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The final focus system of the Compact Linear Collider (CLIC) features a crab cavity just before the

final quadrupole doublet to ensure head-on collisions at the interaction point. A decrease in the expected

luminosity with respect to the case without crossing angle has been recently observed in simulations for

the CLIC baseline configuration. This effect is explained from the aberrations induced due to a

z-dependent off-center horizontal orbit in the final focus sextupoles produced by the crab cavity. Three

options to recover from this loss are explored. The effect of the longitudinal E-z correlation of the

incoming beam from the linac is taken into account and its effect on the expected luminosity is evaluated.

DOI: 10.1103/PhysRevSTAB.16.041001 PACS numbers: 29.20.Ej, 41.75.Ht

I. INTRODUCTION

A horizontal crossing angle (�c) between the beams at
the interaction point (IP) is introduced in the Compact
Linear Collider (CLIC) beam delivery system (BDS) [1]
to minimize effects of parasitic crossing of bunches and to
extract the spent beam cleanly. This crossing scheme pro-
duces a loss of geometric luminosity with respect to the
zero crossing angle collision according to

L � L�c¼0

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ�2

p ; (1)

where � is the Piwinski angle,

� � tanð�c=2Þ�z

�x

; (2)

where �c is the full crossing angle, �z the bunch length,
and �x the horizontal beam size. Considering the CLIC
parameters (Table I), � � 10 and thus L=L�c¼0 � 10%.

In addition, the enhancement factor that takes into account
the effect of the disruptive fields, i.e., Pinch effect, is
reduced as the focusing effect of one beam on the other
is minimized in the presence of a crossing angle. This
translates into an even larger loss of luminosity. To recover
head-on collisions with a certain crossing angle, Palmer
introduced the concept of crab cavities (CC) [3]. The CLIC
final focus baseline design follows the novel final focus
concept proposed in [4], including a single crab cavity just
before the final doublet (FD) as shown in Fig. 1.

A crab cavity is a deflection cavity operated with a 90�
phase shift (crabbing), so the center of each bunch remains
undeflected, whereas the head is kicked to one side and the
tail to the other. The total effect is a tilt of �c=2with respect

to the uncrabbed motion. In addition to preserve symplec-
ticity a kick in energy is applied dependent on the trans-
verse position. If the bunch length is much shorter than the
wavelength of the rf (� � �z), the kick will lie in the
linear part. Therefore, it can be approximated by

�x0ðzÞ ¼ �cz; ��ðxÞ ¼ �cx; (3)

with �c,

�c ¼ !rf

c

qVCC

E0

; (4)

and !rf the rf frequency, c the speed of light, q the particle
charge, VCC the crab cavity voltage, and E0 the nominal
energy. Similarly, the voltage needed in the crab cavity
depends on the R12 matrix element between the crab cavity
and the IP, and the rf frequency,

VCC ¼
�c
2 E0c

RCC-IP
12 q!rf

: (5)

The sign of the tilts is such that the two bunches are in
line during collision. In their own center of mass, they
interact with zero crossing angle and a priori they suffer no
luminosity loss [3]. Nevertheless, some luminosity degra-
dation has been recently first observed in simulations for

TABLE I. Nominal parameters for the CLIC BDS version
10_01_25 [2].

Parameter Units Value

Crossing angle at the IP mrad 20

Nominal core beam size at the IP (��
x=y) nm 45=1

Nominal beam divergence at IP (��x=y) �rad 7:7=10:3
Nominal beta function at IP (��

x=y) mm 10=0:07
Nominal bunch length (�z) �m 44

Nominal energy spread flat beam (��) % 1

Maximum energy/beam TeV 1.5

rf frequency GHz 12

Train repetition rate Hz 50

*javier.barranco@cern.ch

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.

PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 16, 041001 (2013)

1098-4402=13=16(4)=041001(5) 041001-1 Published by the American Physical Society

http://dx.doi.org/10.1103/PhysRevSTAB.16.041001
http://creativecommons.org/licenses/by/3.0/


the CLIC baseline configuration [5]. The reasons for the
loss of luminosity are explored and some possible cures are
proposed.

II. LUMINOSITY LOSS IN A CRAB
CAVITY SCHEME

In the nominal scenario (Fig. 1), the transfer matrix
element between the crab cavity and the IP is R12 ¼
23:04. This corresponds to a necessary crab cavity voltage
of VCC ¼ 2:6 MV to ensure a 10 mrad beam rotation at the
IP. PLACET + GUINEA PIG (Pþ GP) [6,7] simulations for the
10_01_25 version of the CLIC BDS lattice showed a loss
of luminosity �L=L�c¼0 ¼ 9:4% with respect to the zero

crossing angle case.
After the crab cavity has introduced an horizontal di-

vergence, the beam passes off center in the horizontal plane
through the two sextupoles in the FD, SF1, and SD0. This
horizontal displacement is linear with z, as shown in
Eq. (3), and implies a different quadrupolar component
fed down in each sextupole according to the longitudinal
position of the particle within the bunch. This focusing
dependence on the longitudinal position will be translated
into a waist of the bunch that moves longitudinally during
the collision process, or traveling waist regime [8]. The
waist displacement at the IP due to an off-center trajectory
through a single sextupole is given by

wyðzÞ ¼ ��y�
�
yR

CC-sext
12 �czKL; (6)

where �y is the � function at the sextupole location, ��
y is

the � function at the IP, RCC-sext
12 is the transfer matrix

element from the crab cavity to the sextupole, �cz is the
transverse kick as in Eq. (3), K the sextupole strength, and
L is the sextupole length. However, this expression remains
an approximation as it considers the phase advance be-
tween sextupoles and the IP to be ð2nþ 1Þ�=2 as in the
lattice used in this study.

Likewise, the variation of the waist displacement with
respect to the longitudinal position within the bunch is
linear and the gradient or traveling waist parameter can
be obtained by differentiating Eq. (6):

@wy

@z
¼ ���

y

Xns

i

RCC-sexti
12 �yi�cKiLi; (7)

where ns is the total number of sextupoles between the crab
cavity and the IP.
The sign of Eq. (7) indicates the evolution of the waist

during the collision process. In order to maximize lumi-
nosity, the beam waist should be at the slice which collides
with the center of the opposite bunch at a certain longitu-
dinal position s. We refer to that particular slice as collid-
ing slice. For negative traveling waist parameters the
colliding slice is defocused when it collides with the center
of the other bunch, producing a loss in luminosity. In the
current crossing scheme with �c=2 ¼ þ10 mrad the track-
ing simulations reveal a ðyjy00z0Þ correlation at the IP in the

form of traveling waist of magnitude
@wy

@z ¼ �1:14. This

correlation is better seen in Fig. 2 where the vertical beam
size of the colliding slice is plotted at different longitudinal
positions around the IP. For the case without crossing angle
and no crab cavity (blue trace), the vertical beam size
follows the beta function around the IP or hourglass effect
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FIG. 2. Vertical beam size of the colliding slice at different
longitudinal locations before and after the IP for an initial
distribution with no E-z correlation from the linac.
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FIG. 1. Layout of the elements in the last part of the CLIC BDS. The crab cavity is located just before the final doublet. After being
deflected by the crab cavity the beam will pass horizontally off center in the two last sextupoles, SF1 and SD0.
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with a minimum at the IP. In the nominal scheme with
�c=2 ¼ þ0:010 mrad (green trace), the beam size of the
colliding slice is increased as explained before.

The presence of a traveling waist is confirmed, in addi-
tion, by the analysis of the map coefficients that contribute
to the vertical beam size increase. Simulations done with
PTC and MAPCLASS [9] found that the term Tyyz is the main

contributor to the vertical beam size growth. As well,
higher order nonlinear terms like Uyyzz are also found to

contribute to the increase [10].
Three possible options to recover from this loss are

evaluated next.

A. Two crab cavities scheme

This option is analyzed for historical reasons as it was
proposed for The International Linear Collider (ILC) as a
possible way to correct the loss of luminosity [11]. The
addition of a second crab cavity with opposite polarity is
used to compensate the increase of vertical beam size.
However, this solution presents the side effect of a hori-
zontal beam size distortion. For the CLIC configuration
only a second crab cavity in the same long drift �L ¼
11:3 m has been considered. An optimum solution was
found with the second crab cavity at a distance d ¼ 5 m
from the first. The optimized voltages are in this case
VCC;1 ¼ 5 MV and VCC;2 ¼ �2:52 MV, recovering only

up to L=L�c¼0 � 93:4%. In this case the tracked distribu-

tion reveals a traveling parameter of
@wy

@z ¼ �0:84. The

analytical calculation for this case is done by extending
the equation to include additional crab cavities,

@wy

@z
¼ ���

y

Xns

i

Xncc

j

R
CCj-sexti
12 �yi�cKiLi: (8)

Evaluating the previous expression we obtain
@wy

@z ¼
�0:86 very close to the simulated result. Nevertheless,
the technical issues associated with the operation of two
crab cavities make this option one of the less preferred.

B. Crab cavity displacement

As already explained, the traveling waist regime de-
pends on the relative position between the crab cavity
and the sextupoles downstream. For this reason the travel-
ing waist parameter and the luminosity loss are evaluated
for new locations for a single crab cavity scheme. The
CLIC crab cavities are compact devices of Lcc ¼ 0:3 m
[2] that can be easily accommodated in different locations.
Four different options are considered: (1) between QF1 and
SD0 (�L ¼ 3 m): (a) before octupole OCT0 and (b) after
octupole OCT0; (2) between SF1 and QF1 (�L ¼ 0:25 m,
if necessary the magnets could be slightly displaced to
accommodate the crab cavity without major impact on
the optics); (3) between QD4B-SD4 and SF5 (�L ¼ 8 m).
The traveling waist parameters are calculated again with

two approaches, first evaluating the analytical formula in
Eq. (7) and second as a fit of a tracked distribution with
Pþ GP. The results summarized in Table II for the differ-
ent cases show an extremely good agreement between
both. Two locations recover almost fully the luminosity
with respect to the zero crossing scheme case, before SD0
and before SD4. In the first case, the traveling waist pa-

rameter is only
@wy

@z ¼ �0:12 due to the small R12 between

CC and SD0. In the second case, the contributions from the
three sextupoles SF4, SF1, and SD0 cancel each other

leading to a traveling waist parameter of
@wy

@z ¼ þ0:25.

The positive sign indicates that in this case the waist moves
from the head to the tail.
Nevertheless, there are some practical limitations when

selecting the position of the crab cavity. Two things have to
be considered: (i) the distance to the IP, and (ii) the voltage
needed in the crab cavity. Regarding (i), both cavities, one per
line, will be fed by the same klystron placed at the IP. At
further distances higher power from the klystron might be
needed requiring an additional klystron or pulse compres-
sion. Aswell, the synchronization systemmight be reviewed.
This can be an issue for case (3). For (ii), this value is
inversely proportional to RCC-IP

12 as in Eq. (5), so in locations

like case (1a) the high voltage needed can be an issue.

TABLE II. Traveling waist and luminosity variation for different locations of the crab cavity in the CLIC BDS. For each location the
luminosity is optimized by scanning the voltage in the crab cavity using Pþ GP. The traveling waist is evaluated both with the
analytical formula in Eq. (7) and an empirical fit from tracking simulations. The luminosity is calculated by Pþ GP simulations,
applying Eq. (9) to a zero crossing angle distribution at the IP and Pþ GP simulations with E-z correlated distribution from the linac.

Case

RCC-IP
12 [m]

(MADX-PTC)

VCC [MV]

(Pþ GP)
@wy=@z [� ]

(Analytical)

@wy=@z [� ]

(Pþ GP)
L=L�c¼0 [%]

(GP)

L=L�c¼0

[%] (Pþ GP)
L=L�c¼0[%]

(E-z) (Pþ GP)

2 CC 23:06=22:19 5:0=� 2:52 �0:86 �0:84� 0:01 93.9 93.4 93.7

Nominal (�c=2> 0) 23.06 2.60 �1:15 �1:14� 0:01 91.1 90.6 90.4

1a 10.33 5.68 �0:12 �0:12� 0:01 99.5 98.9 99.2

1b 17.86 3.31 �0:67 �0:68� 0:01 95.6 94.5 94.4

2 23.54 2.54 �0:99 �1:01� 0:01 92.2 92.1 92.5

3 �13:05 �4:58 þ0:29 þ0:25� 0:01 99.0 101.0 100.3

Nominal (�c=2< 0) 23.06 �2:60 þ1:15 þ1:14� 0:01 100.4 100.3 103.3

LUMINOSITY STUDIES IN ATRAVELING WAIST . . . Phys. Rev. ST Accel. Beams 16, 041001 (2013)

041001-3



C. Different crossing scheme

The loss of luminosity has been explained due to the
opposite evolution of the traveling waist with respect to the
collision process. According to Eq. (7) it is possible to revert
the direction of the traveling waist by adopting a crossing
scheme of �c=2 ¼ �10 mrad while keeping the current
optics in the BDS. If the polarity of the sextupoles SF1 and
SD0 remains unchanged and Vcc changes due to a change of

crossing scheme then
@wy

@z becomes positive. The colliding

slice will be then focused when colliding with the center of
the opposite bunch (Fig. 2, red trace). The proposed crossing

schemewith �c=2 ¼ �10 mrad is symmetric (
@wy

@z ¼þ1:14)

with respect to the nominal baseline (
@wy

@z ¼�1:14).

The luminosity dependence on the traveling waist and
waist shift is shown in Fig. 3. The luminosities are calcu-
lated with GUINEA PIG, starting from a head-on distribution
at the IP transformed using the following relation:

y ¼ y0 þ
@wy

@z
z0y

0
0 þ wyy

0
0; (9)

where
@wy

@z is the traveling waist and wy is the waist shift.

Figure 3 shows how by changing the crossing scheme the
working point moves towards a more stable region where
the luminosity loss is avoided. The luminosity is recovered
up to 100.3% of L�c¼0. The results in Fig. 3 show that for

the case of a traveling waist regime from tail to head, i.e.
@wy

@z <0, the luminosity degrades rapidly for decreasing

values of
@wy

@z . On the other hand, for
@wy

@z >0 the variation

is much less. This is explained from the fact that the

maximum luminosity region is centered around
@wy

@z ¼

þ0:5. In addition, this result suggests that the lattice should
be tuned with a waist shift wy � 25 �m (� 0:56�z) to lie

in the center of the 100% L�c¼0 isoline. This is consistent

with results obtained for the ILC case in [12], where the
waist was proposed to be moved up to 1�z after the IP to
maximize the luminosity. As well, future studies should
tackle the BDS tuning [13] in a traveling waist regime. A
difference in the computed luminosity is found when com-
paring the values obtained after tracking in the different
cases (Table II, column 7) and the ones obtained by trans-
forming the head-on distribution at the IP according to
Eq. (9) (Table II, column 6). The values in the first case
are lower. The reason for this is the fact that in the
second case the higher order aberrations coming from
sextupoles and octupoles in the FD are not considered so
resulting in smaller beam sizes. This result is consistent
with the contributions to the beam size calculated by
MAPCLASS [10].

In the initial crossing scheme considered as a baseline
for the CLIC conceptual design report, the crossing scheme
was a free parameter only constrained by the civil engi-
neering. To revert the sign of the crossing angle, both the
main linac and the BDS have to be moved rigidly together
from the turn around (TA). One possibility is to redesign
the basic cell of the TA so the total bending angle is
decreased as shown in Fig. 4, where the present configu-
ration (red trace) and the proposed one (blue trace) are
shown. In this case the optics in the main linac and the BDS
remain unchanged, so no impact in beam dump lines,
machine detector interface, etc. is expected either. Future
revisions of the CLIC civil engineering should take this
requirement into account.
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III. E-z CORRELATION

Up to this point the incoming beam from the linac has
been considered to have a flat uncorrelated energy distri-
bution. However, due to wakefields and off-crest accelera-
tion, the expected energy profile presents a sinusoidal-like
shape where the head has a positive energy shift and
the tail negative. Assuming this more realistic initial dis-
tribution, the traveling waist regime is not altered although
an increase of the vertical beam size is found for slices
colliding after the IP (s > 0) which corresponds to
�p=p > 0 (Fig. 5). On the other hand, this effect does
not produce a loss in the relative luminosity recovery
with respect to the flat energy profile but actually a slight
increase. The relative luminosity change with respect
to the zero crossing angle case for a �c=2 ¼ �10 mrad is
L=L�c¼0;E-z ¼ 103:3%. The results presented in Table II,

last column, show comparable luminosities to the no E-z
correlation case.

IV. CONCLUSIONS

The loss of luminosity in the presence of a crab cavity in
the CLIC BDS has been explained with the evolution of the
traveling waist. Several possibilities to mitigate or even
fully compensate for this loss have been presented, with the
�c=2 ¼ �10 mrad crossing scheme as the preferred op-
tion. The CLIC site civil engineering should be reviewed
taking this new constraint into account. In addition a waist
shift of about 25 �m is proposed to maximize the lumi-
nosity. The E-z correlation from the linac shows no rele-
vant effect in the traveling waist regime or the luminosity
although a distortion in the vertical beam size is found.
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FIG. 4. Sketch (not to scale) of turn around (TA), main linac,
and beam delivery system (BDS) for present (red) and
proposed (blue) crossing schemes. In order to revert the sign
of the crossing angle the main linac and BDS have to be
rigidly moved from the TA. This can be achieved, for example,
by redesigning the basic cell of the TA to decrease the total
bending angle.
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