beam with total intensity x 10'3.  voltage at any single point in the cycle immediately led to
detectable beam loss.
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a function of total intensity in the machine. For a given fill-
ing pattern, the emittance reached grows strongly with in-
tensity. However there is also a notable dependence on the
filling pattern. Plotting the emittance as a function of bunch
intensity, as in Fig. 5 (right), clarifies the picture. Here the
dependence on filling pattern is significantly reduced. It
means that, to a first approximation, the longitudinal emit-
tance at the end of the ramp is defined by the intensity per

, _ bunch and much less by the total intensity. Also one can
Figure 4: 200 MHz RF voltage (upper curve), peak deqqtice that for a larger gap in the ring the beam is more

tected signal (middle curve) and beam current (lowegiapie Al this is an indication of short range wake fields.
curve) for modified voltage program. Total intensity x

1013 (left) and4.2 x 10'3 (right). Trigger 4.0 s, horizontal
scale 0.1 s/div.

Why are things getting worse towards the end of
the cycle? For equally spaced bunches the threshold for
coupled-bunch instability due to a resonant impedance,

Beam behaviour with voltage programes different front13] [14], can be presented in the form:
normal operation was also studied, [2]. By gradually de- £ Ap . Aw. F
creasing the voltage after transition (and keeping as long as Ry, < m(_p 20Ws &
possible the smallest bucket area without losses) for a total elo " p " ws for
intensity of4.2 x 10'2 we were able to arrive to 445 GeV
(first fast-slow extraction) with voltage 4 MV and smaller s )
emittances (1.2 eVs) than for normal operation. In normr%]hr.o'[ron frequency spre.ad.anql the formfadtor- 0.3 is

: s L .defined by the particle distribution.
operation the voltage after transition crossing is kept at itS : . 9
_FunctionzG(z) = zmin{J, *(rz)}, wherez = f,7

maximum value, see Fig. 1. An example of these measure dJ is the B | funct f the order. is sh
ments for 2 different intensities is shown in Fig. 4, wher@nF. méx)A'? € besse unctlpntﬁ € ?r tﬁf’ Itis ?\WTd .
for slightly higher intensity4.2 x 10'3) beam losses could "."'9- ©- Al a given moment In the cycle the threshold 1S

be detected from the beam current signal. minimum for an impedance with frequengy ™ ~ 0.43.

Bunch to bucket transfer to LHC without any additional
RF system requires short bunches1.7 ns) and therefore
an increase of voltage before extraction. For such a volt-

zG(z), ()

Iy is the average beam currerﬁ‘;’—s is the relative syn-

age program emittance was growing at the end of the cycle 20
faster again (1.3 eVs at 445 GeV). ‘
Using different voltage programs we were able to find 15

the minimum bucket area (for no observed losses) at the \
end of the cycle for almost fully (10/11) and partially (1/11, ‘i 10

3/11, 5/11) filled rings. Results of these measurements are \
shown in Fig. 5. Filled and empty symbols are data ob- 5
tained with slightly different voltage programs, [12]. \ _/
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%“ ; § , Figure 6: Function xG(x) from equation (2).
;ZZ # + { ;ZZ o The instability threshold calculated during the normal
g07 +1 4 207 +i operation FT cycle for emittance of 0.18 eVs and for the
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e o frequencyf, = f™" which always corresponds to the
S e O e eioe - worst case (minimum of functionG/(z) ~ 1.5) is drown
in Fig. 7 as a lowest line.

The two other curves are examples for two different but
Figure 5: Bucket area for no observed losses at the end @nstant resonant frequencies, which were chosen in such
the cycle as a function of total (left) and bunch (right) intena way that, during the cycle, for one of them the working
sity for different filling patterns of the SPS ring: triangles point in Fig. 6 is moving towards the minimum and for the
10/11 of the ring filled, circles - 5/11 and square - 1/11. second - away.

As one can see in all cases the threshold is decreasing
In Fig. 5 (left) the final bucket area attained is plotted afrom transition to the end of the cycle.

0.5

4
@

o

Chamonix I X 71



lated threshold, see Fig. 7. At high intensity the spectrum

12 between RF harmonics lines contains many difficultly dis-
tinguishable peaks.
£=0.18 eVs The stable beam spectrum has lines at frequencies
pM fo, whereM is number of bunches in the ring (assum-
ing equadistant bunches) arto < p < oo is an inte-
ger. The envelope of the spectrum is defined by the Fourier
transform of the bunch linear densityt). Due to the beam
gap there is an additional modulation of the spectrum at
revolution lines around the main lined/ fj.

Unstable beam spectrum due to a single resonant
impedance at frequendy. has peaks at frequencies

f=pMfo+nfo+mfs.

Heren = 0,1... M — 1 defines the phase shifgmn)/M
between two adjacent bunches and can be found from equa-

Figure 7: Coupled bunch instability threshold during norfion fr = pihfo + nfo +mfs, (p1 is some integer). The
mal operation in fixed target cycle for beam intengity x ~ M0de number of the excited multipale = 1, 2... depends
10" and different resonant frequencigs strongly on bunch length (approximately ~ (f.7)/2).

For a givenm, the envelope of this spectrum depends on

the particle distribution in the bunch arfd, see [15]. Ex-
amples of the spectrum envelope calculated for different
Lowering the RF voltage leads to an increase in synsalues off, and bunch distributions of the form
chrotron frequency spread, but also to a decrease in mo- 15
412 pt1.
mentum spread. As a result the threshold goes up but not A(t) = Ao (1 _ _) ©)
as much as in the case of applying an additional higher fre-

quency (800 MHz in the case of the SPS) RF system, [11dye shown in Fig. 9. They suggest that it is difficult to make
when a high synchrotron frequency spread can be kept gignclusions about the resonant frequency of the driving

0.8 -

Rsh (MQ)

fr=0.1 GHz

02

Time (s)

multaneously with a large momentum spread. impedance from the shape of the spectrum envelope (see
measurements in Fig. 8).
3.2 Sources of multi-bunch instabilities In our studies we tried to fina - the coupled-bunch

We tried to identi f led bunch instabili mode number both from the beam spectrum and from the
e tried to identify sources of coupled bunch instabili, hase shift between oscillating bunches. However the last

ties, ma"?'y from measurements O.f the beam Spectrurﬁ1eth0d so far was less successful. Measurements of
However it turned out to be less evident compared to tr\ﬁere done from the mountain range display.

case of a single bunch. Usually during instability a very 1, analysis presented in the previous section gives

broad specirum is observed with a maximum around 6Ogbme idea about the value of shunt impedance which can

700 MHz, see Fig. 8 (left). drive the coupled bunch instability during normal opera-
tion cycle. Comparison of threshold values with known
sources of impedance, like the lowest HOM in the different
RF systems of the SPS, see [7], suggests many possibili-
ties. In fact the beam should already be already at much
lower intensities (thad.2 x 10'3 for which the threshold
was calculated in Fig. 7).

Indeed, for lower intensities clear signals were observed,
see Fig. 8 (right). In a few cases sources could be identified
as well.

In one MD in 1998 this was, for example, the funda-
Figure 8: Beam spectrum from 0 to 2 GHz at the end of Finental mode of the 352 MHz RF system, when with non-
cycle for beam intensity.2 x 10'® (left) and1.6 x 10'®  optimal passive damping?,, was presumably more than
(right). Horizontal scale 200 MHz/div, vertical scale linear.1.6 M(). With RF feedback on and 800 MHz RF system

in bunch shortening mode, the threshold of instability was

The amplitude of this spectrum starts to grow after tranfound to be a8 x 102, [16]. This agrees with the threshold
sition increasing towards the end of the cycle. This signalstimation from Fig. 7. After transition, the length of the
is not observed below transition nor just after. As intenlow intensity bunch changes from 1.5 to 1.0 ns, see Fig. 2,
sity decreases the signal starts to grow later in the cycle. s that for this impedance the threshold is close to the min-
general this behaviour is in good agreement with the calcimum as can be seen in Fig. 6.
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contributions can come from the resonant impedances of
the vacuum ports, which are also below the threshold at
high energies.

4 |LHC BEAMIN THE SPS IN 1998 AND
FUTURE PLANS

In 1998 there were two MD periods with LHC type beam in
the SPS. We had one injection from the PS with 83 bunches
spaced by 25 ns. The intensity per bunch was varied in
the range(0.3 — 1) x 10*!. Emittance and bunch length
were significantly larger than specified for the LHC beam,
so that the bucket was practically full for the lower intensity
and even satellite bunches were observed at higher intensity
after capture into the 200 MHz RF system of the SPS.

There are some observations from the first MD on
1.09.98:

e We had strong head-tail instability leading to large
beam losses at injection and during ramp due to im-
perfect correction of chromaticity.

e PS structure (7.6 MHz) was very visible, with more
than 10% variation in bunch intensities.

e The coupled bunch instability observed was identified
to be due to the 352 MHz RF system.

e When the 40 MHz cavity in the PS tripped, we had
5 ns bunch spacing after capture in the SPS and the
beam was more unstable longitudinally than before
with 25 ns spacing.

r In the second MD on 5 December chromaticity was cor-
rected (OP group) and no head-instability was observed.
Figure 9: Top: beam spectrum enveloperfor= 1, f,~ — We worked in storage at 26 GeV with intensity< 10'°.

1 andy = 0.5 (solid line), = 1 (dash-dotted line) and Attempt to increase intensity per bunch to nominal value
1 = 1.5 (dashed line). Middle: beam spectrum envelop¥as unsuccesful for many reasons.

form = 1, u = 1 and andf,~ = 0.5 (solid line),f, ™ = 1 For 1999 we plan:

E)dezsmh-gsg;(rjulrlr??n%%ge ?ﬁr}-.i(?%szeihlnza dzoioiﬂ: e Study of the stability of the LHC beam in the SPS
(solid line),m = 2 (dash-dotted line) andh, = 3 (dashed - atinjection (using p2 cycle) with both a single bunch
line). (bunch lengthening) and many bunches,

- during ramp (includes optimization of voltage pro-
gram),

There are several candidates to explain the spectrum ob- - ©n the flat top (emittance measurements).
served at an intensity af x 102 in another MD in 1998,
wheren fy ~ 87 or 113 were measured. One of them is the
HOM in the TW 200 MHz RF systemf{ = 912 MHz),
which will be in the SPS during LHC operation. Another o continued development of cures for instabilities.
possibility is the HOM in the standing wave 100 MHz RF
system withf, = 288 MHz (under the assumption that
there is a problem with passive damping in some of the 4 5 ACKNOWLEDGMENTS

cavities). Measurements described in this paper were done together

From threshold estimations during the cycle it is moswvith T.Bohl, T.Linnecar and Jiickmantel. | also profited a
probable that there is more than one source for the couplét from discussions with T.Linnecar in preparing this pre-
bunch instabilities observed at high intensity. Significansentation.

¢ |dentification of sources of coupled-bunch instability
using fixed target cycle (with variable intensity).
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