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Abstract:

At the CEPC (Circular Electron Positron Collider), which is proposed by the Chinese high energy

physics community, the dominant background comes from radiative Bhabha scattering and the beamstrahlung effect

according to preliminary research. Therefore, it is necessary to incorporate a collimator system to intercept particles

that may be lost near the interaction region (IR). In this paper, we introduce some limitations in choosing the position

and width of the collimators. A certain parameter range is determined which is confined by the § function and the

width of the collimators. A suitable choice of the half width is made by exploring this parameter range. A simulation
of the particle loss rate in the IR and the hit density in the vertex detector with and without the collimators shows

that the set of parameters of the collimators we designed is appropriate and effective.
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1 Introduction

After the discovery of the Higgs boson at the LHC
[1,2], proposals have been put forward to build a circular
Higgs factory such as FCC-ee [3] or CEPC [4] to mea-
sure the properties of this new particle precisely. The
CEPC (Circular Electron Positron Collider) is a ring-
based Higgs factory proposed by the Chinese high en-
ergy physics community. It will be operated at a center-
of-mass energy of about 240 GeV, and the peak lumi-
nosity will be greater than 10** cm~2s7!, according to
the Preliminary Conceptual Design Report (Pre-CDR)
[4]. The extremely high commissioning energy means
the particles that are lost near the IR also carry much
energy. Hence, particle showers resulting from the inter-
action between the lost particles and the vacuum cham-
ber or detector component will become more significant.
These primary and secondary particles will lead to sub-
stantial background in the detectors and must be eval-
uated carefully. Based on preliminary research [5], the
dominant background sources in CEPC are driven by ra-
diative Bhabha scattering and beamstrahlung. The de-
sign of the collimators aims at these two effects at this
stage.

To achieve the shielding effect, the collimator should
be placed close enough to the beam orbit. On the
other hand, a distance that is too small may induce the
transverse mode coupling instability. Especially for the
CEPC, the width of the collimators in the vertical plane
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should be large enough for vertical injection. Taking
these limiting conditions into consideration, along with
the results of simulations of the accelerator and detec-
tors, we propose a set of optimized parameters of the
collimators. In addition, we perform the simulation of
the particle loss rate in the IR and the hit density in the
vertex detector with and without the collimators. The
simulation results demonstrate that the collimators are
effective.

2 The geometric design of the collima-
tors

In general, the geometric design of a collimator can
be illustrated by the sketch in Fig. 1. The left-hand plot
of Fig. 1 shows the side view of a collimator. The half
width of the chamber tapers from r (the half width of
beam pipe) to d (the half width of the collimator, here
we take the vertical for example). The taper angle « is
small in general to keep this chamber as smooth as possi-
ble. Otherwise, the transverse mode coupling instability
may become serious. The length of the collimator is L
and the middle part of it is Ly. The right-hand plot il-
lustrates the view in the plane transverse to the beam
direction, representing two kinds of collimator aperture,
round and rectangular, respectively. The design of the
CEPC collimators is be modelled with the rectangular
aperture. d, and d, are the half width of the collimator
in the horizontal and vertical directions respectively.
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3 Constraints on the width and position
of the collimators

Since the dominant background sources originate
from radiative Bhabha scattering and the beamstrahlung
effect, the collimators are incorporated to intercept
the background due to these two effects. The posi-
tion of the collimators should satisfy the following con-
straints on the half width and the § function where they
are located. Some parameters of CEPC are listed in
Table 1.

3.1 Upper limit on the half width

The half width of a collimator should be small enough
to shield the particles that may reach the IR. In other
words, the ratio between the half width and the beam
size at the place where the collimator is located should
be smaller than that in the IR

dc/m < TIR,,min/\/m_ (1)

In Eq. (1), € is the transverse emittance, d. and (3. are
the half width and g function in the collimator, g min is
the minimum radius of the pipe in the IR and Bir max is
the maximum ( function in the IR. The horizontal and
vertical plane should be considered separately. Accord-
ing to Eq. (1), the upper limit of the half width of the
collimator can be expressed as

TIR,min

V ﬂIR,max \/E (2)

de <

Based on the IR design at this stage with rig min of
1.7 cm, the maximum horizontal beta function in the IR
is about 64.374m and that in the vertical plane is about
1191.778 m. Subsequently, we can get the upper limit
at the collimator from the Eq. (2) in the horizontal and
vertical plane respectively.

3.2 Limit from the transverse mode coupling in-
stability (TMCI)

A collimator that is too close to the beam orbit gives
rise to increasingly dramatic effects from the transverse
mode coupling instability, also referred to as the fast
head-tail instability or strong head-tail instability. This
provides an upper limit to the bunch current [6]

c 1B,

Ithrcsh - " _ ., 3
> " Biki(o..d) )

where (' is a constant with a value of about 8, f; is the
synchrotron frequency, E is the beam energy and k is
the kick factor of the collimator. For CEPC, the refer-
ence value of the collimator taper angle is 0.11 rad. This
value results in the intermediate regime for a rectangular
collimator. So the kick factor can be analytically written
[7, 8] as

(0%
k=0.2154Z0c) | — (4)

_ L=1100 mm 2d,=70 mm
| a ., L/400 mm _.
=40 mm : :
d,} ' :¢ 2d,~10 mm
Fig. 1. The side and transverse view of a collimator.
Table 1. Some parameters of CEPC.
parameters units value
beam energy [E] GeV 12
luminosity [L] ecm~2.s71 1.69E34
circumference [C] km 54.88
energy acceptance (7] 2%
emittance-horizontal [ex] m-rad 6.12E-09
emittance-vertical [ey] m-rad 1.84E-11
betax at IP [Bx] m 0.8
betay at IP [By] m 0.003
lifetime due to Radiative bhabha scattering [TrpB] min 52
lifetime due to beamstrahlung [7gg] min 47

117001-2



Chinese Physics C  Vol. 40, No. 11 (2016) 117001

In Eq. (4), A is a constant (about 1), Z, is the
impedance of free space (about 377 Q) and « represents
the taper angle shown in Fig. 1, which has a value of
roughly 0.11 for CEPC. Substituting Eq. (4) into Eq.
(3), one can get a lower limit on the half width of the

collimator
2 1
4> O.215AéZOc <g> 3 55 (5)
les /6 T2

The threshold bunch current should be larger than
332 pA, while the total current is about 16.6 mA and
there are 50 bunches along the whole ring. Note that
Eq. (5) is derived with the assumption that only one
collimator is mounted. For the multi-collimator condi-
tion, the kick factor of different collimators in Eq. (3)
should be added together.

3.3 Vertical injection requirement

Different from the horizontal plane, the half width
of the collimator in the vertical plane should be large
enough to allow vertical injection [9], so that the influ-
ence of injection on the pretzel orbit can be avoided.
The injected beam and the circulating beam are shown
as follows.
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Fig. 2. (color online) Sketch of the injected beam
and the circulating beam in phase space.

In Fig. 2, the central red ellipse shows the circulat-
ing beam and the green ellipse on the right represents
the injected beam. The outer blue ellipse is the accep-
tance ellipse we define. The beam size is considered as
4 times the standard deviation of the Gaussian distribu-
tion in the vertical plane in the definition. The distance
between these two beams is preliminarily set to 4 mm.
The acceptance in the vertical plane is hence determined
to be about 7.88x107® m.rad and the half width of the
collimator in the vertical plane should satisfy the follow-

ing equation:
dcvy 2 V ayﬁc,y- (6)

3.4 Allowed parameter range for the collimators

The beta function of CEPC is shown in the plot be-
low (Fig. 3), where the blue curve is 3, and the green
one is (,. The z-axis represents the distance to the in-
teraction point. This figure demonstrates half of the IR,
with several FODO cells and the conjunction region be-
tween them. The (3, varies from 0 m to 243 m and S,
from 0 m to 1220 m.
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Fig. 3. (color online) The beta function along the
beam orbit.

a) Design of the horizontal collimators

For the design of the collimators in the horizontal
plane, the constraints mentioned in Sections 1 and 2 must
be taken into consideration. According to Eq. (2) and
Eq. (5), one can get

TIR min

dee < B | B

0.215A1 Zyc a2 - (D
dc,zc> 7E - ﬁCSvCC

Olfs /e 0z

The parameter space allowed is as shown in Fig. 4.
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Fig. 4. (color online) The parameters allowed for
the collimators in the horizontal plane.

Figure 4 shows the parameters allowed for the col-
limators in the horizontal plane. The upper blue line
gives the aperture constraint mentioned in Section 1 and
the lower green line shows the TMCI condition. The
hatched region between them represents the allowed re-
gion in the parameter space. Additionally, the place we
choose should be a long straight drift which can accom-
modate collimators. According to the lattice design of
the CEPC, we decide to install the horizontal collima-
tors at the DRHS22FFS.4, which is 266.412 m upstream
of the IR, and DRHS12FFS.4, which is 200.412 meters
upstream of the IR. The 3, at both these points is about
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238.9 m. The distance between them is about 66 m and
the phase advance is m. Based on Fig. 4, the allowed
half width in these places is in the range of 0.6 to 34.1
mm.
b) Design of the vertical collimators

Unlike the design of the collimators in the horizon-
tal plane, we should also take the injection constraint
into consideration in designing the vertical collimators.
According to Eq. (2), Eq. (5) and Eq. (6), one can write

_ "Rymin

\/ <Y
\V IR,y max

1
0oy > 0.215AEIZOC (g) 3 ﬁc%,y
les /e 0z
> \V aﬂc,y

The allowed region in the parameter space is shown
in Fig. 5. The colour scheme used in Fig. 5 is similar to
that in Fig. 4, with an additional black line between the
two curves mentioned above representing the constraint
given by the injection condition. The hatched region is
the candidate parameter space. According to the lattice
design of CEPC, we decide to install the vertical colli-
mators at DRHFFS.7, which is 283.212 meters upstream
of the IR, and DRHFFS.8, which is 217.212 meters up-
stream of the IR. The 3, at both these points is about
124.05 meters. The distance between them is about 66
meters with a phase advance of . Based on Fig. 5, the
allowed half width is 3.3 mm <d < 5.4 mm.

Furthermore, the half width should better be kept
away from the line confined by the TMCI condition,
because the actual number of collimators is more than

(8)

one, which is our assumption when determining the con-
straints.
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Fig. 5. (color online) The parameters allowed for
the collimators in the vertical plane.

4 Scan of collimator half widths

Table 2 summarizes the parameters of the collimators
determined from the analysis in previous section.

A simulation of the loss rate in the IR with different
half widths was performed, using BBBREM [10] and a
tracking algorithm developed based on SAD [11]. As an
example, the simulation results of the radiative Bhabha
scattering are shown in Fig. 6. Only the electron beam
is simulated in this paper. The simulation result of the
positron beam is thought symmetric to that of the elec-
tron beam, as the lattice is symmetric for these two
beams.

Table 2. Summary of collimator parameters.
name position distance to IP/m beta function/m range of half width allowed/mm
APTX1 DRHS12FFS.4 —200.412 Bz = 238.91 0.6-34.1
APTX2 DRHS22FFS.4 —266.412 Bz = 238.91 0.6-34.1
APTY1 DRHFFS.7 —283.212 By= 124.05 3.3-5.4
APTY?2 DRHFFS.8 —217.212 By = 124.05 3.3-5.4
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Fig. 6. (color online) Loss rate in the IR from radiative Bhabha scattering with different half widths of the collimators

at the two IPs: (a) scattering originating from IP1 and (b) from the IP3.
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Figure 6 shows the loss rate originating from radia-
tive Bhabha scattering simulated in the IR with different
half widths of the collimators. Figure 6 (a) and Fig. 6
(b) show the simulation result with radiative Bhabha
scattering originating from IP1 and IP3, respectively. In
both plots, the black stars represent the results in the
horizontal plane and the red circles those in the vertical
plane. Figure 6 implies that there is almost no effect
on the loss rate when the width is larger than 1.1 cm in
the vertical plane and the lower loss rate needs a smaller
half width. In the horizontal plane, however, especially
at IP3, the loss rate decreases significantly with a nar-
rower gap. Overall, we set the half width of the collima-
tors to 8 mm and 5 mm in the horizontal and vertical
plane respectively. With this gap design and four colli-
mators mounted (two for the horizontal plane and two
for the vertical plane), the TMCI condition can still be
satisfied.

According to Table 1, the lifetime due to beam-
strahlung is as serious as that driven by radiative Bhabha
scattering. So, we should also simulate beamstrahlung.
The simulation method for the background arising from
beamstrahlung is similar to that for simulating the ra-
diative Bhabha scattering background, except that thel
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Fig. 7.

loss rate/Hz

Monte Carlo generator is developed based on the formula
of beamstrahlung-driven lifetime [12, 13].

Figure 7, similar to Fig. 6, shows the loss rate simu-
lated in the IR originating from beamstrahlung with dif-
ferent half widths of the collimators, with Fig.7 (a) and
Fig. 7 (b) showing the simulation results with the back-
ground source at IP1 and IP3 respectively. As a whole,
the loss rate due to beamstrahlung without the collima-
tors is about a quarter of that from radiative Bhabha
scattering. The loss rate decreases significantly with a
narrower gap.

The simulation of the loss rate in the IR with dif-
ferent half widths implies that the collimators are useful
in shielding the lost particles due to radiative Bhabha
scattering and beamstrahlung. Based on this scan, we
decided to set the half width of the collimators to 8 mm
and 5 mm in the horizontal and the vertical planes, re-
spectively. However, further simulations of the accelera-
tor and detectors need to be performed to fully estimate
the effect of the collimators.

In addition, the threshold of the bunch current lim-
ited by these four collimators is about 2.1 mA accord-
ing to Eq. (3). This is safe for CEPC which needs the
threshold of the bunch current to be larger than 332 pA.

1.0 <8, —
+ ~horizontal
0.8} ]
0.61 P L o~~~4-~~-o--~.“_-
0.4r /' ]
02 ,l 1
N R )

05 1.0 1.5 2.0 25 3.0 35 40 45 5.0

the half width of collimators/cm

(color online) Loss rate due to beamstrahlung in the IR with different half widths of collimators at the two

IPs: (a) beamstrahlung originates from IP1 and (b) from IP3.

5 Simulation of background with and
without collimators

5.1 Accelerator simulation

Figure 9 demonstrates the simulation results in the
accelerator for radiative Bhabha scattering, showing the
histogram of the position at which particles are lost in
the IR in the tracking. In total, 240 turns are tracked
because the transverse damping time is about 80 turns
and three times damping time is long enough to detect

| the particles may get lost. The z-axis represents the
longitudinal position with respect to the IP. The nega-
tive distances represent the region upstream of the IR.
A total of 100 bins is used, each with a width of 10
cm. The y-axis gives the loss number per second per
bin. A possible layout of the CEPC interaction region is
shown in Fig. 8. In Fig.9, (a) and (b) represent the loss
rate with and without collimators; (¢) and (d) also show
the loss rate with and without collimators, but with the
scattering originating from IP3. From (a) to (d), one
can conclude that the collimators are useful in reducing
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the background in IR. The very high loss rate in down-
stream of the IP in (b) is because most of the events are
lost in the IR immediately after the collision because of
their large and sharp energy loss. The collimators are
not helpful to reduce these particles. But the radiation
damage and the detector background are not as serious
as the loss rate for the relatively small flying angle to the

100}

50

unit:cm

ideal orbit.

Figure 10 shows the histogram of the positions at
which particles are lost due to beamstrahlung in the IR
in the tracking. The conclusion is similar to that from
Fig. 9. In addition, we conclude that the collimators
are more useful for background originating from beam-
strahlung.

shielding

unitem 50 100 150

250 300 350 400

Fig. 8. Layout of the CEPC interaction region.

le7

—_
[=)}

@ |

._.
~

=212}

—_
(=)

e
o

loss rate/(Hz/10 cm

e 2
[T SRNN
T r

|
=)}

—4 -2 0 2 4
position/m

(©

— —_ —
o 5] N
T T T

o 2
o
T

loss rate/(Hz/10 cm)

NN
o b

position/m

1.6 1e7
1.4} ®)

—_ [
(= 55
T T

0.8}

g
>
.

loss rate/(Hz/10 cm)

S 2
N A

s,
—4 -2 0 2 4

position/m

(=]
|
=)}

1.4t @

1.2t
1.0}
0.8}
0.6}
04}
02}

loss rate/(Hz/10 cm)

-6 —4 -2 0 2 4
position/m

Fig. 9. Distribution of the longitudinal position at which the particles are lost in the IR. The lost particles are
driven by radiative Bhabha scattering. (a) The scattering originates from IP1, simulation without collimators. (b)
The scattering originates from IP1, simulation with collimators. (c) The scattering originates from IP3, simulation
without collimators. (d) The scattering originates from IP3, simulation with collimators.
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(d

Distribution of the longitudinal position where particles are lost due to beamstrahlung in the IR. (a) The

beamstrahlung originates from IP1, simulation without collimators. (b) The beamstrahlung originates from IP1,
simulation with collimators. (c) The beamstrahlung originates from IP3, simulation without collimators. (d) The
beamstrahlung originates from IP3, simulation with collimators.

5.2 Detector simulation

In order to evaluate the influence on the detector,
a detector simulation is performed using GEANT4 [14].
Because the vertex detector (VIX) is the innermost sub-
detector, and suffers seriously from the beaminduced
background, we select the VTX as the indicator to eval-
uate the effects of the collimators.

Figure 11 illustrates the hit density due to radiative
Bhabha scattering at the VITX with and without the
collimators The black dots and green upward-pointing
triangles show the results at IP1 and IP3 respectively
without the collimators, while the red squares and blue
downward-pointing triangles show those with the colli-
mators mentioned above. The half widths of the colli-
mators are 8 mm in the horizontal plane and 5 mm in the
vertical plane. According to Fig. 11, the hit density at
the VIT'X becomes around one order of magnitude lower
with the collimators than without. The final hit density
is confined within a tolerable level (this value should be
controlled under 1 em~=2-BX~! if possible; slight fluctu-

ation is acceptable). Figure 11 suggests that the pre-
liminary design of the collimators is useful in reducing
the background and radiation damage on the detectors
at the CEPC.

10 +IP]_NOCOL
;< £ —=—P1_X8Y5
/M re M
7oL —+IP3_NOCOL
g ¢ —~—1P3_X8Y5
< C vy -
2 1 L=
g E = Yy ¢
o E hd
= 101 bl | vY
102
=Y TR N T T T N T T T T T T T YT O T T Y O T T |
20 30 40 50 60 70
VTX radius/mm
Fig. 11. (color online) Hit density due to radiative

Bhabha scattering at the VI'X with and without
the collimators.
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The simulation results at the detectors for beam-
strahlung are shown in Fig. 12. A similar conclusion
as for Fig. 10 can be drawn from Fig. 11, that the pre-
liminary design of the collimators is useful in reducing
the background and radiation damage on the detectors
at the CEPC.
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Fig. 12. (color online) Hit density due to beam-
strahlung at the VI'X with and without the col-
limators.
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