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Abstract Fig. 1) [8]. It consists of2 pick-ups (PU), a4 section

A powerful transverse feedback system (“Damper”) hagamper kicker (DK) and an electronic feedback path with

been installed in LHC. It will stabilise the high intensityappmpr'ate signal processing and transmission from PU to

beam against coupled bunch transverse instabilities in.DaK' The DK corrects the Iransverse momentim of a bunch

frequency range from3 kHz to 20 MHz and at the same 't?] pLOSCI)rt'O? to |_trshd|3plf’i0:ementlfrom the. close.? %rggﬁt
time damp injection oscillations originating from steering € c,)[f]a 'Odn.' ; N IglﬁhSItha proc(:jessmg unéj t(h )
errors and injection kicker ripple. The LHC Damper cal phsures the adjustment otthe phase advance and the correc-

also be used as means of exciting transverse oscillationsr}(?é??rn .Of thle tf|me ;)f f!'gkht for 0||3|t|mum dqlan:plngt. Tfhtehmglr:g
the purposes of abort gap cleaning and tune measureme (S1gna’s fromz pick-ups allows adjustment of the beta-

The LHC Damper includes$ feedback systems dnhcircu- tron[())licilllanon d%has?tg ?Vir;a% lilr_cr:mtthte I“\éwtlual" PU.tO
lating beams. The feedback system is described along wﬁﬁﬁe . olan odd mu Ipfeth é .dbe fa thefayrdegij'? DK
first results of the LHC Damper commissioning. € sighal processing ot the Teedback path from 0

adjusts the timing of the signal to match the bunch arrival
time. It equalsryy, the particle flight of time from PU to
INTRODUCTION DK, plus an additional delay af turns:

The powerful transverse feedback system (“Damper”) ) Tdelay = Tex +_qTrev, o (1)
for the Large Hadron Collider (LHC) is a joint project of WhereT., is the revolution period of a particle in the syn-
the European Organization for Nuclear Research (CERNjrotron. The PU and DK are installed at locations with
and the Joint Institute for Nuclear Research (JINR) [1]. T&I9h 5-functions. For vertical oscillations in the LHC (see
a large extent this project is based on the system in tdg: 1), the delayrci.y is slightly shorterthan one beam
SPS [2] which has operated successfully for many yearévolution periodl;., = 88.93 us andg, = 0. For the
facing in recent years, the additional challenge from thBorizontal systems, kicketownstreanof the PU, an addi-
electron cloud effect [3]. Flonal del_ay of one turn (g= 1) is added. The delayiciay

The LHC will provide high intensity proton and lead ion S then slightlylongerthan one turn.
beams. The ultimate intensities after injection into the LHC The damping timerq = 40 T, of the LHC feedback
will be about4.8 - 10 particles for the proton beam with Was chosen to limit the emittance growth due to injection
an energy ofi50 GeV and4.1 - 10'° ions for the?**Ph52+  €rrors [9, 10]: .,
beam with an energy df77 GeV/u. These intensities can Ae _ Cinj F - F o= (1 + Tdec Tdec) @)
lead to coherent transverse instabilities. The theoretical ¢ 202" %7 ‘ Td  Tinst ’
prediction for the instability rise time;,s;, dominated by wheres is theinitial RMS beam sizeg;,; < 4 mm = 3.50
the resistive wall effect, is abou8.5 ms or208 turns [4] at  at 5 = 185 m is the maximum assumed amplitude of a
injection energy, and a significant contribution of the LHGyeam deviation from the closed orbit due to displacement
collimators at collision energy tq,; is also predicted [5]. and angular errors at injectiofigec ~ 750 The, = 68 Ms
The LHC Damper will stabilize the beam against couplegs the assumed decoherence time. These parameters lead to
bunch instabilities as well as damp the transverse 0scike/e < 2.5% the maximum admissible emittance blow-up
lations of the beam originating from steering errors anth the LHC allocated to injection dipole errors [4]. Thus,
kicker ripple. It will also be used for the purposes of tunahe LHC TFS gain ig) = 2T}, /74 = 0.05 and the overall
measurement similar to the SPS system [6] and for abajimping timel/7q — 1 /7, Of the injection oscillations

gap cleaning [7]. becomes aboui) turns or4.4 ms.
The gaing and the maximum injection erres,; yield
GENERAL DESCRIPTION the maximum deflectiod,,,., = 2 prad required for the

. proton beam with energ¥50 GeV and the location of the
The LHC Damper hag independent transverse feecJ'kickers atgc = 100 m. The deflectiorf,,., is delivered

back systems o circulating beams (one feedback SySten} a set of electrostatic kickers with an aperturémm.
per beam and transverse plane). Each system is a CIaSI%’(fe total required deflecting length 6fm is divided into

cal bunch-by-bunch transverse feedback system (TFS, Sggiciers to limit the capacitive loading of the power ampli-
*V.Zhabitsly@jinr.ru fiers. The nominal voltage up toMHz is V. + 7.5 kV.

~
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Figurel: Layout of the LHC Damper and block diagram of the transverse feedback system for vertical oscillations.

The main instability that the feedback has to handle is thine normalised transverse beam positidy> at 40 MS/s
resistive wall instability for which the lowest frequency inrate on a FPGA semiconductor device.
the LHC is abouB kHz (Q, = 64.28 and(@, = 59.31). The normalised position signal is serialized (SerDes) and
For purposes of abort gap cleaning the unwanted beamansmitted via al Gbps serial link to the second VME
should be coherently excited at frequencies (in accordanogdule, the Digital Signal Processing Unit (DSPU) [13].
with the non-integer parts of the tune) gated in thes  After the deserializer (SerDes) the data stream is processed
long abort gap. Consequently a lower cut-off frequency dby an FPGA clocked at0.08 MHz with the following
1 kHz was chosen for the feedback loop. The highest frédunctionalities: a) normalization of signals proportional to
qguency must be sufficient to damp the dipole mode oscil/3 at the corresponding PU locations; b) closed orbit re-
lation of two neighbouring bunches which corresponds tgection (notch filter); ¢) phase adjustment by mixing of PU
fmax = 20 MHz for the nominal bunch spacing @b ns.  signals to obtain the “virtual” pick-up signal; d) delay (with
Coherent oscillations at higher frequencies are assumed1io ps resolution). A faster clock rate 89.16 MHz is used

be suppressed by Landau damping. for the further processing. The data at 8tel6 MHz sam-
pling rate is obtained from expanding the.08 MHz data
FEEDBACK LOOP stream by inserting zeros between the original samples and

applying an interpolating FIR filter. A secongf tap FIR

The feedback loop contains all functionalities for transfilter, is then used to compensate the power amplifier phase
verse damping and controlled bunch excitation as well @8sponse, to optimise the feedback gain for injection er-
many built-in features allowing the user full remote operaror damping and instability control as well as to shape the
tion and diagnostics. roll-off beyond20 MHz. Overall loop gain adjustment is

Two 50 € strip-line pick-ups fcentre = 500 MHZ) [11]  provided via the reference to thé bit DAC.
are used to detect the betatron oscillations (see Fig. 1).Two output analog signals from a splitter after the DAC
Signals from each PU are transmitted by coaxial linegre passed tb W predriver amplifiers, are then transmitted
(570—650 m, 7/8" coaxial cable) to the surface hall whereyia coaxial lines (~300m) to the underground hall in a cav-
after delay calibration (by a cable delay 8f5 ns and a ern outside of the LHC ring where the signal is again am-
mechanically tuneable fine delay 8f 2.7 ns) signals are piified and split to drive the eight00 W driver amplifiers
combined and subtracted by a wideband hybrid GHz)  (DA). The signals are finally transmitted to th@ower am-

providing® andA signals. Strip-line comb filters (CF) de- plifiers (PA) and kickers (DK) located in the LHC tunnel.
signed at CERN generate waveletd@1.8 MHz lasting for

9 RF periods which are then passed to variable attenuators RF POWER SYSTEM
or low noise amplifiers according to the signal levels.

The signals are then processed by the first VME mod- The RF power system of the LHC Damper was designed
ule, the Beam Paosition Unit (BPU) [12]. Its RF front-endat JINR in collaboration with CERN. The wideband power
(FE) converts th& andA signals to thd (In-phase) and) amplifiers and electrostatic kickers were made by Russian
(Quadrature phase) baseband signals (déghodulator at industry and JINR. Final assembly and tests of the ampli-
400.8 MHz reference clock and Gaussian type low-pass fifiers and kickers were done at CERN.
ter with a cut-off of f. ~ 40 MHz). I and@ signals are dig- The electrostatic kicker [1] consists of: a) a vacuum tank
itized (16 bit ADCs) using at0.08 MHz beam-synchronous of stainless steed04L, 1.6 m length, 100 mm internal
clock needed foR0 MHz feedback bandwidth. The digi- diameter and4 mm wall thickness for optimal shielding
tized I and @ values are used to compute for each buncbf electromagnetic fields at low frequency and for mechan-
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ical stability; b) an electrode module with two electrodespower amplifierg, (w) has been measured to be between
(shaped from copper strips &68° arcs) and3 ceramic- 39 dB with an RF voltage divider sensing the tetrode anode
metal rings (metallization by a thin layer of rhenium toRF voltage. The higher order mode couplers (HOM) can
evacuate any charges) to hold the electrodes and align also be used to measure accurately the voltage at the kicker
the electrode module inside the vacuum tank; c) two higplates and spectrum of this signalw). The HOM cou-
voltage feedthroughs; d) two couplers capacitively coupleplers consist of &0 2 vacuum feedthrough with a small

to the electrodes to damp high order modes which can Ipdate attached that capacitively couples to the kicker de-
excited by the beam and lead to instability. flecting plates. The coupling capacitanceof pF and the

The estimated power loss to each electrode from circ9 €2 loading at the HOM form a high pass with a cut-off of
lating ultimate LHC beam current is2 W/m. Tests un- f,,, = 500 MHz. The transfer function from kicker voltage
der vacuum have shown that the temperature redtt&s to the voltage measured at the HOM port when loaded with
when the electrodes are heated withw/m [1]. 50QiISF =jf/fue/ (1 +if/ fue)-

Tests of the kickers confirmed their compliance with de-
sign specifications. Tolerances on it® mm tank internal r
diameter are in the range @f . . +0.054 mm, camming ac- \
tions of main flanges (©15m) do not exceed.016 mm, \
the internal surface smoothness obtaineljs= 0.4 pm.

Standard vacuum cleaning procedures were used with
bake-out limited to<200°C due to the copper electrodes. )
NEG pumps [14] are used around the kickers in the LHC 1 ey Wi

tunnel. During hardware and beam commissioning the vac- ,
uum at the kickers was better thaé 1! mbar. Figure 3: Gain (on the left) and phase response (on the

16 power amplifiers (PA) are installed directly under theright) characteristics for kicker voltage (solid) and tetrode

16 electrostatic kickers (DK) (see Fig. 2) in the LHC tunnefnode voltage (dashed).
on either side of Point 4 (see Fig. 1). Each pair of electrodes
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Fig. 3 shows the relative gain, and phase response
v, Versus frequency measured at the anode of the tetrode
(dashed) and at the HOM port, corrected for the high pass
response (solid). The latter represey(ts) andp(w) or the
voltage seen by the beam as a function of frequency. At the
anode of the tetrode the gain characteristics exhibit a res-
onance at-25 MHz caused by the inductance of the con-
nection to the kicker and the kicker capacitance. This reso-
nance (notch in gain curve) is not seen on the kicker voltage
transfer functiory(w). Below 3 MHz the phase responses
measured via the HOM ports and on the anode voltage
dividers perfectly match. The mismatch abd&/#MHz is
again caused by the resonance. The phase response will be
compensated by FIR filters in the digital signal processing

is driven in counter phase by one wideband power ampIH”it by adding phase at higher frequency in order to achieve
fier, consisting of twa30 kW grounded cathode tetrodesn overall linear phase and constant group delay [13].
RS-2048-CJC (Thal@®) operated in class AB (push- The performancg spe_cmcat[ons gnd o_btalned p_arameters
pull). At low frequency the amplifier works on a rela- of.t.he power ampl!ﬂers in conjunction with the driver am-
tively large impedance (~1 k) leading to a large kickPlifiers are shown in Tab. 1.

voltage. At higher frequency the capacitance of the kicker

Figure2: Kickers and amplifiers in the LHC tunnel.

plates shunts the impedance and consequently less kick Table 1: Parameters of amplifiers
strength is available. Simulations of possible variants
of the power amplifier electrical circuit were made usin¢ Parameter \ Required\ Achieved \
MicroSim® PSpic&®) software [15]. nominalvoltage up tol MHz | £7.5kV | £7.8kV
nominal-3 dB bandwidth, kHz| 3-1000 2-950
HARDWARE COMMISSIONING rise-time10-90% Vinax 350 ns 410 ns
Beam stability is achieved for a damping rate r|3f-:--t|'me1—99% Vinax 720 ns 760 ns
gainripple 0.7dB 0.5dB

Trev 1 Trev

£ = 2 0(w) cos (p(w) >

7'ins¢;7
whereg(w) andp(w) aregain and phase transfer charac- Pawver amplifiers and kickers were extensively tested in
teristics of the feedback loop. The maximum gain of théhe run-up for beam commissioning. The design specifica-
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tionshave all been met, the available peak voltage bkV CONCLUSIONS

atup to100 kHz has exceeded the design v kV. The hardware commissioning of the LHC transverse

damper system has been successfully completed. The de-

FIRST RESULTS OF BEAM sign specifications were all met and the system has been
COMMISSIONING successfully used with first beam in September 2008, excit-

ing transverse oscillations for the purpose of tune measure-
The LHC Damper kickers at Point 4 were passed byhent. The commissioning with beam for the damping of
beam 1 in ring 1 of the LHC on'T September 2008 and transverse oscillations has started, pick-up signals verified
by beam 2 in ring 2 on 16 September 2008. Signals from and the low-level modules set-up for closing the feedback

the LHC Damper pick-up for the first shot of beam 2 (aboufpop. Full operation is planned for the 2009 LHC run.
2 - 10° protons in a single bunch) are shown in Fig. 4.
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