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Abstract cite transverse oscillations rapidly, driving particles to large
. : amplitudes. Non-linearities introduce higher order chro-
In the Large Hadron Collider, LHC, particles not cap maticity and dependence of tunes on amplitude making this

tured by the RF system at injection or leaking out of the. O ) .
RF bucket may quench the superconducting magnets d lL[nple scheme less efficient, in particular for the untrapped

ing beam abort. The problem, common to other superco eam. .

ducting machines, is particularly serious for the LHC due, The thin lens MAD-X tracking m_odyle has been mod-
to the very large stored energy in the beam. For the LHH,JGd [6] to allow turn. by turn varlayon of parameters,
a way of removing the unbunched beam has been studigamely the dampe_r kick. This tracking has been _used 1o
and it uses the existing damper kickers to excite resonan jmulate the cleaning process for the LHC beam in pres-

the particles travelling along the abort gap. In this paper we''¢© of the measured magnet errors. Only the clockwise

describe the results of simulations performed with MAD-xotating beam 1 has been considered under the assumption

for various LHC optics configurations, including the estithat differences between the non-linearities actually seen

mated multipolar errors. by the two beams are not relevant for this study.

INTRODUCTION INJECTION OPTICS

Various filling schemes have been proposed for the LHC. The bucket area at injection energy, 450 GeV, is 1.4 eVs
In all schemes it is foreseen to keep an at leags3ong for an RF voltage of 8 MV. For an emittance of 1 eVs of the
abort gap to accommodate the abort kicker rise time.  injected beam the expected energy spreags4.3x10~*

To completely fill the two rings of LHC with the nomi- and the rms bunch length is 0.45 ns. The normalized beam
nal pattern, 2808 bunches, requires about 18 minutes. Unansverse emittancedg = 3.5 um.
trapped particles at injection as well as particles leaking out 2000 particles have been tracked with coordinates ran-
of the RF bucket during the relatively long filling time will domly extracted from a 6D gaussian distribution. At in-
populate the abort gap and will be lost in an uncontrolleféction, the momentum collimator, TCP.6L3.B1, limits the
way during acceleration. maximum relative energy offset for a particle circulating in

During luminosity operation as well, particles diffusingthe ring to 3.6<10~3, about 8 times larger tham,. The
out of the bucket will fill the abort gap and may quench thenomentum spread has been therefore artificially increased
superconducting magnets during beam abort. by a factor 3 in order to populate also the energy range out-

Failures of the RF system will fill the abort gap in abouside the bucket (blue crosses in Fig. 1). With the full kick
5 s at 450 GeV and 20 s at 7 TeV [1]. In such a case thaevailable at 450 GeV, all particles are kicked out within
beam must be promptly dumped. the first 50 turns (4.4 ms), by the vertical dampers, while

Abort gap cleaning has been successfully applied at tHie9 % of the particles survive an excitation with the hori-
Tevatron using an electron lens [2] and at RHIC [3] usingontal dampers. In both cases only vertical or horizontal
the stripline kickers and pulsed excitation. dampers were used and the pulse was modulated with the

We have studied the possibility of continuously removanominal betatron frequency. The linear chromaticity is ad-
ing the particles from the abort gap by using the kickergisted to its nominal value at injection, 2 units. Considering
and power system of the transverse feedback [4]. Studigse successfull cleaning over the entire longitudinal accep-
have been undertakenin the SPS to show the feasibility atmhce within 50 turns, abort gap cleaning using the trans-
efficiency [4, 5]. verse damper seems straightforward at injection energy.

In LHC there are four horizontal and four ver- Nevertheless, to gain some experience on which excita-
tical dampers, each providing a maximum kick oftion would be more efficient, the maximum kick has been
0.5x450/energy[GeV]urad. The voltage can be raisedreduced by a factor 10 and some different excitation al-
within the abort gap quickly enough in order to give agorithms have been tried, while leaving the collimators
strong transverse kick to the beam present in the abort gaf, their nominal injection position. By exciting the par-
while leaving the beam outside untouched. The flat top afcles over 700 turns by using the vertical dampers, 54%
the kicker pulse within the abort gap may be modulatedf the particles are lost. Fig. 1 shows the initial distribu-
as desired. Modulating for instance at a frequency correon in the longitudinal phase space. In red are denoted the
sponding to one of the transverse tunes will resonantly extarting coordinates for those particles which will logt.
*Work partly supported by Fermilab, operated by Fermi Research AI--rhe particles with V(,:"ry |argé\p/p are |mmed|ately lost at
liance, LLC under Contract No. DE-AC02-07CH11359 with the Unitedt® momentum collimator, while theore is lost between
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Figure 2: Integrated losses vs. turn number for the injactio Kicking out _aII particles with horlzontal Qampers, for
case with reduced vertical kick Instance, required 35000 turns, i.e. 3 s (with the damper
' strengthreduced by a factor 10 for testing purposes). As

with amplitude. The largest dependence on amplitude [§€ time scale for abort gap filling ranges between 5 s and

in the horizontal plane: for a particle with 240 nm emit-25 S [1], this procedure seems feasible.

tance, or Courant-Snyder invariant, (larger emittancé-par

cles are intercepted by the collimators) the shift in tune is

AQ, ~5x10%. Chromaticity versus momentumis shown

in Fig. 4. The largest dependence on momentum is in the

horizontal plane, wherA (., varies between 810~ for

Ap/p =0, and 0.1 forAp/p =80,. To clean out the re- |

maining particles we have changed the kicking frequency |

in steps, each 700 turns long, so as to cover the whole range |

of particle tunes. Fig. 5 shows the number of particles ex- 5| ‘ ‘ M\‘u

tracted vs. damper excitation frequency, on the left by us- o . ‘MHM H 1 Hm H i M\ L.,
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tical ones. Losses are mopeoader distributed when the tune
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LUMINOSITY OPTICSAT 7TEV kept only particles outside the separatrix and with/p <

_ . ) . 0 to fill the momentum aperture; as mentioned above, this
During luminosity op_eratmn the collimators clqsest 195 the scenario expected during luminosity operation.
the beam are atdf that is, at 7 TeV, they are physically a By kicking, with full strength (0.03irad per damper),

factor~4 closer to the beam, while the dampers are a factgy 4 frequency corresponding to the nominal vertical tune,

:15lweakerthan at injection energy. namely 0.32, 72% of the particles are kicked out within
With 16 MV total RF voltage, the bucket area at 7 TeV,5 tyrns, The remaining particles could be removed in

is 2.5 eVs and the bucket height is 3:6B0~". The maxi- o steps, covering the range 0.315-0.319, within the first
mum energy spread ig, = 1.1x10~* and the rms bunch 250-300 turns.

length is 0.27 ns. o . If the horizontal dampers are used instead and modu-
At 7 TeV synchrotron radiation is not negligible; one canateqd with a frequency corresponding to the nominal hor-

expect the abort gap to be filled by particles with negativgontal tune (0.31 at luminosity) all particles are kicked o

Ap/p [1] only, the momentum collimator limiting the max- within the first 250 turns. The horizontal dampers are in

imum |Ap/p| to 1.7x10°. this case more efficient. This is due to the very small hor-

Fig. 6 shows the tune variation with amplitude for thgzontal chromaticity for negativép,/p within the momen-
luminosity optics including the measured magnet errorgm aperturéAp/p| < 1.7 x 10~3, see Fig. 7.
(triplet error/correction not included). The collimators

limit the maximum particle Courant-Snyder transverse in-

variant to about 16 nm. Within this range the tunes, espe- SUMMARY AND OUTLOOK
cially the vertical one, are quite constant. MAD-X has been used for simulating the abort gap
cleaning process of the LHC in presence of measured mag-
0.004 A, —— net errors. By resonantly exciting the particles at the romi
0003 | Aqy —— | nal betatron frequency, the cleaning of an already full abor
gap will require a few tens of ms.
0.002 ] Simulation results strongly depend on the relative lin-
earity of the machine. The non-linearity of the actual ma-
0.001 ¢ chine needs to be carefully experimentally checked and er-
0 ] rors corrected to provide optimum conditions for cleaning.
In case of unpleasant surprises, the results shown here
-0.001

for the injection case with reduced kick suggest that by us-
ing a fewbursts of kicks at fixed frequencies around the
nominal one will clean the abort gap in an acceptable pe-

. . _ ) riod of time.
Figure 6: Tune variation vs. particle emittance (by FFT of

Turn-By-Turn data, luminosity optics with errors).
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tracted the coordinates of 2000 particles from the 6D gaus-
sian distribution witho,, increased by a factor 6. We have





