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Crab cavities are proposed to be used for a luminosity upgrade of the Large Hadron Collider (LHC).
Crab cavities are rf cavities operated in a transverse dipole mode, which imparts on the beam particles a
transverse kick that varies with the longitudinal position along the bunch. The crab cavity introduces
another kind of dispersion to the particles which is z dependent, and thus could complicate the beam
dynamics and have an impact on the LHC collimation system. As for LHC, the off-momentum beta-beat
and dispersion-beat already compromise the performance of the collimation system; the crab dispersion
introduced by global crab cavities might do the same, and should be carefully evaluated. In this paper, we
present a definition for the crab dispersion, and study its impact on the LHC collimation system.
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I. INTRODUCTION

The design luminosity of the Large Hadron Collider
(LHC) is 10* cm™2s™! at the two high-luminosity
proton-proton experiments ATLAS (located at interaction
point 1, or IP1) and CMS (located at IP5), with a center-of-
mass energy of 14 TeV [1]. To further increase the LHC
luminosity, several upgrade scenarios have crystallized
from various considerations. For two of them, namely the
early-separation scheme and the full crab crossing (FCC)
scheme, crab cavities are an essential ingredient of the
upgrade.

Crab cavities (CC) have been proposed for both linear
[2] and circular colliders [3], to restore an effective head-
on collision at the IP. The crab cavity gives rise to a
z-dependent transverse kick on the beam particles, as
well as to a change in the longitudinal momentum. In
standard accelerator coordinates, the required horizontal
kick from the crab cavity can be written as (assuming
horizontal beam-beam crossing)

oH v
— Meb _ _ 47 sin(q’;s + %) (1)
C

Ap. =
P dx E,

where A p, denotes the horizontal kick.

The Hamiltonian to describe the thin crab cavity is
obtained by integration with respect to x (in the Lie algebra
sense [4,5]):

Hcrab = qu Sin(d)s + %)xr (2)
s c
where H_,, denotes the Hamiltonian, ¢ the particle charge,
V the voltage of the crab cavity, E| the particle energy, ¢,
the synchronous phase of the crab-cavity rf wave, w the
angular frequency of the crab cavity, z the longitudinal
coordinate of the particle with respect to the bunch center,
¢ the velocity of light, and x the horizontal coordinate.
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Because of symplecticity, the crab cavity also introduces
an x-dependent longitudinal kick,
_ GHcrab _ qV ( wz) w

—cos|lp, +—|]—x. (3)
c

Ap. =
P 0z E, c

II. CRAB DISPERSION

The concept of z-dependent dispersion has been intro-
duced by Ohmi and Forest et al. Similar more general
dispersion functions have been described elsewhere, such
as [6], but here we give explicit expressions and apply to
the case of a crab cavity.

A. Off-momentum dispersion

For a particle with design momentum P, the ideal
motion follows the central design orbit that goes through
the center of all quadrupoles (assuming that there are no
other errors). Now we consider a particle with the relative
momentum offset § = Ap/P;. Its trajectory certainly dif-
fers from the on-momentum one. The off-momentum dis-
persion D(s) can be defined by [7]

Ap Ap
x(s, Ps) D(s) P (€))
where the radial distance x(s, A p/P,) from the design orbit
is proportional to the relative momentum offset 6§ =
Ap/P;. This off-momentum particle satisfies the inhomo-
geneous Hill equation for the horizontal motion,

X"+ K(s)x = l ﬂ, (5)
p P

N

where p denotes the ring curvature.
The total deviation of the trajectory from the reference
orbit can be written as [7]

X(S, 8) = .XD(S, 6) + xﬁ(s): (6)
where x(s) denotes the total deviation, xp(s) =

D(s)Ap/P, the deviation of the off-momentum closed
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orbit with a fixed Ap, and xg(s) the betatron oscillation
around this closed dispersive orbit.

The periodic dispersion D(s) satisfies the differential
equation

D" + K(s)D = (7

1
p(s)’

and can be obtained as [7]

D(s) = 2Sfl(;Q f VBO) 1) — (s)] — molds,
()

where Q denotes the betatron tune of the storage ring, B(s)
the beta function at location s, and 3(¢) the beta function at
other locations.

B. Crab dispersion for sinusoidal crab kick

From the point of view of the closed orbit, the crab
cavity’s effect is similar to that of an orbit corrector, or
the field error of a dipole. The difference is that the
transverse kick is z dependent, not momentum dependent.
So we follow the approach of the closed-orbit distortion, to
get the deviation of the crab closed orbit with a specified
longitudinal position along the bunch

\ B(S)Bcrab
2 sin(7Q)

where xp (z) denotes the deviation of the crab closed orbit,
B(s) the beta function at the location s, B, the beta
function at the crab-cavity location, Q the betatron tune
of the storage ring, Ap,; the deflecting angle for a particle
at a specified longitudinal location z (within the bunch),
and A ¢, the phase advance (absolute value) between the
crab-cavity location and the location s.

The total deviation of the trajectory from the reference
orbit can be rewritten as

x(s, z, 8) = xp(s, 8) + x5(s) + xp_(z,5).  (10)

xD(.‘. (Z) S) = Apl (Z) COS(A‘PI - WQ)) (9)

The effect of the crab cavity can be modeled by a
horizontal dipole corrector (with z-dependent strength),

with the deflecting angle as
qV Wz
i , 11
Ps Sln( c ) an

where A p,(z) denotes the kicking angle of the corrector, ¢
the particle charge, P, the longitudinal particle momen-
tum, and z the longitudinal coordinate of the particle with
respect to the bunch center.

The required crab-cavity voltage (global crab cavity, or
GCC) for recovering the crossing angle 6 at the interaction
point (IP) is [5]

_ P tan(%) 2 sin(7Q)
qo\B Bera 1€05(A 90 — 7Q)

Api(z) =

(12)

where V denotes the voltage of the global crab cavity, c the
velocity of light, P the particle momentum, 6 the full
crossing angle, w the angular frequency of the crab cavity,
B* the beta function at the interaction point, and A ¢, the
phase advance between the crab-cavity location and the IP.

Inserting formulas (11) and (12) into formula (9), we can
get the deviation of the closed orbit from the z-dependent
crab dispersion as

(5) = ﬁ(s)ctan(g), wz\cos(Ap, — mQ)
e R W v

(13)
where 0/2 denotes the half crossing angle (crabbing angle
for each beam), w the angular frequency of the crab cavity,
7z the longitudinal coordinate of the particle with respect to
the bunch center, A ¢; the phase advance between the crab-
cavity location and the location s, and A, the phase
advance between the crab-cavity location and the IP.

From formula (13), we observe that the deviation of the
closed orbit from the z-dependent crab dispersion is pro-
portional to the crabbing angle 6/2 (small angle case), and
that it is modulated by the angular frequency of the crab
cavity and the longitudinal coordinate z, as sin(wz/c)/w.

To have a similar unit as for the off-momentum disper-
sion, for the case <> o, (the crab kick is linear within
*1lo,), we define the crab dispersion as the deviation
normalized by 1o, with z = lo:

xp, (Lo, s)

Dcc(s) = lo
P

(14)

In an earlier report [8], we already summarized the
possible installation and impact on the beam of a single
global crab cavity for the nominal LHC optics and for one
LHC upgrade optics (“lowbetamax” [9]). Here we con-
sider the same nominal LHC optics and a global crab-
cavity scheme. The global crab cavity is installed at the
reserved 200-MHz rf location for beam 1. The other pa-
rameters of the nominal LHC optics and lowbetamax op-
tics are the same as listed in Ref. [10]. For LHC beam 1 and
the nominal LHC collision optics, the corresponding pa-
rameters at [P5 and at the single global crab-cavity location
are listed in Table I. Other parameters of the nominal LHC
collision optics comprise the half crossing angle /2 =
142 prad, B*=0.55m, o,=000011, and o, =
0.075 m.

With the nominal LHC optics and global crab-cavity
scheme mentioned above, by using formulas (13) and (14),
we get the crab dispersion for two crab frequencies (800
and 400 MHz), as shown in Fig. 1. For our definition (14),
since at 1o, and for LHC parameters there is already a
marked difference from a linear rf slope, the crab disper-
sion is comparable with the off-momentum dispersion, and
obviously the 400-MHz case has a larger crab dispersion.
At the specified IP (IPS), we get the required crab disper-
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TABLE I. Parameters at [P1&IP5 and at the crab-cavity loca-
tion (nominal LHC).

Phase Phase
s B, By advance  advance
[m] (m]  [m] x (2m) y (2m)
1P1 0 055 055 0 0
Crab cavity 9968 208 174 24.38 21.84
1P5 13329 055 055 32.05 29.61

8} D, cc 800MHz

D)oo 400MI|-:|)2 ,,,,,,,,,

Dispersion [m]

10000 15000 20000 25000

Longitudinal position [m]
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FIG. 1. (Color) Crab dispersion and off-momentum dispersion
for nominal LHC optics.

sion to achieve the quasi-head-on collision. The crab dis-
persion has its peak in the triplet quadrupoles at both sides
of IP5, as the B(s) function is the largest there and also due
to the phase advance Ag,. In the case of the lowbetamax
collision optics for an upgrade LHC interaction region
[8,9], we have the half crossing angle 6/2 = 200 urad
and B* = 0.25 m. Here the crab dispersion is much larger,
as shown in Fig. 2.

D, cc 800MHz

Dy og 400MHZ --eeres
: D

X

E 8 " A ._ ;:-
s o Al
.g‘ e :'.!: ARSI
(=)
5 sof
151
0
15}
-10 B4 B ‘
‘ ‘ ‘ 13200 13600
0 5000 10000 15000 20000 25000 30000

Longitudinal position [m]

FIG. 2. (Color) Crab dispersion and off-momentum dispersion
for lowbetamax collision optics.

C. Crab dispersion for linear crab kick
For the linear crab kick case, we have w = 0, so

sin(wz/c) _ 0z _ 2
P cw ¢

(15)

The orbit deviation from the z-dependent crab disper-
sion [formula (13)] simplifies to

(16)

xDCC (Zr S) =

B (Q)Z cos(Agp; — mQ)
B cos(Agy — 7Q)

"2
We observe that now xj,_(z, s) is linearly proportional to
z. So the crab dispersion can be defined as the deviation
normalized by any no, with z = no, (n is a number not
equal to zero). In this case, the crab dispersion can be
written as

D) = B an(0) 2= B0 = 70)

- —_ (17)
B 7, cos(Agy — Q)

At LHC IP5 where the beam 1 should be crabbed by
0/2,we have B(s) = B and Apy — mQ = Ap, — wQ =
2ar. The orbit deviation can then be further simplified to

XD, 1P5 (z) = tan(g)z. (18)

The result is plotted in Fig. 3, for crossing angles equal
to 285 and 400 wurad, respectively, which shows the re-
quired x-z correlation at IP.

D. Comparison with simulation

We compare the crab dispersive orbit from the theoreti-
cal prediction with the LHC simulations, by using formulas
(2), (11), and (13), as well as the design TWISS parameters
of the LHC at top energy mentioned above. For the simu-
lation or in the real machine study, to measure the crab

64

6=285urad
48 6=400urad

32
16
0

Ax [um]

48}

-0.225 -0.15 -0.075 0 0.075 0.15 0.225
Longitudinal coordinate z [m]

FIG. 3. (Color) The orbit deviation at IP5 with a linear crab kick
(ideally low crab frequency), for two different crossing angles.
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150 Model twiss -3~ 0.00150 as smear. The so-called phase-one collimators
Simulation —— are used without magnet errors, and the collimator jaw
100 ¢ center is set to be on the actual closed orbit. In total,
5760000 macroparticles are generated as beam halo and

%0 tracked for 200 turns.
E To investigate the impact of the z-dependent crab dis-
5 O persion on the collimation cleaning inefficiency, we treat
the global crab cavity as a dipole corrector (with the
50 strength as the crab kick at different longitudinal offset,
such as z = 1o, z = 20,...), and set the collimator jaw
7100 center with respect to the center of the vacuum chamber.
T This convention is achieved by modifying the collimation
1%0 5 5000 10000 15000 20000 25000 30000 part in the simulation code SIXTRACK [14]. By this trick we

Longitudinal S [m]

FIG. 4. (Color) Comparison of crab dispersive orbit between
theoretical results (blue) and LHC simulation (red).

orbit of the bunch by beam position monitor, the rf phase of
the 800-MHz global crab cavity is shifted by 10° artifi-
cially to create the crab dispersive orbit. A good agreement
is found between the theoretical prediction and the simu-
lation, as shown in Fig. 4.

III. IMPACT ON LHC COLLIMATION

Considering the huge beam power of LHC and to pre-
vent even tiny loss of beam particles on cold surfaces, the
LHC collimation system [11-13] is designed to absorb the
beam halo outside of a specified transverse amplitude.
Given the condition that the secondary collimators should
never be hit by the primary beam halo, the closed orbit
shall be strictly controlled in order to set the right jaw
opening of collimators and to preserve the collimator
hierarchy. As the global crab cavity introduces the
z-dependent crab dispersion, it is essential to study the
impact on the LHC collimation performance. In this paper
we present the results for the nominal LHC collision
optics, considering an initially on-momentum betatron
beam halo, and with the above-mentioned 800-MHz global
crab cavity.

To generate a realistic 1 wm impact parameter on the
primary collimator with 6¢ half gap, for the normal LHC
collimation simulation at top energy, the horizontal on-
momentum beam halo is generated at 5.958¢0 with

can study the impact of the crab dispersion for different
longitudinal slices along the bunch, and the synchrotron
oscillation is effectively frozen during the collimation
tracking. Based on the crab rf frequency 800 MHz, and
the LHC rf bucket size, four cases (z = 1o, z = 20,,z =
30, and z = 40,) are selected for the collimation simu-
lations with a global crab cavity.

As these four cases have different crab dispersion
D,.(z, 5), the closed orbit is also different. To maintain a
1 pwm impact parameter for the first turn, the initial beam
halo is generated based on the change of the horizontal
orbit Ax at the primary collimator “TCP.C6L7.B1.” The
change of the horizontal orbit at the primary collimator
“TCP.C6L7.B1,” the initial halo position and smear, the
average first turn and all-turns impact parameter, and the
particles absorbed within 200 turns are summarized in
Table II, for these four cases.

A. Phase space cut
1. Impact of off-momentum beat

The impact of off-momentum beta-beat (dispersion-
beat) on the effective LHC collimator settings is studied,
for the nominal LHC collision optics (with beta-beat cor-
rected in one-half of the LHC ring) [11]. In LHC, the
collimator jaw half gap is set to be ry, (r stands for
transverse coordinates x or y), and the jaws are ideally
centered around the closed orbit. For the primary betatron-
cleaning collimators, usually we have r.,, = 60, and for
the secondary betatron-cleaning collimators r,,; = 70.

For each collimator, the phase space cut on the beam by
the nominal collimator settings can be defined as [11]

TABLE II. Collimation simulation parameters for different cases, with the 800-MHz global crab cavity.
GCC (lo,) GCC (20,) GCC (30,) GCC (40,)
Ax@primary collimator “TCP.C6L7.B1” [o] —0.470 —0.285 0.300 0.466
Initial halo [o] 5.509 5.668 5.662 5.500
Initial smear [o] 0.0015 0.0015 0.0015 0.0015
Impact parameter, 1st turn [um] 1.3 1.5 1.0 0.95
Impact parameter, all turns [um] 14.0 14.9 14.7 13.8
Particle absorbed 69.1% 69.0% 68.4% 68.1%
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rcut(icoll) = n,B,cut(icoll’ 8) erBr(icoll» 8) + Dr(icoll’ 6)8r

75 | |
By(8), Dy(8) ——

I Poe; By(8)=Pygs Dx(8)=Dyg .

(19) 45 Sy |

30 cut) |

where 7. (i.on) denotes the half gap of the collimator jaw
at the ith collimator, ngc(ic, 6) the effective betatron
amplitude cut at the ith collimator, § = Ap/p the energy
offset, €, the beam transverse emittance, B,(i., 6) the
beta function at the ith collimator, and D,(i.y, ) the
dispersion at the ith collimator.

If we consider both collimator jaws and a sufficient time
for longitudinal and horizontal phase space motion, the
effective betatron amplitude cut at the ith collimator can be
written as [11]

ircut(icoll) - Dr(icoll’ 6)6

Y Erﬁr(icollr 5)

In Fig. 5 such an effective betatron amplitude cut is
shown for the primary betatron-cleaning collimator
TCP.C6L7.B1 (with D, = 0.38 m). The red curve corre-
sponds to the exact result of Eq. (20), which includes S
beating and higher-order dispersion. If the off-momentum
beta-beat is not included, and we do not consider the
dispersion D,.(i.;, 6) at this collimator, we get the effec-
tive betatron amplitude cut as the blue dashed line in Fig. 5.
For another case, if the off-momentum beta-beat and high-
order dispersion are not included, but with the constant
linear dispersion D,(i.y,;) at this collimator in considera-
tion, we get the effective betatron amplitude cut as the
green dashed line in Fig. 5 (which is different from the blue
dashed line and tilted by the dispersion). At last, with off-
momentum beta-beat, the real phase space cut is shown as
the red line in Fig. 5. In Fig. 6 a similar effective phase
space cut is plotted for the primary momentum-cleaning
collimator TCP.6L3.B1 (with D, = 2.2 m). The slope of
the curve is determined by the dispersion at the specified
collimator, and the tilt is modulated by the off-momentum
beta-beat and dispersion-beat.

n,B,cut(icollr 8) = (20)

o 5., D) —
151 BX(S):on! DX(8)=DXO ,,,,,,,,, 4
121 \»_»’?siﬁve aw gy ]

cut)

ng, cut [0]

nﬁx cut [o]

egatiyejaw “

(~X0m) S

-60 b

-75 L L L L . .

-0.004 -0.003 -0.002 -0.001 0 0.001 0.002 0.003 0.004
Energy offset &,

FIG. 6. (Color) Off-momentum phase space cut at the primary
collimator TCP.6L3.B1 (with D, = 2.2 m).

There are two main regions where LHC collimators are
concentrated: IR3 (momentum cleaning) and IR7 (betatron
cleaning). The collimators are separated into different
groups based on their functions, such as the primary colli-
mators in IR3&IR7 (TCP), the secondary collimators in
IR3&IR7 (TCSG), the tertiary collimators (TCTH), the
absorbers for showers in cleaning insertions in IR3&IR7
(TCLA), and the collimators to protect the machine
during beam dump (TCDQ) etc. In Table III the half
gaps of the different groups of LHC collimators are listed,
where TCDQ is only in IR6 and TCTH is in
IR1&IR2&IRS5&IRS. In Fig. 7 the phase space cut from
purely off-momentum beat is shown together with the size
of the rf bucket. The figure demonstrates the hierarchy of
primary (TCP), secondary (TCSG), tertiary (TCTH), beam
dump (TCDQ) horizontal collimators, and shower absorb-
ers (TCLA), and confirms previous results [11]. The
dashed lines represent the reflections of the calculated solid
curves from formula (22) with respect to the vertical zero
axis [ngcy(icon, ) = 0], which are imposed by phase
space mixing (valid for a much slower synchrotron oscil-
lation than betatron oscillation, and stable beam) [11].

2. Impact of crab dispersion

Now we look at formula (19) and add crab dispersion to
it. Without crab dispersion, rq(i.,;) is a function of

TABLE III. The half gap of the different group of LHC colli-

Negative Jaw (% mators (in unit of rms beam size).

-12 + Cut)
A5l IR7 1IR3
181 ‘ ‘ ‘ ‘ ‘ ‘ TCP 6 15
-0.004 -0.003 -0.002 -0.001 0 0.001 0.002 0.003 0.004 TCSG 7 18
Energy offset 5, TCLA 10 20
TCTH (IR1&IR2&IRS5&IRS) 8.3 83
FIG. 5. (Color) Off-momentum phase space cut at the primary TCDQ (IR6) 8 8

collimator TCP.C6L7.B1 (with D, = 0.38 m).

031001-5



SUN et al.

Phys. Rev. ST Accel. Beams 13, 031001 (2010)

’ TCP —— TCTH —— TCLA
TCSG —— TCDQ ——  RF bucket - - -
18
15
12 5
9
_. 6
b 3
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< -3
< 6
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12
A5F p
18+ i
21 ¢ ‘ ‘ SN ‘ ‘
-0.004 -0.003 -0.002 -0.001 0  0.001 0.002 0.003 0.004

Energy offset

FIG. 7. (Color) Phase space cut from purely off-momentum
beat, revealing the hierarchy of primary (TCP), secondary
(TCSG), tertiary (TCTH), beam dump (TCDQ) horizontal colli-
mators, and shower absorbers (TCLA).

B licon, ), D, (icon, 8), and 8, so that r.,(i.oy) is a function
of 8. With crab dispersion, . (i.o;) is a function of both &
and z. We can rewrite formula (19) as

rcut(icoll) = nB,cut(icolll 6) ErBr(icolll 6)

+ Dr(icolb 8)6 + XDCC(Z, S), (21)
where xp_(z,s) denotes the deviation of the closed orbit
due to the z-dependent crab dispersion, z the longitudinal
coordinate of the particle with respect to the bunch center,
and s the longitudinal location in the ring.

With crab dispersion included, the effective betatron
amplitude cut at the ith collimator can be written as

1
\ Grﬁr(icoll’ 8)

- Dr(icoll’ 0)6 — XD, (z, S)]

nﬁ,cut(icollr 6’ Z) = [ircut(icoll)

(22)

At the primary collimator TCP.6L3.B1, we have off-
momentum dispersion D, = 2.21 m and crab dispersion
D.(1o,) = —1.1 m. We take the most pessimistic case
D.(lo.) = —1.1 m(as |D..(z)| = 1.1 m), and then to get
a first idea of the effect, we use formula (22) to calculate
the phase space cut only with crab dispersion [neglecting
the off-momentum dispersion D, (i, 8)] for the primary
collimator TCP.6L.3.B1, as shown in Fig. 8. The curve is
modulated by the crab dispersion D, .(z) at this specified
collimator. The crab rf frequency 800 MHz is reflected in
the modulation period.

Considering the z-dependent crab dispersion and
z-dependent betatron amplitude cut [formula (22)], and
neglecting the off-momentum dispersion D, (i, 6), the
available phase space from all the horizontal collimators

B(5,), Dy cody) ——

Positive jaw (+Xg;)

ng, cut [0]
o

Negative jaw (-X;)

-8 -6 -4 -2 0 2 4 6 8
Longitudinal offset [c,]

FIG. 8. (Color) Phase space cut with crab dispersion from the
primary collimator TCP.6L3.B1.

[primary (TCP), secondary (TCSG), tertiary (TCTH),
beam dump (TCDQ) collimators, and shower absorbers
(TCLA)] can be calculated. Figure 9 shows the result.
We observe that the crab dispersion’s impact on the phase
space cut is small. The maximum change on the phase
space cut is 0.5, for the crab dispersion D, .(z) =
D..(*l0,), D..(*40,), etc.

In Fig. 9 which is the available phase space from all the
horizontal collimators (for ng, between 5o and 1l0o)
together with an indication of the nominal LHC rf bucket,
we clearly observe this 0.5¢ perturbation. Also we notice
that at the most pessimistic points [D,.(z) = D..(*10.)]
the primary and secondary collimators still keep their
respective roles and the hierarchy is maintained.

TCP —— TCTH —— TCLA
TCSG —— TCDQ —— RF bucket - - -
11 T T
1 1
10} : ) g
1 1
1 1
9 1 1 b
5 N PN
3 8 : '
C>L‘ 1 1
- W\%
7 L e
I
1
6 \/\:\/\/\
1 I
5 1 1 1 1 1 1 1

-8 -6 -4 -2 0 2 4 6 8
Longitudinal offset [c,]

FIG. 9. (Color) Phase space cut from crab dispersion (for ng
between 50 and 1lo), with the hierarchy of primary (TCP),
secondary (TCSGQG), tertiary (TCTH), beam dump (TCDQ) hori-
zontal collimators, and shower absorbers (TCLA).
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3. General case

To combine the effects of off-momentum dispersion and
crab dispersion, we can introduce a general longitudinal
amplitude,

A, = \/53, + 82, (23)

where A, denotes the general amplitude, &, the energy
offset, and &, the normalized crab offset from the crab
cavity.

We also introduce a function Ar(§,, 5,) to describe the
total orbit deviation from off-momentum dispersion and
crab dispersion, as

Ar(8,,8,) = D.(5)8, + D (2, 5)5., (24)

where D, (s) denotes the dispersion at longitudinal location
s, D..(z, s) the crab dispersion at longitudinal location s
and for a particle with distance z from the bunch center.

Theoretically, for any given D,(s) and D_.(z, s), and for
a fixed total amplitude A, Ar(5,, §,) will have a maxi-
mum (or minimum) value and the corresponding values of
0, and 8, can be determined.

We take the collimator TCP.C6L7.B1 as an example,
where D, = 0.38 m and D_.(10,) = —1.2 m. At this col-
limator, we can solve Egs. (23) and (24) with a fixed total
amplitude A, = 1o, = 1.1 X 10~%, and find the solution
o, = 0.302\/1_4_2. A schematic is shown in Fig. 10.

As D,(s) and D,.(z, s) are different at each collimator,
and also due to the reason that D,.(z, s) has a dependence
on z which is nonlinear outside * 10, it is difficult to solve
D,(s) and D..(z,s) for every given total amplitude A,
(even inside the rf bucket) and all collimators. Here as
the energy offset 6, we consider is in the range of —4 X

0.00015 T
A,=10, (z+)
AZ:1(yp (Z-) .........

0.0001

5e-05 |

AXDX+DX,CC [m]

-5e-05 f

20.0001 |

-0.00015
-0.0001

-5e-05 0
Energy offset &,

0.0001

FIG. 10. (Color) Total orbit deviation versus energy offset &, at
the primary collimator TCP.C6L7.B1, with both off-momentum
dispersion and crab dispersion.

10~* and 4 X 10™*, the contribution from the higher-order
terms in the dispersion D,(s) is insignificant and can be
neglected.

Again, for simplicity, we consider several cases along
the bunch (within several fixed longitudinal slices) corre-
SpOIldiIlg to Dcc(z) = Dcc(la-z) [or Dcc(z) = Dcc(zo-z),
D..(z) = D..(30.), D..(z) = D..(40,)] at each collima-
tor, and then compute the phase space cut disturbed by the
crab cavity (together with the off-momentum dispersion)
by using formula (22). The result is shown in Fig. 11. We
observe that the available beam phase space is similar to
the one shown in Fig. 7, but modulated by the crab disper-
sion, while the collimator hierarchy is always maintained.

Figure 12 shows a zoomed view of Fig. 11 (top left), for
the case considering the longitudinal slice with z = 1o.
As illustrated by formula (22), with some specified energy
offset §,, the deviation of the closed orbit due to the
z-dependent crab dispersion and from the off-momentum
dispersion can cancel each other [when D,(i.y, 6)8 +
xp, (z,8) = 0], which is denoted by the dots in Fig. 12
(for the primary and secondary collimators, TCP and
TCSG).

As already stated, the collimator hierarchy has to be
preserved and a proper margin has to be maintained in
phase space between different groups of LHC collimators.
For example, the design phase space distance between the
primary (TCP) and secondary (TCSG) betatron-cleaning
collimators is 1o For other groups the design distance can
be inferred from Table III. The crab dispersion’s impact on
the minimum phase space distance is evaluated along the
bunch between different groups of collimators, with results
shown in Fig. 13. We observe that the minimum distance
between the primary (TCP) and secondary (TCSG)
betatron-cleaning collimators is 0.72¢; the minimum dis-
tance between the secondary (TCSG) and tertiary (TCTH)
betatron-cleaning collimators is 0.92¢; the distance be-
tween the secondary (TCSG) betatron-cleaning collimators
and the shower absorbers (TCLA) is almost preserved at
20; and the distance between the secondary (TCSG)
betatron-cleaning collimators and the beam dump
(TCDQ) collimators is increased to 1.19¢ at some longi-
tudinal positions along the bunch.

B. Global loss map

The collimation simulations with the above-mentioned
setups are performed for the nominal LHC collision optics
(top energy, Bjp; 5 = 0.55 m), and the cleaning ineffi-
ciency is evaluated and compared between different cases.
First we look at the global loss map. The cold magnets of
LHC could be damaged by the halo particles that escape
the collimators (primary, secondary, ...). So it is important
to define and study the cleaning efficiency of the LHC
collimation system. The so-called “global cleaning ineffi-
ciency” is defined as the leakage rate for a specified
aperture A, [12],
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FIG. 11. (Color) CC disturbed phase space cut, with the hierarchy of primary (TCP), secondary (TCSG), tertiary (TCTH), beam dump
(TCDQ) horizontal collimators, and shower absorbers (TCLA): longitudinal slice with z = lo, (top left); longitudinal slice with
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FIG. 12. (Color) Zoomed view of Fig. 11 (top left), longitudinal
slice with z = 1o,.
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FIG. 14. (Color) Global cleaning inefficiency for LHC top en-
ergy, Bips = 0.55 m, with the 800-MHz global crab cavity:

beam halo with z =10, (blue); beam halo with z =20,
(green); beam halo with z = 30, (magenta); beam halo with z =
40, (cyan).

N,(A>A4,)

A) =
n.(A.) N

) (25)
where N,(A > A.) denotes the number of particles which
escape from the cleaning elements with a normalized
amplitude A > A_, and N, is the total number of particles
that undergo inelastic interactions with the collimator jaw.

The global cleaning inefficiency for different cases is
shown in Fig. 14, which includes the results for the beam
halo generated and tracked at the fixed longitudinal posi-
tion z =1o,, z=20,, z=30,, and z = 40, respec-
tively. Only a small difference is found between these
different cases which are all above the limit 1,.(100) <
1073, In particular, for all the cases we have N (A >
120) < 30, which is within the range of statistical error.
Also the comparison is made between the global cleaning
inefficiency in Fig. 14 and the case without crab cavity, and
again only a small difference is found.

C. Local loss map

However, even if the global cleaning inefficiency 7, (for
A, = 100) is under 1073 which is the limit for the LHC at
7 TeV top energy, it is still possible that the cold magnets
could be quenched by the local concentration of the parti-
cle losses. In view of this consideration, it is much more
important to study the distribution of the halo particles
along the ring, and the so-called “local cleaning ineffi-
ciency” is defined as [12]

_ M.
‘ Ldil '

7 (26)

where Lg; is the dilution length of the losses with a
longitudinal resolution up to 10 cm.
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FIG. 15. (Color) Local cleaning inefficiency in LHC IR7, with-
out global crab cavity (top energy, B, s = 0.55 m).

A similar collimation simulation is performed for the
nominal LHC collision optics, with and without the 800-
MHz global crab cavity, and with the above-mentioned
convention. The local loss map for the case without the
800-MHz global crab cavity, as shown in Fig. 15, confirms
with the previous result of the collimation team [11].

The local loss map in LHC IR7 for several different
cases is shown in Fig. 16 (with the 800-MHz global crab
cavity, and the beam halo is generated at four specified
longitudinal positions along the bunch, namely lo,, 20,
30,, and 40,). We observe that most of the halo particles
are absorbed by the primary collimator “TCP.C6L7.B1”
which spark is indicated in the figure. Some halo particles
are absorbed by the nearby vertical primary collimators
after they are scattered by the horizontal primary collima-
tor “TCP.C6L7.B1.” The generated secondary beam halo
is mostly absorbed by the secondary collimators down-
stream of the primary ones. The loss on the cold magnets is
mainly in the dispersion suppressor section downstream of
IP7, where the halo particles escaped from the collimator
jaws are lost due to the large dispersion (also due to the
energy change). Furthermore, if we compare the local loss
maps of the different cases in Fig. 16 with the case without
global crab cavity shown in Fig. 15, we find that they are
similar and the cold losses are mostly still lower than the
quench limit.

IV. CONCLUSION

A crab dispersion function has been defined and its
analytical expression derived. Its impact on the LHC col-
limation system has been studied. The study revealed a
moderate degradation of the collimator hierarchy, which
appears acceptable for global crab-cavity prototype tests in
the LHC. In conclusion, the LHC collimation efficiency
and collimator hierarchy appear insensitive to the presence
of the global crab cavity for the nominal LHC optics.
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FIG. 16. (Color) Local cleaning inefficiency in LHC IR7, simulated with the 800-MHz global crab cavity (top energy, Bpp; s =
0.55 m): beam halo with z = 1o, (top left); beam halo with z = 20, (top right); beam halo with z = 30, (bottom left); beam halo with

z = 40, (bottom right).
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