Beam collimators
(focusing on 2020c, 2021ab mainly)

25th KEKB Review
2021-09-01
T. Ishibashi



Contents

* Beam collimators in SuperKEKB main ring

* Design
* Basic design
* RF shield
* Impedance

* |ssue
* Damage
* Low-Z collimator
 Beam size blowup in LER (TMCI)
e Accidental firing of injection kickers

* Plan
* Replacement of the damaged jaws, installation of hybrid type jaws

* Relocation of DO2V1 collimator to match the betatron phase between this and
QC1RP

* Non-linear collimator at LER OHO section (during Long Shutdown-1 in 2022)
* Summary



Beam collimators in SuperKEKB

* In HER, 8 horizontal and 8 vertical KEKB type collimators have been reused at the same location as KEKB
era. 3 horizontal and 1 vertical SuperKEKB type collimators have been installed in Tsukuba straight

section.

* In LER, 7 horizontal and 4 vertical SuperKEKB type
collimators have been installed.

KEKB type
[Y. Suetsugu et al., NIM A 513, 465 (2003)]

SuperKEKB type
[T. Ishibashi et al., PRAB 23, 053501 (2020)]
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SuperKEKB Main Ring

: Horizontal Collimator, KEKB HER(50x104) type
: Vertical Collimator, KEKB HER({50x104) type

: Horizontal Collimator, SuperKEKB LER(f90x220) type
: Vertical Collimator, SuperKEKB LER(f90x220) type

: Horizontal Collimator, SuperKEKB LER(f90) type

: Horizontal Collimator, SuperKEKB HER(f80x220) type
: Vertical Collimator, SuperKEKB HER(f80x220) type
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Design

We referenced movable collimators for PEP-1l in SLAC for the basic design.
A collimator chamber has two movable jaws, which are placed the horizontal/vertical direction.

Part of the movable jaws is hidden inside the antechambers to avoid a trapped mode in gaps between the
movable jaw and the chamber.

The chamber is tapered to the center of the collimator in order to avoid excitation of trapped-modes.
Materials at the tip of the jaws are tungsten (1st ver.), tantalum (2nd ver.), and carbon (low-Z, special ver.).

TSP can

Collimator in PEP-II Horizontal direction Vertical direction
[S. DeBarger et al., SLAC-PUB-11752] SuperKEKB type collimator



Design — RF shield

e Contact finger-type RF shield is attached on the side wall of each jaw.
* The fingers are made of silver-plated INCONEL.
* The contact surface on the chamber is made of rhodium-plated stainless steel.

* Contact-less comb-type RF shield is adopted between the longitudinal end of the jaw
and the facing surface on the chamber.
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Design — Impedance

* Impedance in the collimators is calculated with GdfidL.

* The loss and kick factors of the SuperKEKB collimators are less than those of the KEKB
ones except for loss factors in the aperture of 15 mm or wider for a horizontal

collimator of KEKB.
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|Issue — Damage

* Jaws of the collimators were damaged by beam hit.
*  LER:D02V1 (2021ab), DO6V1(2021ab)*, DO6V1 (2020ab)*, DO6V2 (2019c), DO2V1 (2019ab), DO2V1 (Phase-2)
*  HER:DO1V1 (Phase-2)

®* Ahuge beam loss and pressure burst happened near them with a QCS quench .

* The damaged tungsten tip embrittled. For the tantalum tip, it did not embrittle.

®* The cause is unknown. A candidate is an interaction between the beam and a dust in the beam pipes.

* The damaged jaws of D02V1 were replaced once during 2020c and 2021b because of the high BG level.

[S. Terui]

* short tantalum tip which has 5 mm.

Before damage

After damage

D02V1 bottom side (38 uSv/h) DO2V1 top side (95 uSv/h)
taken on 2021-06-08 7



|Issue — Damage

®* Incase of a damaged event in 2021-06-02 20:13 (2021b run).

® Pressure near CCG DO2_L18 and D06 _L12, which are placed near DO2V1 and DO6V1
collimator respectively, was increased instantaneously (beam hit the jaws probably).

®* QCS quench happened (QC1LP, QC1RP in LER). Status of QCS
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Issue Damage

Sudden beam loss happened within 2-turn before the beam abort.

Pos)e on VXD diamond sensors of Belle Il were extremely high and the signal saturated (usual beam loss abort: ~50 mRad or
ess

lelegause of the huge beam loss is unknown so far. One of the candidates is the interaction between the beam and a dust in
the beam pipe.

i Results of simulations indicate that the beam loses at not the vertical collimators but the horizontal collimators mainly [Y. Funakoshi].
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BOR signal is proportional to (bunch displacement) X (bunch intensity).



Issue — Damage

e Question from Frank Zimmermann

e Can we perhaps get a thermomechanical analysis of the effect of beam loss at a collimator and also
a calculation of deformation mode frequencies of a collimator?

e Answer

* We've started to investigate the displacement and the deformation mode frequencies.

* The deformation during the operation is dozens of microns by our calculations and measurements,
probably.

* We’ve observed a deformation mode frequency around 10 Hz and the amplitude in the vertical
direction is ~5e-8 m.



Issue — Damage

* Temperature at the tip

* We have used a special jaw, which has a thermocouple at the tip, in DO2V1 during 2019b

(By*=2 mm)

Half aperture of DO2V1

* The temperature does not depend on the aperture of the collimator.

* The temperature depends on the beam current.

Thermo couple
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Issue — Damage

* The heat input at the tip was roughly estimated using CST particle studio for a condition of I (z=800 mA.

* The temperature at the embedded temperature sensor is ~¥65°C in ANSYS, and this is consistent with it
during the operation.

* In this thermomechanical analysis using ANSYS, the displacement is ~20 um.

[S. Terui]
Maximum displacement at tungsten: ~20 um

= 19199 &)
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[S. Terui et al.]

Issue — Damage

* We measured the displacement at the tip by the heating.

* The displacement is less than 20 um in this setup. :
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Issue — Damage

* Mode frequencies measurement

* We measured the deformation mode frequencies in the actual machine (D02V1 collimator)
with the water flow on/off.
Jaw’s axis
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Measurement for the jaw (+ chamber)

Measurement for the chamber 14



Issue — Damage
* Mode frequencies measurement

* Thereis an eigenmode around 10 Hz, and the maximum amplitude to the beam
(vertical direction) is ~5e-8 m for the jaw with the cooling water flow.
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Issue — Damage
* Mode frequencies measurement

Integrated power spectrum density regarding to the frequency
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Issue — Low-Z collimator

* Materials with a short radiation length is very effective as a beam tail shield, however the
beam loss is localized and the temperature of that exceeds the melting point.

* In order to protect the collimators for BG suppression from abnormal beams, we
developed a collimator with carbon*.

* Glass like carbon coated and impregnated C/C
composite (GCX2002-U_GP2B, Toyo Tanso Co.,Ltd.).

Tested: bonding test, tensile test, impregnation/coating test for dust and outgassing reduction,
RF absorbing test(2.45 GHz, 5.04 GHz), radiation degradation and so on

* Installed in a existing collimator (DO6V1) during 2020 summer
shutdown and worked for BG suppression during 2020c, Maximum temperatures within 1 RL and melti

however removed during 2021 winter shutdown because of the peints (e+, 4 GeV. D: 0.5 mm, 50 mA, FLUKA).
impedance problem.

6000+ e Melting point

é ¢  Maximum temperature
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S 4000}
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2 L ]
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2000}
s a
1000} .
e i L ]
Carbon (L=60 mm) * e
ALtk Cs N & W TTA ¢

Carbon jaw installed in DO6V1. Material



Issue — Beam size blowup in LER (TMCI)

* First high bunch current study with the single-bunch operation to observe the threshold.

DO6V1 (Carbon, L=60 mm) survey on 2020-12-02

In the study, the maximum bunch current was ~1.04 mA/bunch (We were not able to inject above this).
L: length of the flat region at the tip

_ Collimator | By [m] | aperture [mm] | kr [V/pC/m] 2
67.3 +2.0 841 +«—— 5520
206 +3 237
17 +3 237
13.9 +3 237

Calculated value: [, ;, = 0.99 mA/bunch <— (1.49 mA/bunch)

C,f.Ele
bth =
DO6V2 (Ta, L=10 mm) survey on 2020-12-02 Zi Pikr (c,)
We were able to accumulate ~1.5 mA/bunch at least (We were able to inject above this). :‘%“;%%ﬁ?ﬁp?ﬁ&:
=8, =2 z], Ele =4
| Collimator | By[m] |aperture [mm] |kt [V/pC/m] 2 D i s s s
DO6V1 67.3 +4.0 249 b) «— 20509 c) loss-free (GdfidL 2013-10-15, T. Ishibashi)
ggg‘\ﬁ 2%6 s =0 the DBV, DOGNY vericel oot bk conederston.
_ :l:2.0 430 B-PosY [mm] V-offset [mm)
DO2V1 13.9 +1.0 1287 g:\‘;; g:;; x:’; ;’-3
Calculated value: /, , ~ 1.31 mA/bunch puLoe  PoTA
' DO2V1:0.16 _ DO2V1:0

* In this study, the maximum bunch current looks consistent with the calculated value, but we didn’t measure the beam
size because of the single-bunch operation.

* After this study, a vertical beam size blowup derived from collimators’ impedance has observed for the multi-bynch
operation, and the threshold is 0.7-0.8 mA/bunch (much lower than the calculated value).



Issue — Beam size blowup in LER (TMCI)

* The impedance of DO6V1 is larger than that of DO3V1.
* The kick factor of DO6V1 (carbon, L=60 mm) is about twice larger than that of D03V1 (tantalum, L=10 mm) by GdfidL.

- Replaced the low-Z jaws with tantalum jaws before 2021a.

[Y. Ohnishi]
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Carbon jaw installed in DO6V1.



Issue — Beam size blowup in LER (TMCI)

* We can accumulate ~1.5 mA/bunch at least in this study.
 We've not observed the coupling of the modes 0 and -1 yet.
* We've observed the vertical beam size blowup before the coupling.
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[ I R Pilot Bunch Tunes

16 ") 1531 Uwn
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10
g o !/ We were not able to inject up to ~1.7 mA/bunch (rep. rate 1 Hz).
B 4., . TMCI threshold (calc.): ~¥1.77 mA/bunch
Sl S
< k%1 '7~0.009 :
; : : DO2V1: 2.17 mm, -1.8 mm, DO3V1: £9 mm,

02/17/2021 19158155

46.585  46.59 ;;.595 46.6 DO6V1: £2 mm, DO6V2: £9 mm 20



Issue — Beam size blowup in LER (TMCI)
VS v, at KB 36x101° V/C (June 29)
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[K. Ohmi et al.]

Emittance growth due to
current independent
resonance (nx-ny-2ns or 2ny-
6ns=n) for |I=<80mA.
Emittance growth due to tune
dependent TMCI (localized
wake) was seen |>=90mA
g,=150pm at I=100mA
v,=0.588

|, =95mA at Kb= 36x1015 V/C.

21



Issue — Beam size blowup in LER (TMCI)

[K. Ohmi et al.]
dv,/d1=0.008/mA
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Emittance blow up was seen at 1mA/bunch. 2



Issue — Beam size blowup in LER (TMCI)

[K. Ohmi et al.]

Threshold change for Collimator gap

vy=0.59
KB=36x101>V/c KB=41.6x1015V/c
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* The threshold almost scales to Kpl.

 The emittance growth seems to be due to TMCI, though not
ordinary TMCI.



Issue — Beam size blowup in LER (TMCI)

LER vertical beam size [t m]
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[S. Terui et al.]
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* The beam size blowup can be suppressed by increasing the vertical chromaticity.
* The threshold of the blowup increases with the negative chromaticity.
* The blowup can be suppressed by increasing the feedback gain. 2



Issue — Beam size blowup in LER (TMCI)

[K. Ohmi]

NMode coupling for localized wake

* In ordinary mode coupling, the betatron tune does not have
meaning, but only tune different between sidebands, ns has
meaning.

* |In mode coupling due to a lfecalized wake, the betatron tune
has meaning. Sideband modes~wrapped at 0.5

Broad band resonator wake 50GHz, Q=1
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Issue — Beam size blowup in LER (TMCI)

e Summary of TMCI in LER
* We can accumulate the bunch current up to a calculated values using a broad impedance model,
however we’ve observed the vertical beam size blowup around ~60% of the calculated values.
 We’'ve not observed the coupling of the modes 0 and -1, so K. Ohmi has suggested that we should
observe this, which is an "ordinary" TMCI, in a higher vertical tune (v, > 0.6).
 The beam size blowup has been observe for the single-beam operation (no collision). We’ve observed a
beam size blowup in LER with the collision. It has been caused by the beam-beam, because the beam
size depends on not the collimators’ aperture but the current balance between LER and HER. We've not
been able to accumulate the bunch current till the TMCI threshold with the collision so far.
* The bunch current threshold about the beam size blowup depends on the tune and the chromaticity.
* Proper vertical tune and/or higher chromaticity can increase the threshold.
* The threshold of the blowup may increase at least up to ~0.9-1.0 mA with present collimator setting by
choosing the vertical tune and/or the vertical chromaticity.
* For higher beam current operation that is assumed for L=1X103°> cm s, a bunch current more than
1.0 mA will be needed for LER, so this beam size blowup may be more serious.
* There is a possibility that the tune to avoid the blowup is not good for the luminosity performance.
* D. Zhou's strong-strong beam-beam simulation has predicted that the luminosity will increase by
10% by moving from the present tune to the designed tune (v,, v,)=(.53, .57).



Issue — Beam size blowup in LER (TMCI)

* (Example) parameter sets for L=1X103> cm2 s,

[Y. Funakoshi]
I N O N
# of bunches 1564+1 2345+1
Luminosity 4.79 x 1034 cm2s? 1.0x 103> cms?
oo 1.41 A 0.986 A 2.35 A 1.64 A
byt 0.898 MA  0.630 mA 1.0 mA 0.7 mA

By* 1 mm 1 mm 0.8 mm 0.8 mm
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Issue — Accidental firing of injection kickers

* Accidental firing of injection kickers in LER has happened.

* Example:
* On 2021-05-14 00:35, a both ring abort happened.
* QCS quench (QC1RP al, a2, bl).
* A pressure burst at DO6H3 collimator was observed.
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Issue — Accidental firing of injection kickers

* DO6H3 collimator has used for the protection from the accidental firing, and it was severely damaged.

* We replaced them with healthy ones during this summer shutdown.
* We don’t have the spare jaws for DO6H3 collimator. Thus, we removed jaws of DO6H1 and installed them into DO6H3.

* We installed new jaws into DO6H1 instead, however the length of the jaws is short for this collimator. The minimum
aperture of DO6H1 is £14 mm.

e We're staring to manufacture the spare jaws made of tantalum, and it’ll be delivered till the beginning of next Jan.

* Plan to replace all of the thyratrons with another ones, which have higher breakdown voltage, during
this summer shutdown [T. Mimashi].

DO6H3 IN (~700 puSv/h) DO6H3 OUT (~320 pSv/h)



Plan — Replacement of the damaged jaws, installation of hybrid type jaws

* We plan to replace the damaged jaws during this summer shutdown.
e LER: DO6V1 (Ta, L=4 mm), DO6V2 (Ta-C hybrid, L=4 mm)
 HER: DO9V1 (Cu-plated Ti, L=40 mm), DO9V2 (Cu-plated Ti, L=40 mm)

(): type of new jaws DO6V?2 Top (2020-12-18) D09V2 (2021-07-09)

D0O6V1 Top (2021-06-08)
beam

DO6V1 Bottom (2021-06-08) DO6V?2 Bottom (2020-12-18)




Plan — Replacement of the damaged jaws, installation of hybrid type jaws

* We plan to replace the damaged jaws of DO6V2 with hybrid type jaws, which has carbon and tantalum
at the tip in order to improve the robustness regarding to the beam hit, for the test purpose.

Model Tantalum Actual

Copper CFC (Carbon-fiber-composited Carbon)

- —— Cuplate
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Plan — Replacement of the damaged jaws, installation of hybrid type jaws

0000

: - Positron Flux

[Positron Beam]
- Beam Size: oy = 100um, ox = 300u
- Beam Energy : 4 GeV

property

- No energy spread

- Lower half of the beam hit the jaw

- Beam current (assuming 99.4kHz) :
1 mA, b mA, 10 mA, 30 mA, 50 mA

[Y. Morikawa, S. Terui]
" Temperature Rise(1mA)-Hybrid type

iTemperature Rise(1mA)-All Ta

tantalum Carbon




Plan — Replacement of the damaged jaws, installation of hybrid type jaws

Peak Temperature Rise along Beam Axis

1MmA —
5mA
10mMmA
30mA ——
50MmA —

Temperature Rise(1mA)-Hybrid type [y Morikawa, S. Terui] ==

Temperature Rise(ImA)-All Ta e ———— . "x

-1 o 1 3 a 3 6

2
Beam Axis(mm)

Peak Temperature Rise along Beam Axis(All Ta Head)

6000 |- LMA

S5mA
10mMmA
BO0mA
50mA

When 30 mA beam hits the jaw, the volume of the o
melting tantalum is 68 % less compared to the standard o

1000

jaw. This might relax the bad effect on the background 2

250

(durable jaw?). e

2
Beam Axis(mm)




Plan — Relocation of DO2V1 collimator

* Phase matching between D0O2V1 collimator and QC1RP in LER as much as possible by moving the collimator.

* We moved D0O2V1 3247 mm by the reconstruction of the existing components.
QLB3RP Do2v1 GV BLB3RP

D02 building | eA — (2021-05-26)
QLB3RP GV D02Vl  BLB3RP
Tsukuba
experimental hall
(Belle 1)

= ¢+ beam

(2021-08-27)
34
I 3247 mm




Plan — Relocation of DO2V1 collimator

* For the By*=1 mm optics, the target of the moving length is 3000 mm,
however the actual length is 3247 mm to relocate during this shutdown.

e Simulations by A. Natochii indicate that even this configuration (3247 mm
shift) can reduce the detector background.

[H. Koiso]

before relocation | relocation [m] after relocation | relocation [m]
2.964 1.463 10.89/13.95/0.1380 1.500 24.53/12.00/0.3569
0.8 3.871 1.469 13.01/18.40/0.1362 1.500 34.17/21.10/0.4209
0.5 2.074 1.478 16.31/14.32/0.1382 1.500 32.01/16.27/0.2908
0.27 3.235 1.495 25.22/98.09/0.1289 1.500 61.43/48.25/0.3640

* We plan to bake around the DO2V1 after the relocation work.
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Plan — Relocation of DO2V1 collimator

SAD simulation results. IR beam losses and beam lifetime

The actual drift space (LLB3RA/LLB3R) is enough to shift DO2V1 collimator by 3.247m upstream.

This shift will change collimator optics parameters
13.95 — 11.88 [m]

o Vertical B-function :

o Phase advance w.r.t. QC1: 0.037 — 0.004 [1/2m]

Keeping the initial collimator aperture at 72/780,, the TMCI bunch current limit is slightly relaxed by 0.02mA.
Due to better phase matching with QC1, the D02V1 collimator shift reduces IR backgrounds by ~20% and

~50% for Touschek and Coulomb components, respectively.

Beam lifetime is unchanged.

LER May 9, 2020 [original]
B*X/Y = 80/1 mm | CW = 60%

[A. Natochii]

Coulomb IR losses: 56.84 + 0.36 [MHZ]
Brems IR losses: 4.78 £ 0.02 [MHZz]
Touschek IR losses: 32.29 + 0.80 [MHZ]

Coulomb lifetime:
Brems lifetime:
Touschek lifetime:

25.72 £ 0.51 [min]
1524.57 + 2.98 [min]
6.76 £ 0.01 [min]

LER May 9, 2020 [modified]
B*X/Y = 80/1 mm | CW = 60%

Coulomb IR losses:  29.86 + 0.09 [MHZz]
Brems IR losses: 4.80 £ 0.02 [MHZz]
Touschek IR losses: 26.58 + 0.82 [MHZ]

Coulomb lifetime:
Brems lifetime:
Touschek lifetime:

25.56 = 0.53 [min]
1526.41 = 3.05 [min]
6.75 £ 0.01 [min]
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Plan — Non-linear collimator at LER OHO section

* Present collimator setting (2021ab)
 DO6V1: primary collimator: most tightly closed and suppresses the injection BG.

* DO2V1: second collimator: closest vertical collimator to IP and very important to suppress BG
 DO6V2, DO3V1: backup: not so tightly closed. DO3V1 can be used for a backup of DO2V1.

D01 QO1H4 oost DO2H4 DO2H3
e —
F/’ 4 DO3V1
DO1V1 | DO2H1
D03

2 W D12v4 DO1H3 DOZVI DO2H2
. @ D12H4

D12Vv3

D12H3

® D12H2

@ D12Vv2

® D12H1

4

* If we can replace DO6V1 collimator with
non-linear collimator (NLC) for example,

L]
the X, k,, dramatically decreases. [Fo SuperkEKB Main Ring
y y ‘{ \|
D11 | | ; ! . \ )¢
- HER LER:. Y AMS
% ARF
& | QL
= 9 B @ : Horizontal Collimator, KEKB HER(50x104) type @ 8’
[ : Vertical Collimator, KEKB HER(50x104) type g =
| B D0SV4 @ : Horizontal Collimator, SuperKEKB LER(f90x220) type
010 |0%0é':,43 B : Vertical Collimator, SuperKEKB LER(f90x220) type ;“ D05
\ DOSH3 @ : Horizontal Collimator, SuperKEKB LER(f90) type /'
\ ® DOSH2 @ : Horizontal Collimator, SuperKEKB HER(f80x220) type /
onog’gé ; B : Vertical Collimator, SuperKEKB HER(f80x220) type

3 Do9v1




Plan — Non-linear collimator at LER OHO section

 Collimator setting during physics run in 2021b (By*=1 mm)

T im | 20030630 mm) | 2021.07-02 )

DO6V1 top 67.3 3.06 3.84
DO6V1 bottom -2.65 -2.65
DO6V2 top 20.6 2.27 2.25
DO6V2 bottom -2.26 -2.24
DO3V1 top 17.0 8.00 7.99
DO3V1 bottom -8.00 -7.99
DO2V1 top 13.9 1.30 1.71
DO2V1 bottom -1.14 -1.35
NLC@OHO 2.9 5.7 5.7

* The B,at the DO6V1 is large, and the aperture is narrow.
* The B,at the NLC is small, and the aperture is wide.
— can dramatically decrease the 2, k,, if we can replace DO6V1 with NLC.



Plan — Non-linear collimator at LER OHO section
* Scheme g [K. Oide]

> E—
Skew sexts (SNLC)

sleri1 705_60_$_cw50_N LC1.sad
G| T P L P

y —— : Requirements for the NLC optics:
25:'.— /)’_\'s q —\/ﬁ—x .
L

[

e Large 3, = B, at the (skew) sextupole.

- B, = By at the collimator:
\V 6ycﬂys B Lsc

e A (skew) sextupole pair connected by a
— I transformation.

vertical

i e No dispersion at the sextupoles and the

collimator.

e ~ (.25 vertical phase advance between
the sexts and the IP.

% g % g § § 8 Five sections of wigglers are removed!
88 228333
N N )
— Here the collimator is placed right before the center quad (QN30P).
T If the quad is split into two pieces, the collimator can be placed in the middle of them. , . ..

Auy= = 39



Plan — Non-linear collimator at LER OHO section
[K. Oide]

Super

KEeEKB

LER optics for (60,0.6) mm

Requirements on the collimation

CW = 50%

e Consider a collimation at a vertical amplitude y,, which is equal to the

Dynamic aperture (X-Y) with NLC )
dynamic aperture.

— For the (60,0.6) mm optics, y, = 10.0mm at QC1 (300, with €, /e, =
2%).

e It is equivalent to ys = yqv/Bys/Byq = 6.8 mm at the NLC skew sextupole
SNLC.

e The sextupole kicks the beam vertically by

<f

S
Apys: 5(?/52_1‘3)’ (1)
Dynamic aperture (Z-X) with NLC } . 32BT
010,00 e L1 s = Ak < 20 VN 0 S, = . - -, (2)
e B e e Bp 0y*
— For instance, s’ = 6.0/m?, Ap,s = 0.14mrad, with |ys| > |zs|.
i;- 3 e Then the kick makes a vertical displacement at the collimator:
8
:'5 3 Ayc - R34Apys = 5.7 mm (3)
R34 = \/BycBys = 40.8 m (4)
e This example optics: fBys = 570m, [yc = 2.9 m. 40

June 17, 2021 K, Qide



Plan — Non-linear collimator at LER OHO section [A. Natochii]
Storage background impact

e For B’Y = 1mm and €= 80pm in LER, NLC can significantly reduce IR storage backgrounds
at ~3000 (+£5.7mm), which corresponds to ~400 at skew sextupoles, while QC1 is at ~500
D06V1 can be fully opened with no harm to the IR
D02V1 can be opened up to the acceptable level of beam-induced backgrounds in the IR

SAD : IR losses
160~ B BT
140 ¥
: ) /o
120 [ 50% ],
= 100— " - -
;‘ r V_,."'l L !
$ 80—~ G R I:] Total -
§ - —I— Coulomb scattering
60 - —+- Bremsstrahlung
[ ---t--- Touschek effect
40'_ :
20; ....................................
0“; 1 ‘I I 1 ;1 :-.I L1 [ 7| 1 |”' '
0 500 1000 1500 2000

Apert [o]
NLC aperture scan

Losses [MHz]

SAD : IR losses
250/
200
: e Acceptable level of
150] g IR backgrounds
100 [ ] Total
—— Coulomb scattering
E- —+ - Bremsstrahlung
50 -~ | ---4--- Touschek effect
= o
0 2 4 6 8 10

Apert (0] +440

D02V1 aperture scan while NLC is closed "



Plan — Non-linear collimator at LER OHO section

Conclusion

[A. Natochii]

e The optimal NLC aperture for storage and injection backgrounds mitigation is £5.7mm which is
about 3000 at the NLC and 400 at skew sextupoles
DO6V1 can be fully opened with no harm to the IR while using NLC
Closing NLC, opening D06V1, and keeping D02V1 & DO6V2 collimators at the QC1 aperture
increases the TMCI bunch current threshold from 1.6mA up to 4.2mA

e For more simulation and analysis details use this /ink

Storage IR backgrounds Injection IR backgrounds
160" fe—em == |
C A 120F
140
100}
120 -~
N ; T
S 100- + : 2%
§ 80'_ _--4]"' ] [:J Total g 60
8 : —I— Coulemb scattering [
60— I 1 ~{ - Bremsstrahlung 40
C ---+-- Touschek effect ;
40— I ! : 20~
20: I 0 H FIFFFFTTEI S TS TSR TR STTT SRR TR ST TSRS RS
Tt TR ] . 0 5 10 15 20 25 30 35 40 45
P i ! s ] s | NLC aperture [mm]
° 500 1006 GO0, 2000 0 ;500 1000 1500 2000
| Apert o] | NLC aperture [no)
P e ——— — — —— — — — — — — — RN R -1
| Optimal NLC aperture +5.7mm (~3000) | 42

— — — — — — —— — —— ———— — —



Summary

* Collimators are indispensable to reduce the detector BG and avoid the
QCS quench. However, there are issues:
* Damage
* TMCI

* Relocation of DO2V1 during this summer could relax the TMCI bunch
current limitation because we can open the aperture when we keep the
same BG level during 2021ab.

* Non-linear collimator at LER OHO section could relax the TMCI. We have
plans to construct this during Long Shutdown-1 (LS1), 2022.
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Kick Factor [V-C~1-m™1)

Design — Impedance P

—— fit: y=(1.24e+15)x**(-1.54)
~— Zagorodnov: A=0.26, alpha=0.23 rad, sigma_z=6.0 mm

10

[I. Zagorednov. Wakefield Calculations for 3D Collimators,
EUROTeV-Report-2006-074.)

L=10 mm L=5 mm Carbon, L=60 mm

SuperKEKB LER(f90x220) vertical type, tip length=60 mm, lossy
—— fit: y=(1.26e+15)x**(-1.69) — fit: y=(2.27e+15)x**(-1.40)

~— Zagorodnov: A=0.27, alpha=0.23 rad, sigma_z=6.0 mm ~—— Zagorodnov: A=0.49, alpha=0.23 rad, sigma_z=6.0 mm

® SuperKEKB LER(f90x220) vertical type, tip length=10 mm, loss-free ® SuperKEKB LER(f90x220) vertical type, tip length=5 mm, loss-free @

A

T v
£ £
15 T 15 T \
o 10 @) \
>, = 10"
S S
B B
© ©
w w
- -
S )
4 4
6x10"
00 05 10 15 20 25 30 35 00 05 10 15 20 25 30 35 100 125 150 175 200 225 250 275 3.00

Half Aperture [mm)] Half Aperture [mm)] Half Aperture [mm)]



Non-linear slope (geometry to reduce the impedance)

» K. Yokoya, Impedance of Slowly Tapered Structures, CERN SL/90-88(AP).

For given length of the taper [ = (b— a)/6, we can reduce the wake by shaping the wall
properly (the dashed line in Fig.2). The best shape (for the dipole wake) is the exponential
function

b] (z/1)

a(z) =a [—

a

for which I = [log(b/a)]?/l. The reduction factor is

Iexponential - R(log R)2
Ilinear - (R e 1)2

(R = b/a).

The exponential shaping is effective when R is large. (A reduction by half for R = 20.) It
is interesting that the linear taper is the best for the monopole wake.

< g O l o\

7

\ /
N /
N Ve b
ks A
= i\ L In our case, a~2 mm, b=45 mm, R=22.5.
a
e S S TR N {’ e The reduction factor is ~0.47.

Fig.2. Linearly and exponentially tapered scrapers. 16



Non-linear slope (geometry to reduce the impedance)

Elliptical jaw ‘Exponential jaw

| PTH

Elliptical jaw + Elliptical pipe Exponential jaw + Exponential pipe

= S -

!\_

27 ds.



Non-linear slope (geometry to reduce the impedance)

Linear jaw




Non-linear slope (geometry to reduce the impedance)

Current design vs exponential vs elliptical
a=2,b=45,1=177.5

—— linear (current design)
—— exponential: a(z) = a(2)#
40

—— elliptical: a(z) = b — (b—a)y/1 - (%)?
30

a [mm]

20

0

0 25 50 75 100 125 150 175
Z [mm]

Cut test for aluminum plate using wire-cutting machine

49



Non-linear slope (geometry to reduce the impedance)

® linear jaw, linear tapered pipe (current design)
elliptical jaw, linear tapered pipe
® exponential jaw, linear tapered pipe

change only jaw, 0, =6 mm, dy =0.5mm change only jaw, o, =6 mm, dy = 0.5mm
®
0.200 sl
B
0.175 ® 350
) E
O i
>, o S
S 0.125 =
§ o G 250 7
@ 0.100 w
2 T 5 5]
- X 200
0.075
0.050 150 °
O ) @) »
0.025 . 100 ,
2.0 2.5 3.0 3.5 4.0 4.5 5.0 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Half Aperture [mm] Half Aperture [mm]

The exponential jaw is the best to reduce the kick factor for the narrow aperture.

The kick factor of the exponential one is smaller than that of the linear one by ~10% for H.A.=2 mm. 0



Non-linear slope (geometry to reduce the impedance)

® linear jaw, linear tapered pipe (current design)
linear jaw, elliptical tapered pipe
® linear jaw, exponential tapered pipe

change only pipe, 0, =6 mm, dy = 0.5mm change only pipe, 0, =6 mm, dy = 0.5mm
400 .
0.200
0.175 s
= E
2 0.150 O 300
= S
S P
= 0.125 9O 250
¢ :
£ 0.100 o 8
S S 200
0.075
o o o ”
150 o
0.050
® o o 100 2
0.025 ®
2.0 2.5 3.0 3.5 4.0 4.5 5.0 2.0 2.5 3.0 3.2 4.0 45 5.0
Half Aperture [mm] Half Aperture [mm)]

The elliptical tapered pipe is the best to reduce the kick factor.

The kick factor of the elliptical one is smaller than that of the linear one by ~4% for H.A.=2 mm. o



Non-linear slope (geometry to reduce the impedance)

@® linear jaw, linear tapered pipe (current design)
elliptical jaw, elliptical tapered pipe

® exponential jaw, exponential tapered pipe

® exponential jaw, elliptical tapered pipe

change jaw and pipe, g, =6 mm, dy = 0.5mm change jaw and pipe, 0, = 6 mm, dy = 0.5mm
® @ ® ®
0.200 ‘ ¢ gt
0.175 350 @
L\& 0.150 o 200
= e
- >
S 0.125 =
g § 250
Tig o @
®» 0.1 L
3 0-100 ~ 200 4
@ X @
0.075 °
o 150 &
@ ®
0.050 o & :
@ @
0.025 ® . ®
20 25 ﬁiow 4 35 40 45 50 20 25 30 35 40 45 50
alf Aperture [mm] Half Aperture [mm]

The combination of the exponential jaw and the elliptical tapered pipe is the best to reduce the kick factor.

The kick factor of this combination is smaller than that of the current design by ~22% for H.A.=2 mm. 7



Non-linear slope (geometry to reduce the impedance)

Dipole Wake Quarupole Wake
1e11 (d=2 mm, y=0.5 mm, sigma_z=6 mm) ; 1e10 (d=2 mm, y=0.5 mm, sigma_z=6 mm)
15 S cnl.:rr.ent
T Gl . 0
1.0 - P
— ell_p -
0.5 ©Xp_p
— ell_j+ell_p 2
—~ 0.0 exp_j+exp_p
Q exp_j+ell O
S p_j+ell_p g -3
>,—05 v—
= g —— current
1.0 ~4 el
= = XDl
15 =S |— elp
— exp_p
-2.0 6 —— el j+ell p
exp_j+exp_p
-2.5 =7 | — exp_j+ell_p
-0.03 -0.02 -0.01 0.00 0.01 0.02 0.038
s [m] -0.03 -0.02 -0.01 000 0.01 0.02 0.03

s [m]
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Non-linear slope (geometry to reduce the impedance)

Dipole Wake Quarupole Wake

1e11  (d=2 mm, y=0.5 mm, sigma_z=6 mm) 1e10 (d=2 mm, y=0.5 mm, sigma_z=6 mm)
—— current —— current
without antechamber ——— without antechamber
— exp_j — exp_j

exp_j without antechamber

-~ exp_]j without antechamber

-0.03 -0.02 -0.01 000 001 002 0.03 -0.03 -0.02 -0.01 000 001 002 0.03
s [m] s [m]
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Vertical tune shift I,

Al/x/y = Wzﬁx/y kx/y
To=circ./c ~1e-5 s
E/e =4 GV

e 3Bk, =8.9 %10 [V/C] (calc), Vy, modes = 0.585, 2021-02-25
— 2B,k, =18.1 x 10*° [V/C] (meas), fit: y=(-3.63e-03)x + (0.587)

*  IByk,=26.6 x 10 [V/C] (calc), Vy, moder = 0.585, 2021-02-25
—— ZB/k, =30.8 x 10*° [V/C] (meas), fit: y=(-6.17e-03)x + (0.586)

* ZB,k,=37.1x 10" [V/C](calc), Vy, model = 0.585, 2021-02-25
—— IB,k, =36.3 x 10> [V/C] (meas), fit: y=(-7.27e-03)x + (0.586)

e 3B,ky,=59.9 x 10*° [V/C] (calc), Vy, model = 0.601, AL model = + 2, 2021-02-25
—— 2Byk, =57.2 x 10%° [V/C] (meas), fit: y=(-1.14e-02)x + (0.600)

e 3B,k,=48.3 x 10* [V/C] (calc), Vy, model = 0.585, 2021-03-01
—— 3B,k, =49.4 x 103 [V/C] (meas), fit: y=(-9.89e-03)x + (0.587)

e ZByk,=48.3 x 10* [V/C] (calc), Vy, model = 0.585, Ay, model = + 1, 2021-03-01
—— 3Bk, =49.9 x 103 [V/C] (meas), fit: y=(-9.99e-03)x + (0.587)

»  IByk, =48.3 x 10% [V/C] (calc), Vy, model = 0.562, ALy, model = + 1, 2021-03-01
—— ZByk, =55.0 x 10> [V/C] (meas), fit: y=(-1.10e-02)x + (0.565)
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Horizontal tune shift

0.529

—— 3IBykx=6.5 x 10 [V/C] (meas), fit: y=(-1.30e-03)x + (0.528)

o IBxky=3.9x10%%, 3B k, = 26.6 x 10 [V/C] (calc), Vy, model = 0.585, 2021-02-25
——— IBykyx = 6.3 x 103 [V/C] (meas), fit: y=(-1.26e-03)x + (0.528)

o IByky=3.9 x10%5, 38 k, = 37.1 x 10’ [V/C] (calc), Vy, model = 0.585, 2021-02-25
——  3Bxkyx = 6.0 x 10> [V/C] (meas), fit: y=(-1.19e-03)x + (0.528)

o IB.ky=3.9x10%, 2B/k, =59.9 x 10*° [V/C] (calc), Vy, model = 0.601, AEy, model = + 2, 2021-02-25
—— 3Bk, =5.8 x 103 [V/C] (meas), fit: y=(-1.15e-03)x + (0.527)

o IBcky=3.9 x10%, 1B k, = 48.3 x 10*° [V/C] (calc), Vy, model = 0.585, 2021-03-01
—— IByky = 6.6 x 10 [V/C] (meas), fit: y=(-1.32e-03)x + (0.527)

o IBcky=3.9 x10%, 1B k, = 48.3 x 10’ [V/C] (calc), Vy, model = 0.585, A&y, model = + 1, 2021-03-01
—— IBykx=6.8 x 10 [V/C] (meas), fit: y=(-1.36e-03)x + (0.527)

o IByky=3.9 x10%%, 3B,k, = 48.3 x 10> [V/C] (calc), Vy, model = 0.562, A&, moder = + 1, 2021-03-01
——— IBykyx = 8.7 x 10 [VIC] (meas), fit: y=(-1.77e-03)x + (0.527)
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Beam Size at XRM [um]

Vertical tune scan
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Beam size blowup

Beam Size at XRM [um]
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* 10mA, I8k, =48.3 x 10'° [V/C] (calc), 2021-03-01

»  IB,k,=48.3 x 103 [VIC] (calc), Vy, moges = 0.585, 2021-03-01

* 1Bk, =48.3 x 10% [VIC] (calc), Vy, moger = 0.585, ALy, moger = + 1, 2021-03-01
e IRk, =48.3 x 10 [VIC] (calc), Vy, moger = 0.562, Ay, moger = + 1, 2021-03-01
* 3Bk, =48.3 x 105 [V/C] (calc), Vy, moder = 0.562, AEy mogel = + 2, 2021-03-01
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e scan * 10mA, IB,k, = 48.3 x 10" [V/C] (calc), 2021-03-01
»  IB/k,=36.3 x 10 [VIC] (calc), Vy, moger = 0.585, 2021-02-25
* 3Bk, =36.3 x 1015 [VIC] (calc), Vy, moger = 0.587, 2021-02-25
e 3Bk, =36.3 x 105 [VIC] (calc), Vy, moger = 0.589, 2021-02-25
* 3Bk, =36.3 x 10%° [V/C] (calc), Vy, moger = 0.591, 2021-02-25
*  IB/k,=36.3 x 10%° [VIC] (calc), Vy, moder = 0.593, 2021-02-25
«  IByky=36.3 x 10% [V/C] (calc), Vy, modes = 0.595, 2021-02-25
*  IB,k,=36.3 x 10'° [V/C] (calc), Vy, moger = 0.597, 2021-02-25
2B,ky = 36.3 x 10'° [V/C] (calc), Vy, moder = 0.599, 2021-02-25
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Beam Size at XRM [um]

Beam size blowup

Chromaticity scan
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e 10 mA, Bk, =48.3 x 10 [V/C] (calc), 2021-03-01
»  IByk,=59.9 x 10'% [VIC] (calc), Vy, modes = 0.601, 2021-02-25

«  IBk,=59.9 x 10" [VIC] (calc), Vy, model = 0.601, ALy, moder = + 1, 2021-02-25
o IB,k,=59.9 X 105 [VIC] (calc), vy, modes = 0.601, ALy, moder = + 2, 2021-02-25
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Beam size blowup

ZByky = 37.1 x 10" [V/C] (calc), § 3Bk, =59.9 x 10 [V/C] (calc), Vy, moger = 0.601, 2021-02-25

=
[$] = — = -l - —
= Uxiy.modet = 0.528/0.583 — 0.591, £y = 1.31/1.32, 2021-02-25 = §  2B/k,=48.3 x 10'° [VIC] (calc), Vy, moder = 0.562, 2021-03-01
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@ Fractional Vertical Tune a’: 15 20 25 3.0 8.5

Vertical Chromaticity (measure + set value)

TMCI threshold (calc): ~1.6 mA/bunch
Reference sigma_y at XRM: 45.5 um

Judgement value of beam size blowup: 54.6 + 2.9 um Reference sigma_y at XRM: ~44.2 um (Feb. 25th), ~51.6 um (Mar. 1st),
Judgement value of beam size blowup: ~53.0 £ 2.1 um (Feb. 25th), ~62 + 2.8 um (Mar. 1st),

TMCI threshold (calc): ~1.1 mA/bunch (£gk, = 59.9x10'5 V/C, Feb. 25th)

Defining the beam size blowup as (reference sigma_y)*1.2 + (std). Defining the beam size blowup as (reference sigma_y)*1.2 + (std).

(reference sigma_y) is averaged sigma_y at XRM in low current. (reference sigma_y) is averaged sigma_y at XRM in low current.
(std) is the standard deviation of the sigma_y at XRM in low current. (std) is the standard deviation of the sigma_y at XRM in low current.
Low current is defined from 9 mA to 11 mA in total current here. Low current is defined from 9 mA to 11 mA in total current here.
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Beam length measurements for collimator apertures
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We measured the bunch length in LER in the collimators’ impedance study simultaneously.

No correlation for the collimators’ apertures.
However, it’s longer than expected.
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