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Abstract

The LHC upgrade to the HL-LHC foresees new challeng-
ing operational scenarios from the beam dynamics point
of view. In order to ensure good machine operation and
performance, the machine impedance, among other pos-
sible sources of instabilities like beam-beam and electron
cloud, needs to be carefully quantified profiting also from
the current LHC operation. In this work we present the
HL-LHC impedance model mainly focusing on the contri-
bution of low-impedance collimators and crab cavities: the
first reduces the broad-band impedance baseline thanks to
the higher jaw material conductivity, the second increases
the machine luminosity at the price of increasing the cou-
pled bunch stabilizing octupole current threshold. Other
elements like the injection protection absorber (TDI) will
be also discussed.

INTRODUCTION

In this work! we present the studies performed on the HL-
LHC impedance model focusing on the collimator and crab
cavities upgrade. In the first part we will discuss the need
of the collimation system upgrade focusing on the material
choice and the selection of collimators to be changed towards
HL-LHC [1].

In the second part we will study the impact of the crab
cavities high order modes (HOM) on transverse beam sta-
bility in single and coupled bunch regimes deriving a HOM
tolerance criterium useful in the crab cavity design and opti-
mization stage.

The last section presents a brief summary of the
impedance studies on other new or upgraded elements fore-
seen for the HL-LHC.

LOW IMPEDANCE COLLIMATORS

The collimation system represents at present the highest
impedance source in the LHC machine [2]. According to the
beam instability observations performed during 2012 [3],
an extrapolation of the brightness limitations for the future
HL-LHC beams revealed the necessity of the upgrade of the
collimation system [4—6].

The present LHC collimation system has a high impact on
the impedance budget especially considering the set of sec-
ondary collimators in IP3 and IP7 [7] made of Carbon-Fibre
Composites material (CFC, with resistivity p = 5 uQm).
Making use of new possible bulk materials such as Molyb-
denum (Mo, p = 53.5nQm) and Molybdenum-Graphite
(MoC, p = 1 uQm), and coatings of Cu, Mo or TiN, a set
of detailed simulations were performed in order to study
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the impedance impact of these materials [8, 9], their impact
on vacuum and their effectiveness in terms of cleaning pro-
cess [10]. At present, the most promising scenario satisfying
these constraints is replacing the LHC secondary collimators
with ones made of MoC coated with 5Sum of Mo.

The choice of coating only the IP7 or IP3 hierarchy, or
both, was studied in detail based on the present impedance
model. Figure 1 compares the bunch intensity versus emit-
tance curves obtained with DELPHI [11] simulations and
scaled with respect to the 2012 instabilities in the case of
M = 2748 equispaced bunches with o™* = 8.1 cm bunch
length, assuming the effect of a perfect (infinite bandwidth)
damper of 50 turns damping time, maximum octupole cur-
rent at 550 A with negative polarity at Q” = 15 units (with
Q' = £Q, where ¢ is the machine chromaticity and Q the
machine tune). The curves refer to different collimator sce-
narios: CFC secondaries as in the LHC, coated secondaries
in IP3 and IP7, coated only in IP7, or only in IP7 with IP3
secondaries further retracted. A beam is stable if the inten-
sity/emittance point is in the area below the curves: with
respect to the CFC scenario, already coating only the IP7
secondaries ensures enough stability and this can be further
improved opening the IP3 secondaries as a back up solution.
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Figure 1: Intensity versus emittance curves for different
secondary collimator coating scenarios. Intensity N;, versus
normalized transverse emittance €, points in the area below
(above) the curves are stable (unstable). The curves are
scaled w.r.t. 2012 instabilities.

On the way from the LHC to the HL-LHC, a subset of
secondary collimators in IP7 is being chosen for impedance
reduction after the next long LHC shutdown LS2 [12].

CRAB CAVITIES

In order to increase the luminosity in collision, 8 crab cav-
ities [13] (2 per beam/plane) will be installed in the IP1 and
IP5 triplet region. From the impedance point of view, the RF
Dipole (RFD) and the Double Quarter Wave (DQW) designs
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have been extensively studied and followed up already since
design stage [14—16]. The crab cavities impedance model
has been recently updated to include the latest version of
HOMs [17,18]: these can be potentially harmful to the beam
stability due to the very high S function (up to 3600 m for
the minimum S* of 15 cm) at the crab cavity location.

In order to assess the HOM impact on transverse single
and coupled bunch stability, we systematically studied the
effect of a HOM added to the HL-LHC baseline (i.e. with
low impedance MoC collimators coated with 5um of Mo
in IP7), with perfect 50 turns damper, Q’ = 5 units, vary-
ing the resonant frequency f,.s € [100 MHz,...,2 GHZ],
the shunt impedance R; € [100 kQ/m, ..., 100 GQ/m]
for a constant Q = 1000 to cover enough coupled bunch
lines (Af = fres/Q > frev, With f,., the revolution fre-
quency). The HL-LHC optics version is the V1.1 with
B = 15cm [19]. In this study we did not consider the
scaling of instability threshold to 2012 instabilities, there-
fore should be considered in relative.

Figure 2 shows the single bunch most unstable mode
growth rate as a function of the HOM mode frequency and
shunt impedance. As we can see, from a Ry ~ 1 GQ/m we
start exceeding the baseline impedance model.
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Figure 2: Single bunch most unstable mode growth rate as a
function of HOM frequency and shunt impedance Rj.

Each point of the curves in Fig. 2 can be Landau damped
applying enough current in the machine octupoles [20]. Con-
sidering, for example, a HOM with fixed frequency of 800
MHz, we can derive the octupole current (with negative
polarity) needed as a function of the R;. As shown in
Fig. 3, the current needed to stabilize the HL-LHC baseline
is Iper = 30 A. Adding a HOM will increase the octupole
current needed to provide stabilization.

Considering that the maximum achievable octupole cur-
rent is = 550 A, we can calculate the R, corresponding to a
given increase in the octupole baseline threshold. Figure 4
shows the DQW and RFD R/Q versus frequency and the
thresholds corresponding to a given increase in octupole
current Al,., € [10, 100, 1000] A over the baseline current
I,¢:: all the HOM would produce an increase Al,.; < 10 A
and are therefore acceptable.

A similar approach can be followed for the HOM induced
coupled bunch instabilities. Figure 5 shows the increase of
octupole current over the machine baseline corresponding
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Figure 3: Single bunch stabilizing octupole current as a
function of HOM R; at f,.s = 800 MHz.
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Figure 4: HOM of the DQW and RFD crab cavities and
corresponding single bunch thresholds for the increase of
octupole current over the machine baseline.

to Alyer € [10, 100, 1000] A: while all the RFD HOM are
below the 10 A threshold, the DQW 920 MHz mode exceeds
the 100 A threshold. Since the baseline octupole current is
I,c: ~ 30 A as in the single bunch case due to the effect of
the damper, the increase is still below the maximum octupole
current achievable. Nevertheless this would reduce the HL-
LHC stability margin unless the R/Q of the 920 MHz HOM
is opportunely reduced.

Figures 4 and 5 can be a useful tolerance criterium for
the crab cavities HOM optimization, as well as for other
equipment showing potentially harmful transverse HOMs.

According to the crab cavities mechanical tolerances, the
HOM frequency may vary within +3 MHz [21]. In order
to study the effect of the uncertainty on the HOM resonant
frequency on the octupole current threshold we performed
a set of 200 simulations of possible crab cavity HOM fre-
quency configurations on top of the baseline impedance
model accounting for the vertical crossing angle in IP1 and
horizontal in IP5, a uniform frequency spread witin +3 MHz
at Q’=5 units and stabilizing octupole with negative po-
larity. Figure 6 shows the case of 4 DQW in IP1 and 4
DQW in IPS: as predicted in Fig. 5, an octupole current of
Ioer + Alpe; =~ 120 A is obtained within 30% of the simu-
lated cases. The probability is related to the chance of the
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Figure 5: HOM of the DQW and RFD crab cavities and
corresponding coupled bunch thresholds for the increase of
octupole current over the machine baseline.

coupled bunch line to fall on the HOM, which is depending
on the Q of the mode. A higher current can be required in
the unfortunate case in which the same HOMs from different
crab cavities are aligned in frequency.
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Figure 6: Probability of octupole current threshold increase
for 4 DQW crab cavities in IP1 and IP5.

Details of 4 RFD cavities in IP1 and IP5, or the mixed
scenario of DQW in IP1 and RFD in IP5, can be found
in [16].

To complete the picture, Figure 7 summarizes the oc-
tupole stability threshold as a function of Q' for the HL-
LHC impedance model with CFC collimators and with the
baseline of low impedance collimators in IP7, considering a
possible DQW crab cavity HOM configuration in IP1 and
IPS5. As we can see, the impact of crab cavities provokes an
overall increase of octupole threshold, reducing the stability
margin of the HL-LHC: this could be improved reducing the
R/Q of the 920 MHz HOM of the DQW cavity. We remind
that these curves should be considered in relative as we did
not account for the scaling to the 2012 instabilities and for
other possible unknown impedance sources.

OTHER EQUIPMENT

Other elements are presently under study and optimiza-
tion such as the Y chambers, the new experimental beam
pipes (especially the new LHCb VELO which will be closer
to the beam), the 11T dipole and the new devices in the
triplet region: a new octagonal carbon coated beam screen
with 2 welds, stripline BPMs, new RF shielding for the
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Figure 7: Octupole threshold overview as a function of Q’
for the HL-LHC impedance model with CFC collimators
and for the low impedance collimators baseline, accounting
for the effect of a possible configuration of the DQW crab
cavity HOMs in IP1 and IP5. Curves are not scaled to the
2012 instabilites and are calculated for Nj, = 2.2 - 10'! ppb
ing, =25 umand o, = 8.1 cm.

bellows whose HOMs have been recently measured and
simulated [22].

Particular attention is being paid to the TDI redesign [23]
where both HOM and resistive wall impedance optimiza-
tion is taking place in design stage taking into account the
performance of the present TDI [24].

CONCLUSIONS

The HL-LHC impedance model has been intensely de-
veloped over the last few years, in particular concerning the
study of new low impedance collimators. The baseline fore-
sees new secondary collimators in IP7 made of MoC coated
with 5um Mo, replacing the present ones in CFC. Scaling
from the 2012 instabilities, which are not fully understood
yet, we showed that replacing the IP7 collimators would be
enough to ensure the stability of the HL-LHC beams. In
case of issues, opening the IP3 secondaries would further
increase the stability margins.

The impact of crab cavities on HL-LHC baseline with
low impedance collimators have been studied for the RFD
and DQW designs focusing on single and coupled bunch
transverse instabilities. We showed that, while there is neg-
ligible impact in single bunch, the octupole current needed
for coupled bunch stabilization would be increased by =~ 100
A at Q' = 5 (in the case of DQW crab cavities in IP1 and
IPS). This is mainly due to the 920 MHz mode whose R/Q
should be therefore reduced.

The impedance of other elements such as the RF fingers,
the BPM stripline monitors in the triplet region and the TDI
are being presently studied in order to be included in the
model.

ACKNOWLEDGEMENTS

The authors would like to acknowledge G. Arduini,
R. Calaga, R. De Maria and B. Xiao for the useful sug-
gestions received during the preparation of this work.

05 Beam Dynamics and Electromagnetic Fields

D04 Beam Coupling Impedance - Theory, Simulations, Measurements, Code Developments



(1]

[2]

[3]

[4]

(3]

[6]

[7]

[8]

[91

[10]

(1]

[12]

Proceedings of IPAC2016, Busan, Korea

REFERENCES

G. Apollinari, I. Béjar Alonso, O. Briining, M. Lamont, and
L. Rossi, “High-Luminosity Large Hadron Collider (HL-
LHC): Preliminary Design Report”’, CERN, Geneva, 2015.

N. Mounet, “The LHC Transverse Coupled-Bunch Insta-
bility”, PhD thesis, Ecole Polytechnique, Lausanne, March
2012.

N. Mounet et al., “Impedance and instabilities”, LHC opera-
tion workshop, Evian, 30 March 2014.

E Métral, “Initial estimate of machine impedance: Milestone
MS29”, CERN-ACC-2014-0005, Jan 2014.

N. Biancacci er al., “Update on the HL-LHC impedance
budget”, 4th Joint HiLumi LHC-LARP Annual Meeting,
KEK, 19 November 2014.

E. Métral er al., “Machine settings and operational scenario
from stability considerations for HL-LHC”, 4th Joint HiLumi
LHC-LARP Annual Meeting, KEK, 19 November 2014.

N. Biancacci et al., “Stability margins”, LBOC meeting,
CERN, 22 March 2016.

N. Biancacci et al., “HL-LHC collimator impedance studies
for IP7 and IP3”, COLUSM meeting, CERN, 8 May 2015.

N. Biancacci et al., “HL-LHC impedance and stability stud-
ies”, 5th Joint HiLumi LHC-LARP Annual Meeting, FNAL,
12 May 2015.

E. Quaranta et al., “Towards optimum material choices for
hl-lhc collimator upgrade”, presented at IPAC’16, Busan,
Korea, May 2016, paper WEPMWO031.

N. Mounet, “DELPHI: an analytic Vlasov solver for
impedance-driven modes”, HSC meeting, CERN, 9 April
2014.

G. Arduini, “Performance Limitations in LHC after LIU
Upgrade”, in Proc. LHC Performance Workshop (Chamonix
2016), Chamonix, France, September 25-28, 2016.

05 Beam Dynamics and Electromagnetic Fields

D04 Beam Coupling Impedance - Theory, Simulations, Measurements, Code Developments

[13]

[14]

[15]

(16]

(17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

MOPOR009

R. Calaga et al., “Crab Cavity Development”, Adv. Ser. Dir.
High Energy Phys., 24:137-156, 2015.

B. Salvant and R. Calaga, “Impedance aspects of Crab cavi-
ties”, HiLumi WP2 Task 2.4 meeting, CERN, 14 April 2014.

Elias Métral, “Initial Estimates of Intensity Limitations: Mile-
stone MS30”, CERN-ACC-2014-0074, Jun 2014.

N. Biancacci et al., “HL-LHC impedance and beam stability
in presence of crab cavities HOMs”, HL-LHC TC meeting,
CERN, 5 November 2015.

B. Xiao et al., “HOM impedance reference model v2”, EDMS
document n.1518298, 01 October 2015.

Z. Li et al., “RFD-cavl7f-HOM-gext-and-roq”, EDMS
document n.1523249, 27 June 2015.

R. De Maria et al., “HLLHCV1.1 Optics Version for the HL-
LHC Upgrade”, Rep. CERN-ACC-2015-0175, May 2015.

J. S. Berg and F. Ruggiero, “Landau damping with two-
dimensional betatron tune spread”, Rep. CERN-SL-96-071-
AP, 1996.

L. Xiao et al., “Modeling Imperfection Effects in Dipole
Modes in TESLA Cavity”, PAC07, Albuquerque, New Mex-
ico, USA (2007).

B. Salvant and E. Métral., “RF fingers: status of measure-
ments and simulations”, HiLumi WP2 meeting, CERN, 29
March 2016.

B. Salvant et al., “TDIS impedance: open questions and how
to address them”, HiLumi WP14 meeting, CERN, 14 January
2016.

N. Biancacci et al., “Impedance measurements and simula-
tions on the TCT and TDI LHC collimators”, presented at
IPAC’16, Busan, Korea, May 2016, paper MOPORO10.

ISBN 978-3-95450-147-2
609



