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Abstract 7 : : :
. Nominal'crossing
A small angle crab compensation@.5 mrad) is fore- ¢ L No crossing angle
: . S S i CC 400MHz wweessens
seen to improve the LHC luminosity independently of theg s CC 800MHz

IR upgrade paths to enhance the luminosity of the LHC§ 5, *
by 15% for the nominal and 43-62% for phase Il upgradeg
scenarios while naturally providing a luminosity leveling 3
knob. A joint collaboration initiated by LARP and CARE-
HHH has resulted in a global collaboration to establish ag
feasibility study for crab crossing in the LHC. This collab- ;; 2
oration is carrying out an intense R&D program to designé
and fabricate superconducting RF (SRF) prototype cavity§ 1
at 800 MHz to test several SRF limits in the deflecting ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
mode. If the prototype is installed in the LHC, it can be 01 015 02 025 03 035 04 045 05 055
used for a first demonstration of crab crossing in hadron B m]

beams and understand potential emittance growth mecl]_q—
nisms due to crab cavities. This paper discusses optioB
and limits for a safe demonstration experiment.

Dramatic Benefit in Geometric Luminosity with CC
(Reduction Factor from RF Curvature Included, 6, CL/VB )

Dots are tracking results from GUINEA-PIG
(" reduction more promising

maliz

Nominal LHC with CC
(10-15 % more)

ure 1: Luminosity scope showing the dramatic benefit
the crab compensation at small&r. Note that the effect
of RF curvature of the crab cavities is included. The dots

represent tracking results from GUINEA-PIG [6].
INTRODUCTION

The proposed crab crossing scheme for the LHC phaggyc phase | upgrade (circa 2013). The first prototype test
I & 1l upgrade aims to extend the luminosity reach by api the LHC is vital to realize and exploit the concept of crab
proximately 43-62% fo3* = 25 cm and even larger for «qssing for the future upgrades of the LHC (see section
smaller5* [1, 2, 3, 4]. Fig 1 shows a plot of the lumi- 4ngq Appendix B). The time line of this R&D study is de-
nosity gain as a function of reduced for the LHC with  picted in Fig. 2. The initial study began under CARE-HHH
and without crab crossing. The effect of crab cavities beg, | ARP networks which evolved into a global collabora-
come clearly evident when the curves with crab crossing {gn, including several institutions around the world. Supe
compared to the red curve resulting from an upgrade withsongycting deflecting structures and associated chatenge
out crab crossing. The complete recovery of the geometyye gained considerable attention in the recent years due
ric loss is not realized due to the finite RF wavelength iy their application in hadron colliders, light sources, B-
the crab cavities which can be characterized into a RF I'eyctories and future electron-ion colliders. Some relévan

ductiqn factor [5] This reductiqn factor is smalllfor. ?ma”parameters of the LHC for both nominal and upgrade op-
crossing angles{1 mrad) but it may become significanttjos are listed in Table 1.

for larger crossing angles at higher frequencies [4]. In ad- pye to several technical and physical constraints posed
dition the cavity voltage provides a natural luminosity-lev py, the | HC and the available RF technology, the first pro-

eling knob highly desired by the physics experiments tgyy e test will utilize a reduced number of RF structures

maintain a constantllur_nlnosny during a physics store angt goo MHz in a special global crab scheme. This proto-

improve the overall lifetime. type test will not only demonstrate the first crab crossing in

This large potential has initiated an intense R&D propagron colliders, but: The prototype test among many tests
gram to establish a proof of principle in time frame of they| probe:

*We acknowledge the support of the European Community-Reisea . . L .
Infrastructure Activity under the FP6 "Structuring the Bpean Research » Highest RF surface field limits in the deflecting mode

Area” program (CARE, contract nhumber RII3-CT-2003-50689F his to reach the nominal 2.5 MV kick and beyond.
work was partly performed under the auspices of the US Degeautt of ) ) )
Energy e Achieve very strong LOM-HOM damping with a
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Table 1: Some relevant parameters for the LHC nominal andagiegattices.

Parameter Unit Nominal Phase | upgrade
Circumference [km] 27 27
Beam Energy [TeV] 7 7
Number of Bunches Ny 2808 2808
Protons/Bunch [101] 1.15 1.7
Average current [Amps] 0.58 0.86
Bunch Spacing [ns] 25 25
Norm Emmit:e,, [pm] 3.75 3.75
Bunch Lengthg. (rms) [cm] 7.55 7.55
Betatron Tunes - {64.31,59.32 | {64.31,59.32
Beam-Beam Parametér, per/ip 0.003 0.005
Effective Crossing Anglef. | [prad] 285 445
Piwinski Parameter &5 0.64 0.75
Main RF Frequency [MHZ] 400.79 400.79
Harmonic Number 35640 35640
LUM05 ardoss) LARP (AL e Measure collimation efficiency in the presence of a
KEK-B Not Started Yet global crabbed beam and associated impedance to de-
1 termine an optimized configuration.
Lhe G rosn Prosed e Test the feasibility of luminosity leveling in conjuc-

KEK-B Not Started Yet

tion with experiments.

ol Angls Gt Scheme. KEK-B PERFORMANCE
KEK-B CCs Su fully C
KEK-B CCs observes . . . . .
o successfu issioni ssing i -
| hen expect The successful commissioning of crab crossing in KEK
Fr08 - Lic-Ccos CERNLARP B was the first ever demonstration in a very high current
-t FY09 - FY13 — et — e~ collider operating in an unprecendented beam-
Cryomodule R&D, Simulations, Fabrication . . .. .
wec, swerkek-s,Lc. .| peam parameter regime. This was a critical step in estab-

lishing a road map towards the LHC crab cavities. Over
Figure 2: Timeline of the crab crossing proposal for the period of 10 years, the KEK-B team overcame several
LHC from 2005 to present. technical challenges to fabricate and commission the RF
structure. The complex coupler assembly consisting of a
movable beam pipe coxial antenna (see Fig. 3) in supercon-
complex configuration of couplers in superconductin l.J(.:ting environmgnt provedto b(_a a major challenge. Some
environment to minimize the impedance of the cavi- |t|al_ problems with the mechamcal g_ssembly for the LER
ties and alleviate beam instabilites. coaxial coupler was fixed using additional support but the
maximum voltage reach of the LER cavity was below the
e Engineer a compact cryomodule to adapt to the tigtdesign specification.
LHC tunnel constraints. Special cryogenic pumping
within the cryostat maybe required to operate at 2 K if

Input Coupler

nedeed. L
o First demonstration of crab crossing in a high energy e |
hadron collider - v
o
e Measure RF phase noise and corresponding feedbac| = ™ \
mechanisms to determine the stability thresholds ir

the presence of the crab cavity. Comia cauler

e Measure emittance evolution, luminosity increasefigure 3: Schematic of KEK-B crab cavity (courtesy
lifetime during injection, energy ramp and collisionY. Morita).
energies.
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The beam commissioning of two cavities (one per ringing concluded to being a single bunch effect. With several
lead to several crab cavity specific experiments that are experimental observations and corresponding simulations
ther partially or directly relevant to the LHC. It should beit was concluded that the machine optics coupled with dy-
noted that KEK-B operates at a Pwinski angle very siminamic beam-beam could be the main reason for such an
lar to that of the LHC and beam currents and beam-beaeifect. The LHC will operate at beam-beam parameter of
parameter exceeding the LHC specifications. Howeveapproximately a factor of 5-10 smaller than KEK-B, hence
the electrons provide natural synchrotron damping whicmaking such effects a non concern [9]. In addition LHC
makes it less sensitive to external forces with a larger timieas round beams at the IP making it significantly less sen-
scale than the damping time. The cavity trip rate was unssitive to small optics errors compared to KEK-B.
ally high (approximately 1-3 per day) for the two cavities at
different stages of operations which needs considerable i __ 30
provement for reliable operation. The cavity trip at présen < "
results in a beam abort which is disruptive for the experi-= 29[+ * &
ments but a scheme to restart the cavity without beam abo=
is under investigation [7]. The turn-aroundtime inthe LHC & ¢
can be 5-10 hrs [8]. Therefore, cavity trip rate is one of the 2 15| .
most critical items for the LHC cavities and has to be con- 5
trolled to an extremely small level. ]

Both cavities in KEK-B reached high current physics op- %E
eration (1.62/0.9 Amps) without any serious instabilities £
The LER cavity was operated below the design voltage
due to degradation of voltage and a remedy by warming)
up the cavity and reconditioning during a shutdown perioa

proved to be ineffective. The magnetic op_tics was chang gure 5: KEK-B physics run with luminosities and life-
to compensate for the lower voltage which subsequently < o1 a 8 month period. The crab crossing was im-

resulted in aperture limit. A new optics design should rem{)lemented with high currents 1.62/0.9 A for the HER and
edy the aperture problem with the appropriétiinction at LER respectively [7]

the crab cavity. Fig. 4 shows KEK-B physics run with lu-
minosities and lifetimes with crab crossing over a 8 month
period. The HER and LER currents were 1.62 A and 0.9 A
respectively.

|
beam-beam simulation
(IL/1,H = 7/4)
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LHC SCENARIOS

The luminosity increase solely from crab cavities is
expected to be in the range of 12-18% for the nominal
LHC (5* = 55 cm) and 43-62% for the upgrade with
5% = 25 cm for cavity frequencies of 800-400 MHz respec-
tively. Due to space constraints and technical ease, algloba
| scheme at the LHC is considered as the best choice for the
first test of crab crossing in hadron colliders. At present
R I ml TN I only the IR4 region, currently hosting the LHC main RF,

ﬂ' i , i has a special dog-leg to horizontally separate the two beam
a.5apacing” TR 208 enecing G T8 - g lines to 42 cm. Elsewhere, the beam-to-beam separation is

only 19 cm which makes it impossible to place 800 MHz

Figure 4: KEK-B physics run with luminosities and life- RF structures. The 800 MHz upper limit was chosen as

times over a 8 month period. The crab crossing was inthe best compromise between the LHC bunch length and

plemented with high currents 1.62/0.9 A for the HER andransverse dimensions of the cavity.

LER respectively (courtesy Y. Morita). In this scheme the cavities are placed in the accelerating
RF section (IR4, see Fig. 6) to provide head-on collision at
one of the interaction points in the LHC (I®r IP5). Cur-

Although the crab cavities were commssioned and irently the space available in IR4 is reserved for capture cav
daily use, the luminosity increase predicted by simulationities which maybe required for high intensities [10]. How-
at high currents was not realized. Fig. 5 shows the sysver, a scheme to incorporate both the crab cryomodule and
tematic degradation of both luminosity and lifetime withthe caputure cavities is under investigation. The luminos-
increasing currents. An asymmetry in the beam lifetiméy increase may only be marginal(0%) with nominal
with positive and negative offsets is observed which is naiptics (3* = 55 cm) and technical limits on the avail-
understood. Although, the root cause of luminosity slopable number of cavities and the desired crab optics may
is not understood, experiments using different bunch spalimit this reach. Therefore, scenarios specific to the pro-
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OPTICS & FLEXIBILITY

Two locations of 3-5m length along with the optics func-
tions as depicted in Fig. 8 have been identified as poten-
tial locations that can be used unless the capture cavities
originally foreseen for these points become essential for
LHC operation [10]. At present a solution to accommo-
date both the capture cavities and the crab cryomodule on
the beam line. IR4 also provides another significant ad-
vantage as the existing RF infrastructure can be adapted to
the crab cavities including the cryostat design, wavegyide
power sources, cryogenics, water cooling and RF controls
while conforming to LHC technical and mechanical speci-
fications.

Figure 6: LHC crab crossing phase 0/I scenario anticipated

in the time frame of the phase | upgrade.

totype test to enhance the effect of the crab crossing usi
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a special machine setup will be required to unambigously
prove the benefit of larger than 10% which is discussed in
section . The subsequent step after the prototype demon-

100

Potential Location (Global CC

-0.2

stration will closely follow the upgrade path envisioned fo

phase Il of the LHC which will entail a complete redesign

o PAN

e '8 i ot T e

9.7 9.8 9.9 10 10.1 10.2 10.3
Longitudinal Position [km]

of the interaction region. Two of the proposed paths (early

separation and full crab crossing) require four crab struc-, _ ) ) ) ]
tures (see Fig. 7) placed in the interaction region to steer t Figure 8: Nominal optics and magnetic elements in the IR4

beam into head-on collisions. After the initial proof ofipri

region of the LHC. The two green blocks represent the po-

ciple during the phase | upgrade, this upgrade is expectedtﬁi‘tial locations {10 m) for cavities in the global scheme.
realize the full potential of crab crossing and increase the

luminosity upto 62% for 25 cn* or larger for decreas-

As seen in Fig. 8 thg-functions at these locations are

ing 4*. In addition the natrual luminosity leveling possibleapproximately 100-200 m and cannot be increased beyond

with crab cavities will aid in providing a long lifetime with

300 m with current magnet setup due to aperture con-

almost constant luminosity which is highly desirable by thé&traints. This optics would require in excess of 9 MV kick

experiments.

_—
=

Quad First (Common, ~O.3—06 mrad)

which is impractical both from both technical aspect and
physical available space for the prototype test. A simple
solution proposed by K. Oide to invert the polarity of the
quadrupole limiting the aperture can easily increase the
Boce further [2]. Therefore, a special optics compatible
with 25-55 cm* and the available 2.5 MV kick from a
single cavity is underway [11].

The transverse kick voltage required is

2¢Eq tan (6./2) sin (p:/2)
WRF\/WCOS (wfc—»ip - ,uz/Q)

whereF is the beam energyrr is the RF frequency of
the cavity,G...», andg* are the beta-functions at the cavity
and the IP respectively;;. ., is the phase advance from

the cavity to the IP andg, is the betatron tune. There-

V;’rab =

1)

Figure 7: LHC crab crossing phase Il scenario anticipatefdre, phase advance between the crab cavity and the IP is
in the time frame of the phase Il upgrade. Two crab stru@n important parameter. Fig. 9 presents the tuning range of
tures are shown on one side of IP to crab and anti-crab titfee betatron phase advance in the nominal LHC. The fig-

beam in the IR region.

136

ure shows the horizontal and vertical phase advances per
arc cell, respectively. The red line delimits the accessi-
ble values of the phase advances as constrained by aper-
ture limitations and the nominal closed orbit and aperture
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assumptions for the LHC within the cell. A tighter aper-
ture cut would yield the area within the blue line. A wide
range for phase advance tunability is available when usir
the usual aperture assumptions for the LHC thus providir
good margin for operation and the cavity voltage.

Separation scheme

Cell45 COR,,,=0.004, dp;;,,=0.0015

0.27
0.265
0.26
0.255
0.25
0.245
0.24
0.235

0.23 SEREREE Ay - _ _ .
0.23 0.235 0.24 0.245 0.25 0.255 0.26 0.265 0.27  Figure 10: Schematic of the crab crossing scheme for the

Hy phase Il upgrade of the LHC. The transverse separation
with the aid of D; and D> magnets can be upto 27 cm
Cfé)r a longitudinal space of 20 m.

Horizontal axis [m]

Hy

0 50 100 150
Longitudinal location [m]

Figure 9: Tuning range of the LHC betatron phase advan
The horizontal and vertical axes of the plot are the horizon-
tal and vertical phase advances per arc cell with the LHC
operating point marked in a square. Table 3: Comparison between the nominal and upgrade op-
tics functions and the corresponding voltages required to
For the phase Il upgrade the interaction region scenariesmpensate the crossing angles at the interaction point.
are under study for several years. A new proposal to push

the D, magnet away from the IP to improve matching of the | Par Unit | Nominal [G] | Upgrade [L]
IR section and the aperture of the long straight section [12] | IP{1.51 87 | [cm] 55(25) | 25(15:s,cc)
This change is naturally favorable for crab cavity upgrade | fc [mrad] 0.3 0.44 (0.58)
as the additional space between the dhd D, magnets Beco [km] 0.8 3.0

is available for the cavities and other instrumentation. In | CC \Volt [MV] 4.7 (10.5) 3.5K5)

the crab crossing scenario, two additional magnetsdnd

D> (see Fig. 10) are placed as easy add-on to maximize

the space between the beams to about 27 cm separation , , o o

for approximately 20 m logitudinally. Beam pipe apertureé’onages requ_lr_ed. Tracking studies in the LHC indicate
and magnet parameters for the scheme proposed in Fig. ! t cr_ab cawglestfnhtincehsynch_ro-betratron resonances,
are listed in Table 2. Although optimization of the magnef! Particular 37, 5%, 6", 7 Qs sidebands, which may

parameters are not final the initial fields and apertures welAV€ an impact on particle stability. Some of the danger-
within the reach of the existing NbTi technology. ous synchrobetatron resonances couldbe- Q, + 6Qs,

Qz + 2Q, + 30Q,, etc... Detailed simulations are under-
way to investigate the effects of these sidebands on long
Table 2: Beam pipe apertures and magnet requirementstérm stability and beam lifetime. Preliminary simulations
the crab crossing scenario including the additional @&nd indicate that global crab crossing scenario reduces the dy-
D,> magnets. namic aperture but is still well above the typicals1vel

(see Table 4).

Magnet| Ap-H[mm] | Ap-V [mm] | Tesla| L [m]

D, 134 110 7 10

Dy, 106 20 7 10 PROTOTYPE CAVITY & COUPLERS

D12 78 60 4 10 The cavity geometry first originated from an initial 400
D2 69 53 3.85 | 10 MHz design via a geometrical parameter scan to reach

semi-optimal RF characteristics for the deflecting mode.
After scaling to 800 MHz, additional optimizations were

Since thes-functions at the IR region are quite largeperformed on the 800 MHz cavity to arrive at the two de-

(~4 km), the required voltages for the phase Il upgradsigns shown in Fig. 11. A third design was carried by the
are quite similar to that required in the phase | prototyp&lK group to reach lower surface fields with larger aper-
test. Table shows a comparison between upgrade optitses. In this design the beam pipe aperture is larger than
and the nominal optics functions and the correspondirtfe cavity iris to match the impedances in dipole cavity and
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Table 4: Dynamic aperture table for both 400 MHz andrable 5: Three optimized geometries for two-cell 800 MHz
800 MHz crab cavities compared to the nominal LHC andlHC crab cavity geometry.
low beta upgrade option. The DA is calculated based on

survival beyond the T0turns. Parameter Crab Cavity
BNLv2.2 | SLAC | CI/DL
error=+0.50 Nominal LHC | LowBeta Frequency [MHZz] 800 800 800
No CC 16.0 15.9 Iris Radius,R;,;s [cm] 7.0 7.0 7.0
Local 400 MHz 14.1 155 Beam Pipe Radius[cm] 7.0 7.0 9.0
Local 800 MHz 14.7 16.0 Wall Angle, « [deg] 6.0 0.0 -
Global 400 MHz 12.1 14.3 Iris Ellipse,r = &/ 2.0 0.8 1.0
Global 800 MHz|  13.0 124 Eq. EllipseR = & 08 | 10 | 1.0
Apcc—ip 0.278 0.239 Cav. wall to iris, d [cm] 1.0 3.375 -
1 Cell, L = 22[em] 9.375 | 9.375| 9.375
Eq. Height, D [cm] 23.8 233 | 23.1
) o . Cavity Beta,3 = v/c 1.0 1.0 1.0
increase the voltage [14]. The optimized geometric and

the corresponding RF parameters are shown in Table 5 and
Table 6 respectively. The large aperture was fixed based on
the local scheme proposed in Fig. 10 since phase Il upgradiable 6: RF characteristics of the two geometries for a kick
may use the same elliptical design if an alternate compagtadient of B,;., = 6.6 MV/M (Lgctive ~ 37.5 Cm).

design is not available.

Parametery  Unit Crab Cavity
w0 | | | | | | BNLVv2.2 | SLAC
Ema B Epear MV/m 22 30

o ] Bpeak mT 103 87

10} j R/Q. Q 112 118
g ol E 8 [ kH V/pC 0.54 0.43
2 k. VIpC/m | 2.635 | 2.164

a0l

20 BNL Ver2.1 — |

30 ‘ ‘ ‘ ‘ L StAGVer — In the transverse plane the natural frequency spread,

0 10 20 30 40 50 60 70
z [cm]

chromaticity, bunch-by-bunch transverse damper and Lan-
dau octupoles should also damp potentially unstable modes

) ) ) above 2 GHz. The stability limit from Landau octupoles at
Figure 11: 800 MHz two-cell cavity from crab crossing for; tav/ can be formulated in terms of a maximum limit on

the LHC. An alternate version optimized by SLAC groupne shifts (REAQ} < 3 x 10~4, IM{AQ} < 1 x 10~4).

(blue, geometrical parameters courtesy L. Xiao, Z. Lipggsimistically assuming that the sampling frequencs fall
achieves lower surface fields. on the resonance,

Typically, a finite wall angle of 6 or larger is preferred ZyCy
for cavity treatment. Fine tuning may be required to meet Ronr < roMN,f3 [Im{AQ} 40 (4)
the final requirements related to surface fields, multipacti
and coupler geometries. Table 7 lists the corresponding tolerances.

The LHC impedance is dominated by the numerous col-
limators but additional impedance (both narrow band and
broadband) from sources like crab cavities need to be min-

imized. It is estimated that single and coupled-bunch lon-

Table 7: Impedance tolerances estimates.

gitudinal modes above 2 GHz will be Landau-damped dyeParameter Unit | Longitudinal Trans

to the frequency spread of synchrotron oscillations. Foler Inj Top

ances can be set by estimating the impedance requiremen@oup bunchR,;, kQ | 137 | 196 | <2MQ/m

given by [15, 16, 17], Coup bunch, Q,; < 200 -
Broadbandim{Z/n} | Q | 0.24] 0.15 -

2
Ry < 2 (é) 2o oot @

elof? \ E ws for To reach these tolerances of mode quality factors, three
Z nE (A 7 Aws designs have been proposed to strongly damp the lower or-
Im|—) < L2 \E) . for. (3) " der TMyy0, same order T, and the rest of higher order
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modes. Fig. 12 shows schematics of three designs with t A RN R e S FNAL Mushraem Gavity
associated couplers concepts to damp the different mod
A merit sheet is under construction to evaluate the variot

~H-HOM
operating mode
below cutoff spoke-cell

LOM/SOM
~

EUCard,UK-JLAb BNL TMO10, BP Offset  KEK Kota Cavity
Rod Structure .

6

: Figure 13: Compact structures by various groups around

E-field the world partipating the crab cavity collaboration to de-
s v _ velop novel concepts for low frequency deflecting cavities
in a compact form

Figure 12: Three cavity-coupler concepts (LARP, KEK- . _ .
B, UK) to strongly damp LOM, SOM and HOMs in the ® A FNAL mushroom type cavity which uses the typi-

elliptical cavities to reach the tight tolerances put fdsth cal concept of the elliptical cavities but with dramatic.
the LHC instability thresholds. bends to reduce the transverse size. This structure is

also prone to heavy multipacting near the bend regions
which need detailed study and a similar struture is un-

pros and cons of the different designs based on RF per- der testing but at higher frequencies.

formance, maximum surface fields, damping limits, mul-
tipacting, mechanical complexity, fabrication, cavitgar e A UK design of the original JLAB type double rod
ment, cryostat, assmebly, coupler based tuning and opera-  structures. The original design consisted of cylindrical
tion complexities to down select a single prototype design.  rods which were sensitive to mechanical resonances,
The final design could also resultin a hybrid of the existing  so conical cross sections for the rods are employed to
concept. improve mechanical stability.

COMPACT STRUCTURES e A BNL proposal to use Ty mode in the conven-
tional pill-box struture but with offset beam pipes

Due to the very tight transverse size constraint posed by close to the cavity equator to utlize the kick from mag-
the LHC along with the long bunch length (7.55 cm) of the  netic field of this mode. Although the concept is con-
protons, 800 MHz was found to be the best compromise. ceptually simple and HOM damping relatively sim-
However, lower frequencies is preferred as the crossing an- pler compared to the other designs, the large offsets
gle is increased further which calls for compact designs. in the cavity may lead to higher order cavity modes to
As aresult a number of groups from the crab cavity collab-  couple to the beam very strongly which is not desired.
oration have proposed novel designs towards a more trans- Additionally, the non-zero longitudinal electric field
versely compact design at 400 MHz (see Fig. 13). needs to be compensated. Multipacting needs careful

Some of the different compact concepts under investiga- to be evaluated in such a configuration.

tion are: . .
e A KEK proposal to use a similar pill-box type struc-

e A SLAC design aiming a}—wave structure (typically ture but with beam-pipes mounted transversely to the
referred to as;-wave structure for the T, mode). cavity as opposed to the nominal pill-box. In this con-
A similar design is under fabrication for use in RHIC figuration the transverse electric field is use to deflect
to improve the losses at transition and collision energy  the bunch and special nose cones are required to shield
operated at TMyo mode. It maybe possible to drive the magnetic field.
this structure when installed in the deflecting mode to

probe several issues related to hadron colliders. The compact designs are potentially critical for the phase

Il upgrade where the maximum space even with a redesign

e A spoke structure operated at the deflecting modef the IR is smaller than in IR4. Since, the time scale of the
This structure although mechanically stable has stronghase Il upgrade is approximately 9-10 years, there is suf-
multipacting issues and kick gradients are typicallyicient time to evaluate the merits of the several proposed
smaller than the elliptical counter parts. concepts and prototype them to define a final candidate to
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replace the conventional elliptical cavity. Simultandgus
it is expected that the frequency of the compact design wi
be lowered to 400 MHz or smaller while maintaining thej
same transverse profile. B

IR4 & CRYOSTAT

The complex structure of the cavity-coupler geometr
with the tight LHC beam line constraints make the cryo
stat design challenging. Fig. 14 shows the present layout
the IR4 region and the anticipated location for the crab cry
omodule near the ACN capture cavities. In addition to thé
cryostat, the infrastructure to support the cryomodulanee
significant R&D. It is anticipated that the present 4.5 K he
lium line supply to the main RF will be extended towards
the ACN cavity region to supply the crab cavities. There
are some disadvantages from operating at 4.5 K like high&igure 15: Schematic of the ACN capture cavity region
losses, microphonics from boiling helium and lower gradiwhich could be potentially be used for the crab cavities.
ents which need to be evaluated. If the evaluation mandatdssolution to accomodate both ACN cavities and crab cry-
a 2 K operation, the cryostat will be equipped with speciabmodule is under study.
dedicated pumping system along with additional thermal
shielding.

ation, power systems, RF transmissiong lines, water cool-
ing and additional support infrastructure are under study

Extend the line

6K Gyzgenic e Point 5, and need to comply to CERN standards. A preliminary
m— cryogenic qircuit linked to Fhe QRL for.4.5 K operation is
shown in Fig. 16. The helium return line goes to 20 K at
o — 1.3 bar. A back pressue control valve is required to pre-
vent pressurizing the helium vessel since this line serses a
a magnet quench heater which can potentially reach 20 bar.
Extend the line A similar circuit also exists for 1.8 K operation where 5 K
Point 3 N helium at 3 bar is drawn from the transfer line to generate
ADT 1.8 K saturated helium in a manner similar to the magnets.
. A relief valve and a rupture disk is required for the helium
9m 3-4m vessel either at 300 K or optionally at 20 K. The 20 K con-

nection is not desired due to potential leaks into the low
. o pressure helium vessel. An additional relief valve shown in
Figure 14: Layout of the current IR4 region in the LHC.jq 16 at 300 K would also be needed to lower the pressure
The ADT and ACN locations are the anticipated damperg, the collection line. The relief valves required to prdtec
and capture cavities where the crab cryomodule is antiGka helium vessel is already in place for crypgenic line pro-
pated to be located. viding the main RF cavities. If the same 4.5 K helium sup-
ply line is utilized for the crab cryomodule, pressuring of

Even with the special dog-leg in the IR4 section, thgejium vessel is not a significant issue and interface to the
beam lines are separated to a maximum of 42 cm. Thigap cryomodule will be modified accordingly.

requires that the second beamline to pass through the cryo-

stat similar to that of the main RF. Therefore, cavities for APERTURE & COLLIMATION

both beam lines along with their helium vessels and mag-

netic sheilding should fit within the allowed 42 cm com- The tight aperture constraints imposed by the LHC col-

fortably. Additionally the beam line closer to the tunnellimation system for machine protection and quench pre-

wall (see Fig. 15) has another constraint due to the largention leaves very little or no margin for additional aper-

cryogenic line passing through at approximately 42-45 cnture [18]. Some of the main reasons for such tight toler-

This requires a special design for the cryostat to be absnces and constraints are:

to accomodate the magnetic and thermal sheilding and the

outer shell to fit within the available 42-45 cm space. It

should be noted that the length of the cryostat is also very

restrictive -3 m) if the capture cavities are required for e Therefore, the LHC collimators must sit very tight

LHC operation. on the beam to provide good passive protection and
The cryogenic supply, safety, protection, vaccum, radi-  cleaning for the elements in the machine.

e The LHC nominal beam has 360 MJ of stored energy
which is confined in a superconducting environment.
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70 K thermal shield (may be optional)
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e As a consequence, the 6D phase space must be wel
defined such as tolerances on relative settings and re-
traction.
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e Off-momentum beat is important and is being ad-

dressed [4] Larger off-momentum beta beat with up-. ) ) :
grade optics. Figure 18: Top: 5-beat of a &, particle for a globally

crabbed beam compared to a particle at the center of the
e A global crab cavity scheme will further complicatePunch. Beta beat of particle with momentum deviation of

the situation, potentially to the point where collima-10sp/, COMpared to synchronous a particle.
tion and machine protection break down. Detailed
studies are required.

N cial powering of all arc sextupoles and optimizing phase
e Interference between the local crab cavities and colldvances between the arcs [19].

mation in experimental insertions must be analyzed. ¢ e sudies wil investigate in more detail the possi-

A global crab scheme would approximately require alhpili';ies to tes_t the glob.al crab schgme with th_e_LHC be_ams,
additional 0.6 of aperture (see orbits in Fig. 17) to ac_v_vhlle ensuring machine protection and efficient collima-
commodate the tilted bunch. The horizontal retraction dfon at all times.
the collimators would be reduced with the consequence of
even tighter tolerances and perhaps larger losses [20]. The
impact of the global crab scheme on LHC collimationis un-PHASE NOISE & EMITTANCE GROWTH
der study to define the exact retraction and associated tol-
erances. Fig. 18 shows the additional beta-beat for a glob-Several sources of emittance growth due to imperfec-
ally crabbed beam with nominal LHC parameters which isions of crab compensation have been identified. The re-
compared to the off-momentufibeat. The crabbed beam quired amplitude (or voltage) jitter tolerance is approxi-
(-beat is approximately a factor of 10 less and is not foranately 0.04% which is 4 times more relaxed than com-
seen to be an issue. However, the tolerance imposed pgnsation possible with available low level RF technology
large off-momentun-beat is very severe. Mitigation of (~ 0.01%). However, phase jitter from the RF sources can
this 5-beat with appropriate optics solution is essential fobecome a major concern especially for high frequency or
any IR upgrade scenario. A solution which significantly rewhite noise type spectrum. A phase error in the RF wave
duces the off-momentum beta beat at the collimators (dowsauses an offset of the bunch rotation axis translating into
to 5* ~ 0.2 m) has been recently been developed by spe-transverse offset at the IP as shown in Fig. 19. The offset
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at the IP is given by

cl.

WRF

Azrp = 8¢ %)

whered. is the full crossing angle antd is the phase error.

Figure 21: Spectrum of the KEK-B crab cavities during op-
eration with a. frequency span of 200 Hz (left) and 200 kHz
(right). The main frequency line is modulated by the side-
bands which are approximately -60 dB and -80 db below
the main line (Courtesy KEK crab cavity group).

Figure 19: RF phase jitter of the crab compensation results
in a transverse offset of the bunch at the IP. Simulations were performed including beam-beam off-
set (weak-strong) with frequency dependent noise like the
This random offset at the IP coupled with beam-beam i@nes in Fig. 21. Fig. 22 shows the emittance growth as a
potentially severe. In addition the phase jitter can lead finction of the amplitude for three different sine like ef-
random dipole kicks to the beam which can lead to evef§cts similar to the ones observed in the KEK cavities. A
more severe emittance growth. For nominal LHC upgrawadratic fit to the 32 KHz (One of the fastest frequencies
parameters and 2 IPs using 800 MHz crab cavity, Fig. 20Pserved in KEK-B) line suggests a maximum tolerance
shows the luminosity evolution with varying random un-0f dnoise &~ 6 x 1072 m corresponding to an emittance
correlated phase noise (white noise) [9]. These strongrowth of 1% per hour. The measured amplitude of -80db
strong beam-beam simulation indicate 0.1% noise tolefanslates to an IP offset 6fx 10~'* m which is an order
ance for 1-day luminosity lifetime for fast noise (or white0f magnitude smaller than the maximum tolerance for 1%

noise) which is pessimistic. Measurements of the phase jgMmittance growth per hour.
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Figure 20: Luminosity evolution for varying random un-  10° . Frog 1 KHe -
correlated phase noise with nominal LHC parameters, 2 IPs | ‘ ‘ ‘ ‘ ‘ Freq: 32 KHz
and 800 MHz crab cavity o e 1 1s 228 3 384

o [x 10 m]

N _ Figure 22: Simulated emittance growth for a beam-beam
ter from the KEK-B crab cavities show that the noise moduoffset at two IPs modulation at different frequencies (1 Hz,

lation is not “white” but has a frequency spectrum as showlkKHz, and 32 KHz) at the IPA* = 0.25m) as a function
in Fig. 21 (courtesy K. Akai). Sidebands of -65 db belowpf the modulation amplitude.

the main RF signal (509 MHz) are visible in a 200 Hz span

(32Hz, 37Hz, 46Hz, 50Hz, 100Hz) and sidebands of al-

most -80db down are visible in a 200 kHz span (32 kHz,

64kHz). A wider span of 3MHz show no visible sidebands Also, simulations in Ref. [22] and as seen in Fig. 20
above the noise level. In addition recent measurement suggests that the tolerances can be relaxed linearly with
KEK-B with artificially injection noise from the crab cav- the correlation time of the noise source. Since slow noise
ity at specified frequecies indicate a clear beam blow ugources are generally dominant, the phase tolerance should
only very close to the betatron sidebands with noise level® much less stringent than and be compensated with RF
that more than 30 dB larger than that measured from thechnology available today. In addition a active transvers
cavities in nominal operation with high intensities [23].  feedback should relax the requirements further.

142



HHH-2008 PROCEEDINGS

OPERATIONAL ISSUES at collision. The cavity is ramped up and then later

ramped down to ensure that the any growth from nu-
merical noise of coordinate transformations are not at-
tributed voltage ramping. These simulations indicate
that a voltage ramp of 10 turns are larger is sufficient
to preserve the emittance. Superconducting cavities
operating at high Q’s naturally take time to ramp their

voltage and hence a non-issue.

The operation of the prototype cavity with beam requires
a well defined scenario(s) for the test which is designed to
test various RF and beam related aspects with crab cross-
ing in the LHC. A workshop to focus on the validation re-
quirements was held on August 21, 2008 at CERN which
resulted in several recommendations towards establishing
successful test in the LHC [4]. Some of the main recomme-
dations are listed as follows: ot

100'0-\um rampu’ng s

e Hardware must be extensively tested before installa  °™ Stum ramping
. . -turn ramping
tion in the tunnel i

014 urn ramping
B reference

e LHC performance shall not be reduced, at the even
hardware fails and adequate measures have to be
place to ensure the safety of the machine

e A large enough effect on luminosity-(+10%) must
be aimed at for the demonstration to be convincing.

Relative emittance growth on normal coordinates
o
°
®
I

o y‘&

Due to uncertainty in the final optics and the maximum pos:-

sible kick gradient in the cavity, special measures need ti . ‘ . .

be defined in the test scenario(s) to ensure adequate me %% X000 S0 200 Z0 w00 300 4000

gin while proving unambguiosly a luminosity increase. In

addition the test scenario(s) will outline a detailed procerigyre 23: Simulated emittance growth during a crab cav-

dure for the operation of the crab cavity during all phasegy,"ramp to nominal voltage for nominal LHC optics and

of the LHC operation (injection, energy ramp and collisiors« _ 55.,, Octupoles were put to their nominal strength

energy). Some of the preliminary procedures for this ope collision energy to induce non-linearities. The voltage

ation include: was ramped down to zero value to affirm that the emittance
« Orbit control of the cavity using local feedback Sys_growth observed was not attributed to numerical noise.

tem based on the deflecting mode power. The beam
loading the cavity is given by

PRELIMINARY SCHEDULE &
v, ~ QLIb%((Sa:) ®) DISCUSSION

o ) ) Due to the constraints put forth by the LHC operation,
The beam loading is approximately 0.1 MV/mm usinghgrade schedule, complexity of the cryomodule and the
R /Qo ~ 1200, QL.:M)G' I, = 0.85A. Therefore, ,merous institutions involved in project, it was deemmed
amplifier with a maximum power 20 kW is required necessary to have long term plan and define a road map
if the orbit is controlled within a millimeter inside the qwards final cryomodule to be tested in the LHC during
crab cavity using an active feedback system. the phase | upgrade. Fig?shows a prelimary draft of such
af Plan which encompasses R&D components of the cavity
ryomodule, beam simulations, fabrication and testing of

is detuned and the mode sufficiently damped such wal)€ c@vity within the time frame of the phase I upgrade.
that the beam harmonics do not overlap with cavity A 274 workshop is anticipated in Fall 2009 to discuss

modes and result in instabilities. In KEK-B, the cavi-!"€ intermediate progress of the project and focus on the
ties are detuned by approximately 1 MHz or less anf@Vity-coupler development to down select a single design
simulations are underway to determine the detunin@_nd finialize the engineering details. A comprehensive re-

and damping requirements for the cavity to becomylew in late 2010 for full cryomodule and the associate in-
invisible when not in use. frastructure will initiate the fabrication, assembly anBl R

testing phase to continue through 2012. The installation
e At collision energy, the cavity will be ramped up toand beam testing will subsequently follow depending the
it nominal voltage and the ramp rate should be ad-HC upgrade schedule and priorities. The 4 year R&D
abatic to avoid emittance dilution. Fig. 24 shows grogram since 2004 carried out by a joint collaboration be-
simulation of the emittance evolution as a functiortween LARP and CARE networks has resulted in a global
of the crab cavity ramp speed. The tracking using aollaboration formed in 2008 which includes several lab-
linear lattice with LHC nominal lattice, chromaticity oratories from the Unites States, Europe and Japan. The
sextupoles and ocutupoles with their nominal strengtproposed five year plan will now be carried out this collab-

e Although the crab cavity is powered to zero voltage
injection and energy ramp, the frequency of the cavit

143



HHH-2008 PROCEEDINGS

Fallo9 & 2010 — Phase noise tolerances and mechanical stability
of the cavity are completely different from 800
MHz for the LHC

e The natural emittance growth for RHIC and Tevatron
are already large and additional growth from crab cav-
ities maybe not visible. Hence results could be inclu-
sive

e Collimation systems are far simpler and cleaning ef-
- ficiency for RHIC and Tevatron are far different from
: the needs of the LHC which is dominating factor for
the tests in the LHC

e Impedance in the LHC is a significant factor for the
tests in the LHC and far different from RHIC or Teva-
tron and hence making beam tests less relevant else-
where

Figure 24: Preliminary five year schedule for the crab cav-
ity project including R&D, tunnel infrastructure, fabrica
tion, treament, RF testing, installation and beam testing.

RHIC and Tevatron have zero crossing angle. A study
of luminosity gain (or loss) is not directly applicable
to LHC case where the Pwinski angle is considerable

oration towards a successful and first demonstration of crab®
crossing in the highest energy hadron collider.
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] The best test bed we have is KEKB, an operating col-
APPENDIX A: LHC TEST BED lider, with beam currents well above those for the LHC up-

The first protoype test in the LHC is vital to establish thédrades, with a factor 7 shorter bunch lengths, with crab

principle of crab crossing in high energy hadron collidersS@vities at an RF frequency close to what we envision for

The testing of crab cavities in existing hadron colliders arth® LHC, and with a Piwinski angle and crab voltage which
not relevant because: are also both very similar to the future LHC values. The

only other place that can be foreseen is the SPS, but still
e Energy: different by x7-70 (LHC compared with With longer bunches, without colliding beams, without col-
Tevatron-RHIC) limation, and without sensitive impedance checks. Any
test results there might prove irrelevant while introdgcin
e Bunch length: Smaller for LHC by x5-10 (i.e. crabpossible constraints on the injector operation for LHC and
freq. 100 MHz for RHIC or Tevatron) other physics experiments.

— Enormous CaVities, maybe don't fit in Tevatron APPENDIX B: SEPARATE FOCUSING

or RHIC
_ ) CHANNELS
— Cavity not driven by klystrons, therefore the
noise spectrum will be completely different The first proposal of the crab crossing for the LHC was a

- . local scheme with 400 MHz cavities. However, due to the
— None of the hardware is dlr(_ectly appllcable ©ansverse dimensions of elliptical cavity, a prohibityve
LHC, he_nce the R&D maybe irrelevant and tlmeIarge crossing angle of 8 mrad was needed which was
consuming deemed too risky for the upgrade. If a compact struture
— Voltage at this low frequency maybe pro-at 400 MHz is realized that would significantly reduce the
hibitively large, hence large number of cavitiestransverse dimension, a separate focusing channel could be
for test in RHIC or Tevatron which is not finan- envisioned for the future of the LHC upgrade. This con-
cial practical cept could be accomplished in two paths to perhaps reach a
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(see Fig. 26). This exotic coil system may present fielfh7] V. Balbekov et al., IHEP Preprint 91-14, Protvino (1991
coupling issues which could be resolved with two dif'[18] R. Assmann et al., LHC project note 277.

ferent types of quadrant coils [24].
P a [24] [19] S. Fartoukh, presented at LIUWG meeting, 2008.

“‘\“\‘W%Hlfl%ll/ \\\“}HHHW”””/ [20] R. Assmann, presentation at the LHC-CCO08.
A Sl [21] J. Frisch, NLC Crab Cavity Phase Stability, LCC-0136,
\ W7, \\\\\\\““fmﬂl V4 SLAC-TN-04-004, 2004.

[22] K. Ohmi, Beam-beam effect with an external noise in LHC,
these proceedings.

[23] R. Tomas et al., AB note (to be published).

q 1o ay N [24] R. Gupta, private communication.
T "”ﬁﬂﬂ}I}{}R{%&\\\\‘

AL

Figure 26: 100 mm asymmetric common coil design.
Gnae=247.6 T/m, },,,=15.34 KA (3=3000 A/mn#¥, 12T,
4.2K, courtesy V. Kashikin).

The effects of the large crossing angle can also be par-
tially mitigated by having flat beam where the beam size
in the crossing plane is larger. Separate focusing chan-
nels provide significantly larger flexibility in tuning of¢h
IP parameters while simultaneously eliminating long range
beam-beam effects and make flat beam optics easier. Ad-
ditionally the requirement of alternate crossing angldéat t
two IPs is removed, thus eliminating vertical dispersion ef
fects due to this scheme.
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