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INTRODUCTION
In some LHC upgrade scenario using the crab crossing,

it is designed to turn on the crab cavity in after the beam in-
jection. By turning on the crab cavity, the emittance of the
beam would be increased, because the transverse kick of
the crab cavity excites the betatron oscillation of the beam.
In the case that the ramping speed of the crab cavity voltage
is enough adiabatic, the emittance growth is disappeared.

In order to find the safe ramping speed of the crab cav-
ity voltage, the ramping speed dependency of the emittance
growth was estimated by using 6D particle tracking simu-
lation.

SIMULATION
The 6D particle tracking simulation is achieved by the

Strategic Accelerator Design(SAD) 1.
The optics for this tracking simulation is translated into

SAD from the LHCB1 collision optics version 6.503 de-
scribed by MAD-X. The crab cavity is inserted as the thin
element at 35m upstream position from the ip4. Both the
beta function and the betatron phase are not optimized for
the crab crossing.

The initial Gaussian particle distribution is generated on
the normal coordinate with the nominal emittance by using
the pseudo random number generator. In order to prevent
the artificial betatron oscillation that came from the statisti-
cal dispersion, the 1st order moment of the distribution (the
center of the distribution) is subtracted from the generated
distribution. The generated particle distribution is trans-
formed from the normal coordinate to the physical coor-
dinate by using both the coordinate transformation matrix
and the closed orbit.

The particle distribution is tracked by the SAD and the
normal coordinate emittance is calculated by

εx =
√

σ11σ22 − σ12σ21 (1)

εy =
√

σ33σ44 − σ34σ43 (2)

εz =
√

σ55σ66 − σ56σ65, (3)

where σij is a component of the Σ matrix corresponded
with the exception of the product between i-th normal co-
ordinate and j-th normal coordinate.The 1st, 2nd, 3rd, 4th,
5th, and 6th normal coordinate are corresponded with x,
px/p0, y, py/p0, z and 4p/p0, respectively.

1SAD is a computer program complex developed in KEK since 1986
for accelerator design, simulation and operation. The detail information
is obtained from the official web site(http://acc-physics.kek.jp/SAD/).

In order to emulate the crab cavity voltage ramping, the
crab cavity voltage is linearly changed every turns within
the ramping period. Both the transformation matrix from
the physical coordinate to the normal coordinate and the
closed orbit are updated every crab cavity voltage changes.

The major simulation conditions are shown in Table 1.

Table 1: Simulation condition

Simulation Model
Tracking 6D Tracking on SAD

without Synchrotron Radiation
Base Optics
Optics Model LHCB1 Collision Optics

(V6.503 @ 2008/07/14)
Acceleration Voltage 16MV
Crab Cavity
Location 35m upstream from ip4
Frequency 400MHz
Harmonic Number 35640
Crabbing Angle @ ip5 285µrad
Particle Distribution
Distribution Shape 6D Gaussian
Number of Particles 104

Transverse Emittance(1σ) 5.0 × 10−10 m · rad
Longitudinal Emittance(1σ) 6.7 × 10−6 m · rad

Figure 1 shows the relative horizontal emittance growth
under the crab cavity ramping up and down. In Fig. 1, the
crab cavity is turned on at 0-turn and its voltage is linearly
increased up to the nominal voltage, where the ramping
periods correspond with the marker colors. After the flat
top, the crab cavity is slowly turned off between 2000- and
2100-turns. In the fast ramping case (1-, 2- and 5-turns
corresponded with green, blue and purple markers), the big
emittance growth is observed and the emittance is not re-
covered after the ramping down. On the other hand, the
emittance is recovered after the ramping down in the slow
ramping case (10-, 100- and 1000-turns corresponded with
cyan, yellow and black markers). The ramping speed inde-
pendent emittance growth is observed around the flat top of
the crab cavity voltage, however, it is the artificial growth
which came from the coordinate transformation, because
it disappears after the ramping down. In this simulation,
the coordinate transformation between the physical coordi-
nate and the normal coordinate is implemented as the lin-
ear transformation by the coordinate transformation matrix.
But, the bunch tilt shape on the x−z plane is modulated by
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Figure 1: Crab cavity ramping speed dependency of relative horizontal emittance growth. The horizontal axis shows the
number of the turns. The vertical axis shows the relative horizontal emittance growth in the normal coordinate(4εx/εx0).
The voltage ramping up of the crab cavity is started at 0-turns. The crab cavity is ramped down between 2000- and 2100-
turns. The red points show the reference tracking result without the crab cavity. The green, blue, purple, cyan, yellow and
black points are corresponded with the crab cavity ramping up period: 1-, 2-, 5-, 10-, 100- and 1000-turns, respectively.

the nonlinearity of the sine function of the RF crab kick, be-
cause the scale of the RMS bunch length σz ∼ 7× 10−2 m
is close to the quarter wave length of the crab cavity fre-
quency λ/4 ∼ 1.87 × 10−1 m. Therefore, these artifi-
cial growth came from the nonlinearity of the sine function
around 3σz longitudinal bunch tail via the linear coordinate
transformation. The threshold of the emittance growth ex-
ists between 5- and 10-turns. The Q value of the 400MHz
RF cavity whose time constant corresponds with 5-turns is
about 1.1 × 106. This means that the ramping rate of the
crab cavity voltage could be suppressed below the emit-
tance growth threshold in the case of the high Qloaded op-
eration of the superconducting crab cavity.

CONCLUSION
From these simulation results, the horizontal emittance

growth by the voltage ramping of the high Q crab cavity
(Q > 106) is no problem in the single particle dynamics.
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