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Abstract and40 MHz, respectively); hence, the PS is ideal for ex-

Motivated by the discussions on scenarios for LHC uppenments with flat bunches with DH RF systems. The RF.
grades, beam studies on the stability of flat bunches inharameters for the experiment were chosen based on longi-

a .. T . . .
double-harmonic RF system have been conducted in tl%ésmal beam dynamics simulations using the tracking code
CERN Proton Synchrotron (PS). Injecting nearly nomina

ME [7]. Both, experiment and simulations were carried
LHC beam intensity per cycle, 18 bunches are accelerat tat26 GeV, reasonably far away from the transition en-
on harmonich = 21 to 26 GeV with the10 MHz RF sys-

ergy 6.7GeV).

tem. On the flat-top, all bunches are then transformed to
flat bunches by adiabatically adding RF voltagé at 42 SINGLE AND DOUBLE HARMONIC RF

from a20 MHz cavity in anti-phase to the = 21 system. ON THE FLAT-TOP

The voltage ratid’(h42)/V (h21) of about).5 was set ac- During the production of nominal LHC-type beam [8]
cording to simulations. For the next 140 ms, Iongitudina{ t bunches in a DH RF system can be produced on t’he
profiles show stable bunches in the double-harmonic Tat-top by adiabatically a) reducing tHe MHz RF volt-
bucket until extraction. Without the second harmonic com: e from200KV (used for acceleration) t82kV and b)
ponent, coupled-bunch oscillations are observed. The ﬂ"%gcreasing the20 MHz RF voltage to its maximum value
ness of the bunches along the batch is analyzed as a m 16KV in anti-phase (bunch lengthening mode) to the
sure of the relative phase error between the RF systems Hz RE. The unused eight cavities out of ten of the
to beam loading. The results of beam dynamicssimulatior&s —1OMHz. RF system aregswitched off and short Gir-
and their comparison with the measured data are presentggi.ted in a sequence to reduce beam loading effects. From
140 ms before ejection the beam is kept in the DH=
INTRODUCTION 21/42 RF sytem with constant voltages 21/ Vi =

Large Piwinski angle scenarios as a luminosity upgradé? KV/16KV. Itis worth noting that the RF signals at the
path for the Large Hadron Collider (LHC) [1, 2, 3] may re-tWO harmonics were directly derived by frequency division

quire longitudinally flat bunches at collision. In this frame-ffom @ common master oscillator. The phase loop, thus

work, beam studies have been initiated in the CERN PS f90Ving the phase of = 21/42 synchronously, was kept
address the stability of flat bunches in a double-harmonfd0Seéd on the phase of thie = 21 component of beam
(DH) RF system. Considerable progress has been madedhd the120aV|ty return vecFor sum. Trﬁe intensity was about
the past, both in theory and experiments [4, 5, 6] to explofe® * 10"~ ppp corresponding t6.7 - 10 ppb. .

the underlying phenomenology of longitudinal instabilities "€ development of the longitudinal bunch profile dur-
in DH RF systems in hadron machines under various coff?d the formation of the flat bunches is compared to the
ditions. Small amplitude synchrotron oscillations of bean$ingle-harmonic (SH) case in Fig. 1. While the DH case is

particles in a DH RF system with the harmonic ratio of »
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two and a voltage ratio of 0.5 can provide large syn- 120
chrotron tune spread and thus improved Landau dampin: o0/
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Consequently, this may lead to very stable bunches, as tl._.
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threshold of multi-bunch instabilities is increased.

The CERN PS, as one of the accelerators in the injec
tor chain to the LHC, is equipped with several RF system:
from 2.8 MHz to 200 MHz to perform the required RF ma-
nipulations. The bunches required for the LHC injection
are prepared in the PS by splitting twice at the flat-top en-

ergy using the RF systems with harmonic number ratios of. )
two and four { — 21, 42 and84 corresponding td0, 20 %gure 1: Last two bunches of the 18 bgnph batch on the
flat-top. The second harmonif (= 42) is increased to
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SIMULATIONS to ~ 0.1), even taking a phase error between the two RF

. . . . systems into account [10]. As expected, the beam is thus
The ESME simulations are carried out in two step 4 [10] P

. Smore stable in the DH RF system.
Firstly, the general features of the necessary beam manipu-

lations within the single particle beam dynamics applied to
the PS were examined. In this case, a single bunch is popu-
lated with a longitudinal emittance in the rangelef2 eVs

(~ 40 emittance) in the RF buckets of th8 MHz system

and transformed to a flat bunch by turning on the 20 MHz
RF system adiabatically. The simulations showed that one
can generate flat bunches from standard bunches-ir21

in ~ 35ms (= 5 synchrotron periods) without blowing up
their longitudinal emittance. These simulations provided
the initial operational parameters for the experiment.
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2 LE=14evs Figure 3: Synchrotron frequency versus single particle
e emittance for single and DH RF system (voltage rati).

A bunch ofe; = 1.4eVs covers the gray shaded area. A
phase error 06°, 20, 4°, 69, 89, 10° (from bottom to top
trace) has been assumed between the two RF systems.

To identify a possible source of impedance, a dipole os-

. v - cillation mode analysis has been performed [11]. The po-
-29:2 Time@(nsec) : sition error of each bunch was extracted from Gaussian fits
to the traces of the mountain range data from SH mea-

Fi 2 C . b dand (b) si surements. Subsequently, a sinusoidal function is fit to the
igure 2: Comparison between (a) measured an ()S'mHFpoIe motion of each bunch, resulting in oscillation ampli

lated mountain range pictures during flat bunch formation[ude and phase per bunch. A discrete Fourier transform can

then be applied to convert amplitudes and phases per bunch

Fig. 2 shows the simulated mountain range plots for . . X
. : ) : 0 mode amplitudes and relative phases. The relative mode
single bunch and its comparison with the measurements

for the 12th bunch of a train of 18 bunches. The generg]mp”tUdeS are shown in Fig. 4. Itis important to point out
features of the mountain range are well reproduced by the
simulations.

In the second step the simulations are performed in-
cluding space-charge effects, broad-band impedance aris-
ing from the beam pipe and known cavity impedances for
the 10 MHz and 20 MHz RF systems. The calculations are 0 12 3 4 56 7 8 9 1011 12 13 14 15 16 17
carried out for a range of bunch intensities starting from Mode numbefyscer
5 - 10! ppb. Simulations show that the above mentioned. I
single-bunch effects play a detrimental role only at intensigure 4: Mode spectrum of the coupled-bunch oscillations
ties which are more than an order of magnitude larger thaﬁpserved on the flat-top.
the present operating intensities in the PS.

Mode amplitudt

that mode numbers refer to the batch of 18 bunches only,
LONGITUDINAL BEAM STABILITY and do not directly correspond to integer harmonicg af;
each batch mode numbey,,;.;, Shows up as a spectrum
The synchrotron frequency versus single particle emiiround with the strongest harmonics| @6 - npatcn | and

tance for SH and DH cases is illustrated in Fig. 3 for differ{7/6 - npaten ] (21/18 = 7/6, 18 bunches at = 21). The
ent phase errors betweén= 21 and42. Compared to the excitation resulting in the observed spectrum is therefore
SH case, the synchrotron frequency distribution is not deround6.4 MHz =+ pfyunch, founch = hfrev IS the bunch
creasing monotonically toward the separatrix, which mighfrequency ang an integer. Aliasing occurs since the field
cause loss of Landau damping whén, (¢;)/de; = 0 and  of the impedance source is sampled wfil,.c... Since
df (e1)/de; # 01[9]; f(e:) is the longitudinal particle dis- no coupling between tail and head of the batch across the
tribution. The measured; = 1.4eVs is well below the gap ¢z, = 350ns) has been observed, the quality fac-
2.55eVs (Fig. 3) needed to reach the limit of instability.tor @ of the impedance candidate can be estimated to be
Furthermore, the relative synchrotron frequency spread @@ < 27 fresTgap/2 (Q ~ 7 at fres = 6.4MHz, Q ~ 4 at
significantly larger in the DH RF syster-(0.6 compared  f,es = 3.6 MHz, Q ~ 15 at f..s = 13.6 MHz, etc.).



None of the RF cavities in the the PS have correct fre20 MHz or both) is the major contributor. Itis thus planned
guency and quality factors that would explain the observetld measure the RF phases along the batch directly.
coupled-bunch instability. A similar coupled-bunch insta
bility was observed for the first time in 2008 during the first CONCLUSIONS
splitting of the nomina25 ns beam for LHC with new kick-
ers in the PS [12]. Therefore, these kickers are suspected®eam experiments in the CERN PS to address the lon-

21/42 and a voltage ratio df.5 have been performed. As
TRANSIENT BEAM LOADING expected, the flat bunches in DH RF buckets are more sta-

ble compared to bunches in SH RF buckets where strong
During the experiment, the relative phase between trmupled-bunch oscillations have been observed. The sym-
two RF systems has been adjusted such that the arbitranihetry of flat bunches turned out to be very sensitive to
chosen bunch 12 was well flattened. However, the bunchesiall phase errors of the two RF harmonics applied. A
at head and tail of the batch become noticeably asymméteam-loading induced phase error of a few degrees is suf-
ric as shown in Fig. 5. Obviously, this is due to the relativdicient to produce significantly asymmetric bunches at the
head and tail of the batch. Any effect of electron cloud,
First bunch#1 Referenceft12  Last bunch#18 which is normally observed close to extraction of 72 short
bunches spaced 2 ns, could not be detected with normal
or flat bunches spaced 90 ns.
The authors would like to thank Elena Shaposhnikova,
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