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Abstract

To study possible cures for multi-bunch instabilities ob-" 1 { T 11
served with the present high intensity proton beam in the =i

SPS, a fourth harmonic RF system was used during acce .
eration in bunch lengthening and bunch shortening mode & ™= s iaainad
of operation. The latter mode was found to be more effi- S o T e T
cient in controlling beam stability. We present an analysisew co. & il eess. b e
of possible reasons. ) ' o '

Figure 1: Beam spectrum from 0 to 2 GHz at 30 GeV with-
1 INTRODUCTION out 800 MHz RF system (lower trace, left photo), with
800 MHz RF system in BL (upper trace in both photos)
The SPS accelerator will be used as the injector for thend BS (lower trace, right photo) mode.
LHC at present being constructed at CERN. At extraction
to the LHC, 450 GeV, the longitudinal emittance of the

bunches should be below 0.7 eVs, only 0.2 eVs above the i i . ) )
injected value. One area of concern in satisfying this re- We tried to cure these instabilities by increasing the syn-

quirement is due to multi-bunch instabilities already obghrotron frequency spread and therefore Landau damping.
served in the SPS on the fixed target beam. We first studied the possibility of increasing the syn-
The fixed target cycle in the SPS accelerates protor‘f@rouon frequency spread in Fhe bunch by modifying the
from 14 GeV to 450 GeV crossing transition at 22 GeV.VOltage programme for the main RF system, [1]. By gradu-
This is done with a 200 MHz RF system (harmonic num5’;1lly decreasing the voltage after transition we were able to

ber h=4620). Normally 10/11 of the ring are filled by 2'T™e & the lat top with smaller emitances (1.4 evs) than
bunches in every bucket with a maximum total intensityor normal operation, where the voltage amplitude after
13 transition crossing is kept at its maximum value. However
of 4.8 x 10" protons. )

. . unch to bucket transfer to LHC requires short bunches
Beam with parameters close to those required for LH < 1.7 ns) and therefore an increase of voltage before ex-
will be injected into the SPS for the first time at the en racti'on In this case emittance was also incrgasin racti-
of 1998. We have used the existing fixed target proton C%_all fiIIi.n all space available in the bucket 9.p

cle, which has similar intensity but different filling patterns y 9 pa ' .
Below we consider the effect on Landau damping of the

in the machine, to study multi-bunch instabilities and their : f the hiaher h ic RF ¢ .
possible cures. parameters of the higher harmonic system assuming

that the voltage amplitude of the main RF system is fixed
(in our case it was at the maximum valses MV).
2 OBSERVATION OF MULTI-BUNCH For studies we used the existing fourth harmonic
INSTABILITIES (800 MHz) RF system in bunch shortening (BS) and bunch
) ) . S lengthening (BL) modes of operation. Surprisingly in the
Multi-bunch instabilities are observed at In]eCtIOH and totatter case we not on|y did not observe any improvement in
wards the end of the cycle, [1]. We see bunch shape ogeam stability, but even some degradation, see for example
cillations (different multipoles, from dipole to octupole, the |eft photo in Fig.1.
depending on cycle time and intensity) together with the oy difficulties in applying BL mode are similar to ex-
growth of a wide band beam spectrum (see Fig.1) whicherimental experience in HERA, [2], where only BS mode
reaches maximum amplitude on the flat top. is used for operation. Problems of operation in BL mode
As a result of these instabilities, at maximum intenSit)have also been faced in other machinesl [3] Below we

the longitudinal emittance increases by almost a factor I&nsider possible reasons applicable to the SPS and maybe
(from 0.2 eVs to 2 eVs), filling completely the bucket. Reye|ated to other accelerators as well.

ducing the voltage at any single point in the cycle immedi-

ately leads to beam loss.
At the moment the source of these instabilities is not 3 EFFECT OF SECOND RF SYSTEM

clear but most likely is a mixture of the effect of 800 vac4n the double harmonic RF system the total voltage seen by
uum ports (which will be shielded during the next 3 yearsjhe particle has the form

and higher order modes in the five different RF systems of

the SPS. V =V;sing + Vs sin (1’L¢ + @2), (1)

978



whereV; andVs; are the voltage amplitudes of the mainthe change in zero amplitude synchrotron frequency is:
and high frequency RF systemsjs the ratio of harmonic 5

numbers of the two RF systems (in our cas@) and®; is ™ (0) = w,(0)[1 + — (1 + tan 24550
the phase shift measured in radians at the higher frequency. €OS 50 n

) where minus should be used for BS mode above transition
3.1 Zero amplitude synchrotron frequency  and BL below.

In action-angle variables the synchrotron frequency is a From this consideration it follows that for a given value

function of the actiory. The synchrotron frequency spreadOf V> for an < 1and sma_lll _changes 0s0(0), B.L and
Aw, in a bunch of emittance = 2r.J, can be defined BS modes should have a similar effect. Indeed, in this case

as the maximum ofw, (0) — w,(.J)] for J < J,. Fora wl'(0) ~ wso(1£0.5an/ cosg?)so). For larger values ofthe
monotonic dependence of (), Aw, = ws(a) —ws( ). voltageVs, such thatvn ~ 1, in BLM mode Fhe changein
For a full bucketw,(J,) = 0. One usually expects that central synchrotron frequency can be as big as For the

the synchrotron frequency spread in a double RF system§&@Me value of> in BS mode this gives only a factar2
modified significantly in comparison with a single RF sysiNCrease inus(0).
tem if the synchrotron frequency at the center of the bunch
ws(0) is also changed significantly from its previous value
wso(0). There are two possibilities, either it is reduced or
increased. Due to the effect on bunch length they are called
correspondingly bunch lengthening (BL) and bunch short-
ening (BS) modes of operation. In the first case the max-
imum change is obtained when the synchrotron frequency
at the center of the bunch is zero. This is what is usually
called bunch lengthening mode in the literature, we will
call this special case BLM mode.
In a double harmonic RF system

)22, (6)

w3o(0)

@s(0) = €OS 950

[cos ¢, + an cos (ng, + @2)],  (2)

wherea = V5 /V; and the synchronous phagg is con-
nected with the synchronous phase in the single RF system
¢s0 by the equation

sin 50 = sin @5 + asin(ngs + ®2). 3)

For a given value o¥%, one can find the phase shift®,

which gives the maximum change.in, (0), and determine
the new synchronous phag&'. Let us assume that the Ads
change in synchronous phase™ = ¢ — ¢ < 1, then

Figure 2: Phase shif®, and corresponding normalised
atan gy synchrotron frequenay,(0) /w5 (0) as a function of syn-
Agyt = incos¢ [ & tan? g fu2) 12" (4)  chronous phase shifh¢, for ¢, = 2.45, n = 4 and
50 50 o = 0.08 (dashed line) and = 0.188 (solid line).
where minus should be taken for BL regime above transi- ) )
tion and for BS below. The appropriate phase shiftcan N Fig.2 we showw,(0) /w0 (0) as a function of change

be easily calculated from eq.(3). Above transition this is iN Synchronous phasag, together with the phase shift
®,, which provides this change in synchronous phase, for

arcsin 4, BL ) n = 4 andg, = 2.45, the typical value for a large part

m —arcsind, BS (after transition crossing) of the cycle. The vatue- 0.08
was used in our experimental studies ane- 0.188 cor-

whered = %_ The opposite is true be- responds to BLM mode. The latter can be found for given

low transition. As one can, see for a stationary bucketso andn from equation, [4]:

(singpso = 0) the maximum change is obtained when 1 sin2g

bs = ¢s0, and thenb® equals zero ofr. o = = — = 0 (7

For the proton cycle in the SP&¢™ < 1 is valid ev- n n -1

erywhere except very close to transition. We used formuldpper parts of the curves in Fig.2 correspond to BS and

(5) to programme the phase of the second RF system dlower to BL modes. As one can see the regio®efiving

ing acceleration for BL and BS modes of operation. TheBS mode is much wider than for BL mode.

I = —ngu - nAGT + {
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3.2 Frequency spread in BL and BS modes  blow-up. This explains very well experimental results in
Otpe SPS (see Fig.1), where no improvement in beam stabil-
gy was observed in BL mode with low amplitudesaf.
For this emittance of 0.3 eVs the optimum phase shifts
In Fig.3 the normalised synchrotron frequency spreag? in BL and BS_mode_s are very_close to vaIuE; ob-
Aws = [05(0) — ws(Jy)]/wso(0) in a bunch with longi- tained from consideration of maximum change.in (0),
5 y y s (see Fig.2). For BS mode the optimum phase ghiftgiv-

tudinal emittance of = 27J, = 0.3 eVs is presented as ing maximum spread for qivelh depends also on bunch
a function of®, for the 2 different values of voltage am-' 9 Ximum sp given,, dep u

plitude used in Fig.2. In Fig.4 the synchrotron frequenc _mittance. In thi_s (_example, for smaller emittances the op-
is shown as a function of actioff, normalised to bunch imum phase shift in BS mode decreases (for 0.1 eVs

] A this would be®, = 4.5). However due to the quite flat
emittance, for the same valueséf as in Fig.3, 1.15 MV . L
(solid line) and 0.5 MV (dashed line), and the phase shifePendence of spread dn in BS mode this is not very

) . . . important for operation.
&, which fér, = 1.15 MV in BL ) .
aéavl\éécmgé\éesmaxmum spread far, o n For the higher value of; the spread produced in BL

mode becomes larger and larger while the region of phase

Now let us consider the results of the choice of regime
operation of the second RF system on the synchrotron fr
guency spread inside the bunch.

1 shifts where it works gets smaller. In Fig.3 one can imme-
08| V2115 MV diately notice the extremely narrow region in phase shift
06| ®, which gives a significant spread in BL mode.
oal V2=0.5 MV Another important point concerning stability in the dou-

g0 T N veso ble harmonic RF system is related to the creation of regions

g where the derivative of synchrotron frequengy.J) = 0,

5 ° see Fig.4. The instability threshold for bunches with emit-
02 tance reaching this region equals zero, [5]. Landau damp-
04 F f/iigf\ﬁv ing for particles in this region is lost and instability grows
06 f 50=2.45 rad x +/t. Measurements of bunched beam transfer functions
o8| done by noise excitation in the SPS on an intermediate flat

" top at 120 GeV with the double RF system in BL and BS

modes, [6], showed in the first case a strong coherent signal
with an amplitude 3 times larger than in the cases of a sin-

Figure 3: Normalised synchrotron frequency spread insid#® RF system or double RF system in BS mode. This prob-
the bunch of 0.3 eVs emittance for 2 different values ofPly can explain the fact that beam stability when using BL

voltage amplitud@’, as a function of phase shift,. mode was not improved but even degraded in comparison
to the single RF system, see Fig.1.

This analysis shows that for producing the maximum
synchrotron frequency spread BLM mode has an advan-
tage only for bunches with very small emittances (in com-
parison with bucket area), see Fig.4, and the requirement
of extremely accurate programming of phase shift between
2 RF systems during the cycle is the price to pay. In the
absence of space charge effects and any requirements on
bunch length increase, the regime of bunch shortening is
more efficient and much easier to handle.
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