Proceedings of IPAC2011, San Sebastian, Spain MOPCO057
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Loss of Landau damping leading to a single bunch longi- :
tudinal instability has been observed in the LHC during the
ramp and on the 3.5 TeV flat top for small injected longitu-
dinal emittances. The first measurements are in reasonak
agreement with the threshold calculated for the expecte
longitudinal reactive impedance budget of the LHC as well
as with the threshold dependence on beam energy. TH ..
cure is a controlled longitudinal emittance blow-up during
the ramp which for a constant threshold through the cycle
should provide an emittance proportional to the square roc
of energy.

10:08:00 102000 104800 15:00:00 12000 14000 120000
.....

FIRST OBSERVATIONSIN 2010

In one of the fills with acceleration ramp in LHC in May Figure 1: Bunch length of beam 1 (blue) and beam 2 (red)
2010 single bunches of both Beam1 and Beam?2 with tH@€asured by BQM during ramp on 15 May 2010.
nominal intensity of~ 1.1 x 10'! became unstable dur-
ing ramp, Fig. 1. These bunches had a small longitudinal
emittance: of 0.38 eVs o, Gaussian shape) in compari-For a constant emittance the threshold quickly drops with
son with nominal injected emittance of 0.7 eVs in the LHGEnergy as can be seen in Fig. 2, where the threshold
Design Report [1]. In the next fill increasing emittancesmpedance (1) during the cycle is plotted for bunches with
to 0.5 eVs (Beam1) and 0.6 eVs (Beam?2) was sufficient thominal intensity and emittances of 0.4 eVs and 0.6 eVs
stabilise the beams during the ramp, but bunches becaff® I = 1. In 2010 the 400 MHz voltag& (h = 35640)
unstable on the flat top (3.5 TeV). Losses were observed\@as 5 MV at injection (bucket area of 1.13 eVs) aid
the energyF of 1.8 TeV with the onset of the instability increased to 8 MV during the first 222 s of the ramp.
around 1.5 TeV, seen from the bunch length measured Byre instability, starting at 1.5 TeV (1000 s) for 0.38 eVs
the LHC Beam Quality Monitor (BQM) [2], Fig. 1. Ob- bunches and at 3.5 TeV for 0.6 eVs bunches, correspends
servations of bunch profiles during the ramp suggested tH& /" ImZ/n ~ 0.065 Ohm (horizontal line in Fig. 2), to be
this could be also non-rigid dipole instability. During tee compared with the LHC low frequency impedance budget
measurements a rigid dipole motion was stabilised by tHenZ/n = 0.06 Ohmin [1].
phase loop. To avoid the intensity threshold of loss of Landau damp-
The criterion of the loss of Landau damping due to théng decreasing during the cycle, the longitudinal emitearic
low frequency (reactive) impedan&eZ/n derived in [3]  should be increased with energy at leastast!/? [5].

for the azimuthal mode: can be written in the form This leads to an emittance of 2.5 eVs at 7 TeV [1] and
E AE ,Aw, 1.75 eVs at 3.5 TeV. Since the bucket area also grows with
mZ|/n < 6leb52(?) o fot, (1) energy ag5'/2, a constant bucket filling factor (or constant

) ) bunch length) should provide the same beam stability dur-
wherel, = Nefo is the bunch currentV the bunch in- 4 ramp as on the flat bottom. The concept of the constant
tensity, AE/E the relative energy spread in the bunchpnch jength was used in the controlled emittance blow-
A‘*’;/ws the2 relative synchrotron frequency spregd= 5 quickly commissioned after the first instability observa
1/7; = 1/4% (in LHC ; = 55.87) and the form-factor (isns and is permanently used in operation since this time
Fr, is defined by the particle distribution (in [#, = [6]. The preservation of natural Landau damping is espe-
m/(m + 1) for sinusoidal azimuthal modes), see also [4]. cja|ly important in the absence of a longitudinal wide-band

During acceleration the threshold for loss of La”da'{bunch-by-bunch) feedback system in LHC. The possibil-

damping scales as [9] ity of further increase of the synchrotron frequency spread
£5/2 by installing a higher harmonic RF system was also con-
NImZ/n X W (2) sidered [7]

05 Beam Dynamics and Electromagnetic Fields

DOS Instabilities - Processes, Impedances, Countermeasures 211



MOPCO057 Proceedings of IPAC2011, San Sebastian, Spain

Fill 1759 - Beam 1

0.6 6 =
0.5 =l 2
— (= --3
0.4 g
S 7 o devs 2 ll-s
_0.3 ;95 8 y“m" i
< S Lid
N 0.2 0.6 eVs 23 8 ' I/,-‘j *.f‘—’d*\'é
0.1 o i " W
—— ER S Pt
0 s L T i
0 500 1000 1500 2000 2500 &1 . 'ﬁ,\,:{qﬁ"‘f 5
Ti me [S] Lo I ,1 r_"‘
. . ., ‘-‘\-@_’, s o s s 3
Figure 2: Threshold impedance (1) for loss of Landau 10 B e 119
damping for bunches with = 0.4 eVs and 0.6 eVs and Fill 1759 - Beam 1
nominal intensity during the 2010 ramp. The lidgn = B
0.065 Ohm corresponds to the start of instability at 1000 s 13501772
fore = 0.4 eVs and at flat top for = 0.6 eVs. 13l -4
) --5
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RESULTS OF STUDIESIN 2011 5 1l 8
2115
More measurements of this instability were performed @ 11
in 2011 during two Machine Development (MD) sessions ' "
[8], each with a few fills, but only one acceleration ramp. LOS] i
In 2011 acceleration to 3.5 TeV became 4 times faster and 130 s 1200 TR
the operational voltage program is also different: injatti Time

voltage of 6 MV (matched voltage is 3.8 MV) is increased
linearly during a 680 s long acceleration ramp to the flaFigure 3: Amplitude of the phase oscillations (top) and
top value of 12 MV. bunch length (bottom) with time after injection for 8
In both MDs we injected 8 single bunches spaced by 1/gunches of Beaml. Bunch 1 is controlled by the phase
of the revolution turn to obtain more data from one rampoop. Change to the nominal phase loop setting at 12:15.
During the first MD the phase loop settings were different
from the ones used in normal operation: the beam phase
was obtained only from the phase of the pilot and the fir@mplitude of phase oscillations later on, Fig. 4. The en-
bunch. During the 2nd MD the beam phase was derivegfgy thresholds of the dipole instability seems to depend
from all bunches as in normal operation. both on bunch length and intensity. In Fig. 5 the energy at
In all fills, even for bunches with small emittanee Which the phase oscillations start to grow during the ramp
0.4 eVs and intensity of.3 x 10'%, bunch length oscil- is plotted as a function of the bunch length at the end of
lations were observed only on the flat top, probably duthe flat bottom for all 8 bunches in both beams. For each
to a shorter (than in 2010) ramp. On the other hand tHeOint on this plot the energy threshold is scaled witty®
damping of the injection phase errors was taking a longs follows from the scaling lav,, o 2V'/>N*/> ex-
time (~ 20 min) in comparison with the expected fila- pected from (2). This curve is also plotted in Fig. 5 starting
mentation time. In the first MD phase oscillations werdrom the first measurement point during the ramp. One can
sometimes even growing after injection, Fig. 3, togethetee that the majority of the points lie below this line (the
with the bunch length, till the bunch length was reachindstability starts earlier during the ramp).
some value around 1.2 ns. Similar behaviour is observed The bunch length oscillations started to grow on the flat
for multi-bunch LHC batches during normal operation [9]top in addition to phase oscillations already growing dur-
when initial phase oscillations are growing for some timéng the ramp. The bunches with emittances larger than
after injection till the bunch length becomes about 1.25 n8.7 eVs (0.7 ns bunch length in 12 MV) were completely
(e =0.53 eVs). stable. The growth rates of quadrupole oscillations found
For the fill with ramp during the first MD, 8 bunches from the exponential fit to the maximum and mean bunch
were injected into each ring with different longitudinallength evolution during the first 25 min at the beginning of
emittances varying from 0.9 eVs to 0.3 eVs. For the firsthe flat top are shown in Fig. 6 versus the initial (flat top)
bunches, having larger emittances, phase oscillations wetunch length.
damped after injection while for later coming bunches, The results obtained during the 2nd MD with phase loop
with smaller emittances, they grew first and then starteon (normal operation setting) were different since theanje
to decay. During the ramp bunches with smaller longitution phase errors of the 8 bunches with nominal (0.5 eVs)
dinal emittances became unstable earlier and had a largard lower (0.38 eVs) emittances and intensity dfx 101,
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Figure 4: Amplitude of phase oscillations during accelera- 5|
tion cycle for 8 bunches (with different longitudinal emit- © 0@, o
tances) of Beaml (left) and Beam2 (right). Dashed vertical oo B 6 o%m
lines indicate start and end of the ramp. 85 055 06 065 07 0.75 058
BQM bunch length [ns]
3500 . . . . Figure 6: Growth rate of the maximum and mean bunch
o peamdl : : : length during first 25 min of the flat top as a function of
3000 — e initial (flat top) bunch length for 8 bunches of Beam1 and
= 2500l o Beam?2 (measured by BQM) in 12 MV voltage.
Q :
gzooo- e
7 5 PN for bunches with small longitudinal emittances. For inten-
£ 1500} e Q] sities around.5 x 10! injection phase oscillations are not
3 Pt 'D damped on the flat bottom for emittances less than 0.5 eVs.
£ 1000F , : ‘—F{S“%/‘ DD T Quadrupole (or non-rigid dipole) instability has been ob-
500k ... o O__—‘D m s ° | served during acceleration for emittances below 0.4 eVs
""" A S (ramp in 2010) and on the flat top below0.7 eVs. Dur-
o . . . . . - ing normal operation the beam is stabilised by controlied

emittance blow-up during the ramp [6]. With the phase
loop using only one bunch as reference, bunches with emit-

Figure 5: Energy at which the phase oscillations start t§nces up to 0.75 eVs become unstable during the ramp.
grow during the ramp as a function of bunch length at th&S expected the thresholds and growth rates have strong
end of the flat bottom for 8 bunches of Beam1 and BeanfePendence on bunch emittances and beam energy. The in-
together with scaling lawg,, = 74V1/5 (black curve). fluence of initial conditions on measured instability thres
Each measured point is scaled in energy according to {4ds should also be taken into account. We plan to contizue
intensity asN'4/5. Average bunch intensity.56 x 101", studies of this instability with the phase loop off.
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Loss of Landau damping has been observed in LHC in® T- Argyropouloset al., CERN ATS-Note-2011-031 MD,
different parts of the cycle (flat bottom, ramp and flat top)
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