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Components (7)

- Key parameters (terms) in beam optics
. Closed Orbit Distortion (COD)

- The actual beam orbit shifts from the ideal (design) one because of errors of the magnets and so on.

- When it’s too large, the beam cannot circulate in the ring. The COD is corrected using the steering magnets.
. Actual orbit (shift from the ideal orbit):

- Particle’s orbit in horizontal direction: x = x.,p, +a§£, +x,

Bunch tr:

/) Design orbit Design orbit

)
/"{ga" coD ]

Bunch spacing (
Bunch -

- Center of bunch in horizontal direction: x = x,p,

- XcopsYcop are typically smaller than 1T mm.

. Bunch size (beam size) '

s”

Ap,

V!

- -
horizontal beam size: ¢, = (;7 ) +¢,p,, vertical direction (in case of no-dispersion): o, =, /¢,,

~ In the LER arc section: o, ~ 440 ym, 6, ~ 9 ym

- bunch length (longitudinal beam size) depends on the RF voltage in the cavities and so on.

| o,~6mm |

:, ~ e ~ .
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Components (8) £ ﬂ

- Vacuum system

- used to secure enough beam life, which is determined by the beam-gas scattering, with pumping the inside

of the pipes.

- The beam-gas scattering can be a source of backgrounds in Belle ll, thus this is very important to reduce it.

- The design pressure in the beam pipes is ~10~7 Pa, and this corresponds to 10 hours or more in the beam
life time determined by the beam-gas scattering.

- The dominant gas load in SuperKEKB is desorptions from the chamber-wall by the photon stimulation
(Photons in the SR strikes the residual gas on the wall). This is called photon stimulated desorption (PSD).
— Thus, the source of the gas is widely distributed in the ring, and the distributed pumping system is

efficient to reduce the residual gas.

PSD in beam pipe

Beam-gas scattering

-_— " __ ‘j. - S IS beam pipe
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Components (8) G, o

---------------------

re

- Vacuum system G2 \
- The beam couples with the vacuum components (beam pipes, bellows chambers and so on)
through the intermediary of the electromagnetic field.
— beam impedance -
- High beam impedance can cause beam instabilities, so we have to reduce it as much as possible.
- In order to reduce the impedance, it's need to make the vacuum components smooth.

wake field
beam pipe I | cavity structure beam pipe = | cavity structure

beam pipe

trapped mode

ref: http://www.gdfidl.de
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The GdfidL Electromagnetic Field Simulator

GfidL computes electromagnetic Fields in 3D-Stractures using single-Node Multi-Core Systems or Clusters of such Systems.

GtidL computes Y

* Time dependent Ficlds in lossfree or lassy Structures, The Fickds may be excited by
> Port Mode:

o relativistic Line Charges.
 Resonunt Fields in lossfree or lassy Stroctures

The Postpeocessor computes from these Fields eg.

o Scattering Parameters.
* Wake Potentials,
* Q-Values and Shunt Impedances.

Features
* GdfidL computes only in the Field carrying Parts of the computational Volume. For cg. Waveguide systems, this makes GafidL sbout three 1o ten times faster than other Finite Difference based Simulators
+ GdfidL uses generalised dingonal Fillings 1o approximase the Material Distribution. This reduces eg. the Frequeacy error by about a Factor of Tea,
* Wakepotential Computation of Collimator-like Devices applying a 3D-Napoly Intezration
* Wakeposential Computation in a co-moving Mesh
« For Eigenvalue Computations, GafidL allows periodic Boundary Conditions in all three cantesian Directions sinmltaneously
« GdfidL is optimised for Multi-Core Systems, especially NuMA Systems. Gdfidl. also runs on Clusters of Workstations,

Availability

GlidL is available for almost every hardware Platform.
GtidL only ruas on UNIX-like operating Systems.

Price

The Price for a one Year License for the single Machine Version of GddL (including Support) starts at 10.000 Euros for Linux-on-AMD64 Compaters.
The Price for a one Year License for the Claster Versioas starts at 20.000 Euros for Linux-on-AMD64 Clsters
Access to powerful Servers where GdfidL is installed on costs 9.000 Euros per Year.

Periodi
| Boundary.
Apnmnmmmnc it

Powerful
Syntax

bruns@pdfidl e

The Syntax Description. with some Examples,
The PDE of the Syntax Description,

Tha Tutasial o HTASL
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The GdfidL Electromagnetic Field Simulator

GufidL computes electromagnetic Fields in 3D-Structures using single-Node Multi-Core Systems or Clusters of such Systems.

| GutidL computes

« Time dependent Fields in lossfree or lassy Structures. The Ficlds may be excited by
> P cs,

o relativistic Line Charges.
 Resonant Fields in lossfree or lassy Stroctures

The Postpeocessor computes from these Fields eg.
* Scattering Parametess.
* Wake Poteatials,
+ Q-Values and Shunt Impodances

Features

in the Field carrying Parts of the computational Volume. For eg. Waveguide systems, this makes GfidL sbout three 10 ten times faster than oty
lings 10 approximaic the Material Distribution. This reduces eg. the Frequeacy error by sbout a Factoe of Ten
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For Eigeavalue Computations, GdfidL allows periodic Boundary Conditions in all three cartesian Directions sinmltancously
GdfidL is optimised for Multi-Core Systems, especially NuMA Systems. Gdfidl. also runs on Clusters of Workstations,
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Availability

GlidL is available for almost every hardware Platform.
GafidL only runs on UNIX-like operating Sys

Price

for a ane Year License for the single Machine Version of GdfdL. (including Suppart) starts at 10.000 Euros for
for a one Year License for the Cluster Versioas starts at 20000 Euros for Linux-on-AMD64 Clusters

imux-on-AMD64 Compaters.

Powerful
Syntax
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The PDE of the Syntax Description,
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Components (8)

. Vacuum system = \ ,;
- The beam couples with the vacuum components (beam pipes, bellows chambers and so on)
through the intermediary of the electromagnetic field.
— beam impedance
- High beam impedance can cause beam instabilities, so we have to reduce it as much as possible.
- In order to reduce the impedance, it's need to make the vacuum components smooth.

wake field

beam pipe I | cavity structure beam pipe = | cavity structure

I_l following bunch
beam pipe | ~ .cavity structure /
(==

trapped mode

EIEE rof: Bt/ cficL e




Components (9)

« Beam monitor system
- In order to store the beam stably, it's need to monitor the beam current,

position, size and so on and feed it back using the information if necessary.
Beam current monitor

Beam Position Monitor (BPM) o
V2 ! Vi V‘. @ K N
" \p
_ N\ ol

') : Ve .-_/\/\N

Bunch by bunch feedback (transverse kicker)

Signal
processor

Detector

Beam size monitor
Beam pipe mirror

- N
P |

bunch

window slit ‘screen

mirror '|-




Components (10)

« Beam Transport (BT) line

- transport the beam from the linac to the ring with keeping the beam quality.

- The BT line measures features of the beam, which are the emittance, energy
spread and so on, and feed them back to the linac operation.

BT line for SuperKEKB MR Beam collimator Screen monitor Wire scanner




i "'LQ\ 37
Components (11) oo ayh
. Beam injection system c,z{\‘
- inject the beam to the ring. )
- This system consists of special components such as pulse magnets, septum
magnets, ceramic chamber and so on.

Injection system Septum magnet
injection beam

1
septum magnet no magnetic field {—3|E=p uniform magnetic field
stored beam

septum conductor \injection beam

injection beam
——

stored beam e bump orbit ~ @

beam pipe N =
. septum conductor

magnetic pole

K1 K2 kicker magnets K3 K4




Components (11) o o

- Beam injection system c.,z"{\‘

- inject the beam to the ring. )

- This system consists of special components such as pulse magnets, septum
magnets, ceramic chamber and so on.

Injection system Septum magnet
injection beam

1
septum magnet no magnetic field <—3|E=p uniform magnetic field
stored beam

septum conductor \injection beam

injection beam
——

magnetic pole

AN N\

. septum conductor

beam pipe

K1 K2 kicker magnets K3 K4




Components (11)

- Beam injection system

- inject the beam to the ring.

- This system consists of special components such as pulse magnets, septum
magnets, ceramic chamber and so on.

Kicker magnets for LER at ui straight section eptum magnet for LE at ‘I:pji straight section

o T e =




Components (11)

- Beam injection system

- inject the beam to the ring.

- This system consists of special components such as pulse magnets, septum
magnets, ceramic chamber and so on.

Kicker magnets for LER at ui straight section eptum magnet for LE at ‘I:pji straight section

o T e =
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Components (12)

« Control system

- monitor, record and control huge amount of signals from various components.

- EPICS (Experimental Physics and Industrial Control System) has been adopted
for the base control system.

Concept of EPICS

Operator Operator
Interface (OPI) Interface (OPI)

GUI by CSS (Control System Stqdip} SuperKEKB control room

Network (Ethernet)

Input Output Input Output Input OQutput Input Output
Controller (10C) | | Controller (10C) | | Controller (I0C) | | Controller (10C)

Equipment Equipment Equipment
==




Components (13)

- Particle detectors (Belle II)
- The detail will be presented on “Belle Il 8% by I. Nakamura on July 14th in

2021 High Energy Accelerator Science Seminar.

Photo of Belle Il

e~
KL and muon detector:

Resistive Plate Counter (barrel)

Scintillator + WLSF + MPPC (end-caps)

J

R cation
— tion counter (barrel)
electron (7GeV) - o rogel RICH (fwd)

| Beryllium beam pipe |
| 2cm diameter

| Vertex Detector
KZ layers DEPFET + 4 |3

positron (4GeV)
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Components (14)

The other important components.

Beam simulation (beam dynamics, accelerator physics)

- calculate interactions between the colliding beams and so on.

- It's also important to estimate the performance of the actual machine
Electron cloud simulation

compared with the model.
Safety system
- radiation monitor and management
- human security
- beam abort (system for beam dump)
Loss monitor system

- monitor locations at where the beam is lost.

and so on--:

Luminosity simulation

=

0.6

Fractional v,

0.5

05 055 06 06% 07 0.7

41




Features (1)
« High luminosity
- The luminosity is almost decided by the beam current and beam size at the
interaction point (collision point).
- When the number of the particles is the same, the collision frequency is
hiéher for the smaller beam-cross section at the interaction point.

N_N_.n et 09002 0o O © -3
Lz;hfé) [>3 88(900!0 Ogoog&oco<]
4rot o 0® o °2®g00 70 0% 7

Xy " 0" 0 @Yo ©00 ©
‘-N_,N+ : number of e-/e* in a bunch - .
M, : number of bunch / .
fo : revolution frequency [> 9 0 robc o% O%OO®CO
oy, 0y : beam size at interaction point %’o o, °9 oQo‘\ § AN °<:|
\.

. o* =4/¢f* = need small e and small g* to increase the luminosity, basically.

. However, it doesn’'t mean that the mcan just achieve the high luminosity.
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- Features (1)
- Nano-beam collision scheme

. When we squeeze the g smaller than the bunch length, the beam size around the longitudinal end of

the bunch becomes large. Then, the interaction between the collision bunches becomes stronger,
and the luminosity degrades by this effect. — called hourglass effect

- As a countermeasure for this, we collide the beams with an extreme small beam size and large
crossing-angle.
— The overlapping part of the beams becomes smaller and the collision efficiency doesn’t decrease.
— called nano-beam collision scheme (proposed for SuperB in Italy [P. Raimondi, 2nd SuperB Workshop (2006)])

conventional collision scheme nano-beam collision scheme
. e+ e
e+ M"%" e e §> \/ %0 @
§ SGyates Pane 2°° d y
g < o, > RE At A @ |:> ‘ @@@@% przd<o,
<7_\°°co°o°°° ° /_\

. SuperKEKB has adopted this scheme forﬂne in the world as a practical machine.



Features (1)

- Luminosity in hano-beam collision scheme 5 o
D :77 ¥ ’ O eff — g il
N_N,m,fo N_N,n,fy Ve |( LSy B == =}
= == ~ x,eff ——"—— y

4”0)(? O-y 4 T 0.* » ﬁy 26 r e ﬁyi S Eiﬂ:] ]cqu:e:?ggl ea:n(g;e o,

rNe  [Bf B 2 ey =
Syx R ” : beam-beam parameter Orr ézex
27y0% o | €y o=l

- When the ¢, is constant, L is proportional to 7 and 1/85.
- It's important to also make ¢ smaller for smaller .

. Specific luminosity L, —~luminosity per bunch current
I L /L 1
X X —
P mly Ly N_N,m,f3 758 (6 = const.)

« b » B
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Features (2)

- Linac provides beams with low emittance and high bunch charge.
- This is essential for the nano-beam collision scheme and short beam life time.
- electron beam: photo cathode RF-gun
. positron beam: high yield positron source, damping ring
- then, need injections to the 5 rings simultaneously at Tsukuba campus.
- separate the beam conditions using 50 Hz pulse magnets depending on the ring specifications

-

Ve ,
\

Thermionic gun \

. ’} i .1 Gev
|-I+RF bunching p { Damping Ring
WB /,, » DR circ.136 m bE
A 1 f 2.5 GeV e-
o | N , 0.inCx1
ompression g }
:1;b3nge):’ 2 (prim. e-) o e "Er';:"fgy':‘m:ds"“‘" —
5nC x 2 (inj.esy " o nanalgey = 4 o Gever
) Ecs4nC x 2

e+ targeft& 2 T '
LAS capture section




Features (3)

« Final focusing superconducting magnets (QCS)
focus the beam at the interaction point to ach|eve the nano- beam collision.

-

E T E|
L i ‘j IOOGx
‘L\,f‘r , 1 300
H/ B |
— O u U Or ﬁ
QFQD , QDQF _, |
| Cryogenic Ppe | i

T ]

—~— (To OCSL He Refngerator)
QCSL Service Cryosiat

| "( Cryogeny
l_l (To OCSQ He Re!ngevolor)

lle Detector Lﬂ :

CCSQ Service Cryosiol

T
I i
¥
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Features (4)

« Countermeasures for electron cloud effect (ECE) in LER.
- interaction between the positron beam and electrons (posi‘gron, proton ring)

- SR hit the wall of the beam pipes, and it emits photo-electrons.

- The electric filed of the bunches accelerate the photo-electrons, and they h

beam pipes and emits secondary electrons.

- The positron beam attracts these electrons and electron cloud is formed ar

- The electron cloud can induce instabilities when the density in the ring becom
Single-bunch instability

Multi-bunch instability (head-tail instability)
"o ” Bunch electron cloud instabilit
i SRP S Bunch L e & ® .
- o o o o o L e o emmhe — e - — pbeam size blowup by
et — Sttt bunch instabili
Electron Cloud Electron Cloud ty )
* — degrades the luminc
‘é' ..o .'.°. ..,: s & .n°.......o. ._'.: ~
et el e ey 7/Hﬁ4

.




Features (4)

- Countermeasures for electron cloud effect (ECE) in LER.
- interaction between the positron beam and electrons (positron, proton ring)
- SR hit the wall of the beam pipes, and it emits photo-electrons.

- The electric filed of the bunches accelerate the photo-electrons, and they hit the
beam pipes and emits secondary electrons.

- The positron beam attracts these electrons and electron cloud is formed around it.
- The electron cloud can induce instabilities when the density in the ring becomes high.

Single-bunch instability

Multi-bunch instability (head-tail instability)
es * - electron cloud instability
o e o o Bunch s o ® © ) ‘
- o o o o o P e - emmhe — <= - — beam size blowup by single-
taret e St L bunch instability -
+ — degrades the luminosity

. :.. °® o-o.. .. .°° ol .'. . No. T v . ..f:
..... - . . .-O. o ..- h ..o £ e ,° . ® o . .
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Features (4)
- Countermeasures for ECE in LER.

(a) antechamber
(b) TIN coating for low secondary electron yield (SEY)
(c) clearing electrode
(d) groove structure
(e) permanent mangnet
(f) solenoid caill

Counter- . .
D — Applied regions
. Drift region, in steering

Solenoid magnets, bellows chambers

g : Most of new beam pipes (all
TiN coating of aluminum alloy beam pipe)
Antechamber )
structure Most of new beam pipes
Groove 5 )
iy 07500 In dipole-type magnets
Clearing

Wiggler magnets

electrode







Operation status

- The construction of SuperKEKB started since 2010.

- The operation has started since 2016.

. There are three commissioning phases.

- Phase-1 (2016-02-08 to 2016-06-28): test run, machine tuning, vacuum scrubbing
- no DR, no QCS, no Belle Il (no collision)

- Phase-2 (2018-03-19 to 2018-07-17): collision tuning
- partial Belle |l )

- Phase-3 (2019-03-11 ~): physics run
- full Belle Il

FY2015 l FY2016 l FY2017 [ Fy2018 FY2019 FY2020
2015 2016 2017 2018 2019 2020
2/8  6/28
Belle [1andQCS hstalation
319 117
VXD Full installatio
10/15 /16)
/1M In 12/12 /1)
. [
S Autum n Spring




P! [Pa‘A)

55

Operation status (1)

. Achievement: DR, BT

Phase-2

- The DR operation has started.

- The beam size and bunch length decrease to the design values within 20 ms.
- The pressure (dP/dl) in the arc section has steadily decreased.

- also succeeded in the 2-pulse and 2-bunch operation.

- The ¢,, ~ 5um at just after the extraction from DR is almost the design value.
DR pressure . Bunch length Bunch width

Photon dose [photon/m] 10 4
10” 10” 10” I I I I I I ! ! !
L] J 7S

40 (a) (b)

[ww] waung

Bunch length [mm]
~
T
|
Horizontal width [mm]
N
T
|

) 5 R Py ¥ 4 ] | |
0 o o ot -50 0 200 250 -50 0 50 100 150 200 250
Beam dose [AN] Delay time [ms]




Operation status (1)

« Achievement: MR
- Phase-1 (no collision)
- started to tune the injection since Feb. 8th, 2016.
- confirmed the storage of the positron beam on Feb. 9th 17:09, 2016.
- also checked that the magnets are located as designed with the blueprints, various
components work normally.
- There are no obstacles in the beam pipes.
- After that, the beam current had gradually increased.
- Max. current: LER 1010 mA, HER 870 mA (1576-bunch)
- The background level in the interaction region was comparable with the expected.

— -

R EEREY SR
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Operation status (1)

- Achievement: MR
. Phase-2 (partial Belle Il)

- started to tune the collision with QCS and partial Belle Il since Mar. 19th, 2018.
confirmed a hadron collision event for the first time on Apr. 26th 0:38, 2018.
Max. beam current: LER 860 mA, HER 800 mA (1576-bunch)

Max. luminosity: 5.5x1033 cm-2 s-1
gradually squeeze B* (B* refers to B at the interaction point).
- LER g#/p* =200/3 mm

- HER g/} = 100/3 mm

The B*is a world’s smallest value for the practical machine.
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R Operatlon status (1)
- Phase-3 (full Belle Il), Example (2021 -03-20 to 2021-04-24)

*3/21 ohaTes 4/1 4/11  4/16  4/21
3/26/2621
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« Achievement: MR Operathn StatUS (1 )

. Demonstration of the nano-beam collision scheme.
. Pressure (dP/dl) in the rings has decreased steadily.
- The pressure in LER is higher compared with that in HER because most of the
vacuum components are new ones.
- This means that the contribution to the backgrounds derived from beam-gas
scattering in LER is dominant.
. The optics is almost as designed.
- establishment of the injection, correction and 8 squeezing scheme.
. The QCS has operated on track.
- A crab-waist scheme has been introduced [p. Raimondi, 2nd SuperB Workshop.

3
By .

4a,0 f

> ®
crab sext. off sext. on
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Operation status (1)

« Achievement: MR
- Physics run with the continuous injection.
- Backgrounds level has been improved by the injection, collimator tuning and so on, thus we
were able to introduce this.
- increase the integrated luminosity by a factor of ~3 compared with the normal injection mode.
- In the normal injection, the data recording in Belle |l had been stopped during the injection.

Normal injection mode Contmuous injection mode
. B - PLEALIS 0 T Peskl 3113 10%em’s) @ x01505 50817 HERboui 3IMGA]  Pry.: 1007 300 [mm] M 789
PukL 2950 110" jan’ | ¢ zoen0n HERbi 3407 mA] Py, zun[mml n« 789 nt 1 jday S8.157 wsa[;phl LER Lo 3503 [mA] Dy zuu 300 fom) M 759
tat. Lalsy 05 'se3s |,po| LER i 3604 [A] [l 300 o) 0y 789 T T T T 460
0.35) . T 300 . 0 |"—"Fl'ER\f _ | 10®
o ’W \N\\ 250, |10* 0.25F- oo &
0.25 200 § 0.2F- 10°
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Operation status (2) )

- Problem: Damage of collimator
- Collimators have been damaged by beam hit about every run period. The cause is known.

(example) 2020-11-15 13:01:13, beam abort with QCS quench

LER: 509 mA, HER: 469.6 mA

Pressure burst was observed in DO2V1. The other pressure burst in DO5 section was also observed (dust
event?).

After that, the BG levels were higher by a factor of 2 and limited the beam currents .

The damaged jaws were replaced to spears from Nov. 18th to 21st.

1E-5- 0600 |[ @ poz.1o8 . 2020-11-15_13-01-13_99840
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o \Ul a0 @ po2_L21 3 = BP_FW_145
v ’ Pooie [ g L fl= BP_BW_145
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. 3 || 2o0a2e BP_FW_35 137.7 mrad
P 0300 . _FW_
‘[\ —— % © po2.109 20[=  Bp_BW_ 35 579.1mrad
| \\ 0250 ° || g R 7 BP_FW_145 146.7 mrad
1

BP_BW_145 124.6 mrad

- 1E.74 -0200 DO2.L11
) Hpo2 112
D e e smetet) -0.150 _ S
’\@ H poz_113 10!
P___/“...A/ 5 -0.100 © po2.114
t o D & bz 115 N 5
“po2.L16
1E-8-F 0000

125958822 130018822 130038822 130058822  1301:18822 130134533 ooz 125
2000/11/15 20041115 2020/11/15 202071115 2020/11/15  2020/11/15 © po2.126
Time and Date 2 poz L1scm |/

R R R R R RN R

L 1 L P |
-150 -100 -50

o
8

0 50 100
Time from diamond abort trigger [us]




67

Operation status (2)

« Problem: Specific luminosity in the higher bunch current region

. The specific luminosity decreases in the higher bunch current.
- This is caused by the beam size blowup due to the beam-beam effect.
- We need to figure out the mechanism.

2020ab By =1 mm
2019ab B, —2 mm

x ! "] 202100 B,"=2 mn|
A 7.— ‘ . + 2021ab B,"=1 mm|]
< E
E ¢ ‘T{’ t —
,.(\ C 1 ‘ ‘ c".. e s ]
' sE R 2‘:, EOMTTS o,
D 3 5 W Bl DE
5 4 ¢ '.] . . o3 f.‘ .° _:
el i o ]
| L 2 M ‘ 4
3k M z
x 2F =
&k
- l_— -1

£ l L L | l

P
=]
—
=]
]
o
w
=]
EsS
o
wn




C BETIBD Kt — www-Inackek o

| P —

SuperKEKB 24-Hour Operation Summary

SuperKEKB 2021b operation

1655 (10%/cnis)
Us K/ S114

1272 Physizs R

~a00

0,26~ 5
Y -
R nae f
2| e-ef-LER
Il F 3
&l o.cb- 7
E 5
0.4 5
F 3

o
L T 1
] -+ !
T T T
g
i E !
& E . do )
18%"°* 21" a"o"
4/27/2021 4/28

Also available are  ([Daily history)] ([ Yesterday)) (2-hour operation] (Injection] (Dampiog ring) (Beam size) [1-day injector]

M. Satok, Y. Ohnishi, K. Furukawa, SuperKEKB Commissioning Group, KEK

<webmaster@mail-linackek jp> . Feb 92016 - Apr.d7.2021.
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Additional Info

- Themes related to SuperKEKB in this 2021 seminar series.
- “ANY D LRILAEE" by K. Nakanishi on June 2nd.
- “Belle Il 288" by |. Nakamura on July 14th.
- “BFBEFAHROBME" by Y. Seimiya on Jan. 26th.

- SuperKEKB 24-hour operation summary page:
http://www-linac.keK.jp/skekb/snapshot/dailysnap.html

- OHO high energy accelerator seminar (Japanese)
http://accwww?2.kek.jp/oho/index.html
related to SuperKEKB: 2019(SuperKEKB), 2004 (KEKB), 1994(KEKB) and so on
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