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Injection limits luminosity

The injection status at the peak luminosity record (5.24 x 1034) in March 2026
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The stored current was limited by, .
. Linac bunch charge (1.8nC/pulse) | < Each parameter must be improved

« Repetition rate (21Hz) for higher luminosity!

« Injection efficiency (~50%)
IPAC2026 May 20, N. lida + Beam lifetime (~12 min)



| ayout of Injector

inac and BT(Beam Transport line)
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Ring optics for injection

Betatrotron injection (BI)
Off axis, on momentum

Injection point

On axis, off momentum
Injectior; point

Synchrotron injection (SI)
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ECS Extraction Injection

region point

—v— HER
BT2

nx=AX/8: horizontal
dispersion

=orbits of the beam with
offset energy (8)

In SI, the energy of injection
beam is made higher = The
injection beam’s orbit makes
the dispersion orbit. So AX=0
in the non-dispersive region.
— AX=0 at the interaction
region.

— However, although it
oscillate in the longitudinal
direction, its impact on
collisions is small.

Bl: AX=AX;
Sl AX=n,0



Why synchrotron injection (SI) 7 Lnterectionzoimt] 7

|
|
X/
The injection oscillation is converted from the horizontal to < | e-
the longitudinal in SI. S < /
* The horizontal orbit oscillation in the no-dispersive region became almost eliminated /

« Head-on collision
* in general, if the ing'ected beam undergoes horizontal oscillation during top-up injection, this beam
can be kicked by the opposite beam.

Nano beam scheme

« Furthermore, in the nano-beam scheme, a large horizontal oscillation of the injected beam causes collisions to occur at
locations with larger By at the IP, resulting in Stronger beam—beam kicks and consequent beam loss. For this reason,

synchrotron injection, which suppresses large horizontal injection oscillations, had been considered the design stage.

HER Dynamic Aperture(DA))

* The horizontal oscillation is coupled into vertical oscillation through the x—y coupling in the HER, causing
the beam to approach the vertical dynamical aperture.
« Synchrotron lights from injected beam towards the IP
* In BI, synchrotron radiation generated by the horizontal injection oscillation in quadrupole matgnets
strikes the beam pipe near the central chamber contributing to the background in the Belle |l detector. In
Sl, the horizontal injection oscillation is eliminated.
Shorter damping time
« The longitudinal damping time is twice shorter than the horizontal one, so it is expected that the Belle
Il BG will be shorter.
Vulnerabity to sextupole misalignments and tune variation
« To be confirmed by simulations
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Action of the beams at the injection point

Betatron injection (BI)
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Table 1: Injection Parameters. The subscript ;,; denotes the
values of ring / injection beams at the virtual injection point

PINJAXO.

BI SI SBI
£y [nm] 46/10.2
os [%] 0.063/0.18!
Bx,inj [m] 108.4/31.6 108.4/63.9 108.4 /27.2
@y inj 0/0 0/0 0/0
Nx,inj [M] 0/0 -1.66/0 -1.66/0
Npx,inj at IP 0/0 -0.02/-0.02 -0.02/-0.02
AE[E [%] 0.0 +0.6 +0.3
2J,[p m] 0.79 0.15 0.50
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Synchrotron injection (SI)
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Injection commissioning

« Synchrotron injection was tried for SuperKEKB-HER.
 Nov 6~20, 2025
« B*xy
« (400, 81) mm, “detuned optics” for four days for vacuum scrubbing
« (200, 8) mm for two days for measurement and extraction orbit tuning.

« (100, 3) mm for two hours
« (60, 1) mm for 14.5 hours collision tuning and going to the physics run

* Nov 20 10:00, 2025

« The injection scheme was switched back to the betatron injection,
because the test period was over.
 The injection was worse for the higher repetition rate, 12.5 Hz than 5 Hz.

« However, this phenomenon often occurs even with Bl, so it doesn't seem to be
unique to Sl.
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Oscillation of injected beam

Betatron injection

Synchrotron injection
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Fractional tune
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Fractional tune

« During the detuned optics

operation, the oscillations of
injected beam were
measured with the ThT-
BPMs.

« A significant difference in

oscillation frequencies is
observed between Bl and SlI.

A peak appears at the

horizontal tune in the FFT
spectrum of BI, while the
synchrotron tune of SI.

« These results indicate a

perfect realization of the
synchrotron injection.

e Theloss in the first a few

turns has been indeed
actually observed in the
simulation.



Injection history of Sl and Bl in 2025 autumn
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Betatron |nject|on Synchrotron injection
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« Inthe 2025c run, since the RF gun for HER e- beam was just changed and for the no enough tuning time, the
emittances of e- beam were quite larger than the other runs.
« The Belle Il backgrounds were almost same for both injections.
(In the next run in 2026, the emittance has been tuned well, so the injection efficiency of Bl became 80% in
maximum.)
IPAC2026 May 20, N. lida
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Tracking Simulations

* Injection beam
e Linac (by SAD)

Linac

ECS

« Longitudinal short-range wake

BT1

« BTe (by elegant)
« Energy compression system (ECS)
« CSR and ISR

e Optics matching from BTe to HER

 Artificial matching

Extraction Injection

region

QM* point

 Match particles from BTe to HER’s off-momentum phase space

« Emittance scaling

« Emittance blowup from BT1 to BT2(~x3) has not been understood.

« An artificial scaling was necessary.

« HER (by SAD)
« Full 6D tracking with crab-waist optics.

« Optional weak-strong beam-beam effects
« No machine errors

« 1000 to 20000 particles and 1000 to 8000 turns

IPAC2026 May 20, N. lida
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Simulation with beam-beam

K. Oide
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Sl: Synchrotron Injection
Bl: Betatron Injection

The simulated dependence of the
injection survival ratio on the bunch
population of positrons.

Obtained by tracking with 1000
particles after 8000 turns from injection.
The intensity Ne+ = 4.3 x 1010
corresponds to the highest luminosity
record 5.24 x 103%/cmés.

The stronger beam-beam effect will

Luminosity affect the injection for Bl than SI.

5.24 x 103* /cm?2s
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Si_m U \_ation with sextupole Si: Synchotron Injectior
misalignments
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The simulated dependence of
 the survival ratio (upper)
« the vertical emittance (lower)
by random vertical misalignments for
all sextupole magnets(A ysext,rms) in
the HER
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oL S S S R horizontal betatron oscillations, which may influence beam

0 0.1 0.2 0.3 0.4 0.5 .. . . . . . .
injection via the x-y coupling, touching the vertical dynamic
Aysext,rms (mm) aperture.
« Bl is much more strongly affected by beam-beam
interaction and sextupole misalignments than Sl.
 This can be a motivation for S| for higher luminosities.
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Simulation of tune scan of

injection survival ratio
Bl

Si K. Oide
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Sl: Synchrotron Injection
Bl: Betatron Injection

wo A beam-beam effect

« Net=9.04 x 1010,

(1) Clear resonance lines vx-vy~N and
5(vx+vy)~N? are seen only for the
Bl, which are strengthened by

800

600

sajonaed paAtains

400 beam-beam.
(2) There are strong dark bands if the
200 tunes get close to half-integer
({v,,}—0.5) for SI. The reason for the
0 dark bands is that the optics has

insufficient momentum acceptance

required by Sl for {v,}<~0.55.

800 A reconfiguration of the optics in this
region seems necessary to have a
larger tune space.

(3) The differences due to beam-beam
are visible in both cases, and
stronger in Bl than Sl.

1000

600

400

saponued paalaIns

200
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Photons hitting the |IP beam pipe

Belle Il
BWD(NIKKO-Side) IP 100 FWD (OHO-Side)

« The number of primary photons from the injected beam was estimated by tracking
for the first 30 turns with 20000 particles.

« The IP beam pipe is located at £0.1 m from the IP, and has 10 mm inner radius,
tilted to the e+ beam by the half crossing angle 41.5 mrad.

« For Bl, the number of photons per 1000 electrons per turn and average photon
energy were 1.65 = 0.045 and 0.37 keV, respectively.

« For Sl, those were 0.69 = 0.029 and 0.39 keV. K. Oide

« Since the Belle [I-PXD detector has been turned off due to sudden beam losses, the
SR background has not been measured.
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Summary

» Synchrotron injection (SI) was tested for the first time in the HER of
SuperKEKB, with collision and top-up.

* In the experiment, the injection oscillation was fully transferred from
the horizontal to the longitudinal plane as designed, demonstrating
the successful Sl operation.

« At By*=1 mm, injection tuning was simpler than for Bl, and an
injection efficiency of ~60% was achieved in 6 hours, while Bl did not

exceed 20% in b days.

« Although the study was terminated due to injection difficulties at high repetition
rates, likely not intrinsic to Sl, a future reattempt are planned.

« Simulations indicated that Sl is insensitive to collisions, sextupole
misalignments, and betatron tunes.
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SuperKEKB presentations in IPAC2026

Reduction of Sudden Beam Loss in SuperKEKB (WEP1604)
« Hitomi lkeda (High Energy Accelerator Research Organization)

Beam Adjustment based on the Gradient Boosting Decision Tree Analysis in the KEK Electron/Positron Injector LINAC (WEP1615)
« Taichi Sakai (High Energy Accelerator Research Organization)

Precise Frequency tuning of S-band Pulse compressors in High-power operation in the electron and positron injector Linac of KEK (TUP7628)

« Hiroyasu Ego (KEK Accelerator Laboratory)

First Demonstration of High-Charge Relativistic Positron Beam Phase-Space Evolution Measurement via Complex Computed Tomography at
SuperKEKB (MOP6654)

« Driss Oumbarek Espinos (High Energy Accelerator Research Organization)

SuperKEKB Beam Transport Tracking and Dynamic Aperture Comparison as an approximation for injection efficiency (SUP1007, MOP1080)
« Nikita van Gils (European Organization for Nuclear Research)

Simulations and measurements of injection backgrounds at SuperKEKB (MOP1016)
Giulia Nigrelli (European Organization for Nuclear Research, Istituto Nazionale di Fisica Nucleare, Laboratori Nazionali di Frascati, Sapienza University of Rome)

Development and First Beam Observations of an Ultra-Fast Bunch-by-Bunch X-ray Beam Size Monitor at SuperKEKB (SUP6615, MOV6603)
« Riku Nomaru (The University of Tokyo)

Beam Dynamics Studies in the SuperKEKB Linear Accelerator and Beam Transport System (SUP1005, MOP1013)
+ Andrea Aguirre Polo (Deutsches Elektronen-Synchrotron DESY)

Development of Non-Destructive Emittance Tuning System utilizing Synchrotron Radiation Monitors (MOP6653)
« Yuji Seimiya (High Energy Accelerator Research Organization)

Use of DBSCAN for full-automatic-data-based anomaly detection method on Turn-by-Turn Beam Position Monitors (TbTBPMs) in
SuperKEKB (SUP1002, MOP1032)

Quentin Bruant (Commissariat & I'Energie Atomique et aux Energies Alternatives)
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HER emittances
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Dynamic aperture
measurements

Betatron
Injection

Synchrotron
Injection

Measured DAs of S| are
almost same are those of BI.
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Horizontal amplitude

HER B," 1 mm (2024-12-18)
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HER B, 1 mm (2024-12-18) HER B,” 1 mm (2024-12-18)
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Sl: Synchrotron Injection

Tracking simulations of the injection to HER | st: Betatron injection

SBI: Synchro-betatron In,.

Betatron injection (BI) Synchrotron injection (Sl) Synchro-beta injection (SBI) K. Oide
. = 33; ,:, —: £3: T T : A I ; : £ 23 :7; E _ 0.6% T A [N 1 — T 1 ;E
Z 02: | | | | | | :2 E-;EE: | Il | | | | :g E: :g
furns 0 200 400 —_— 600 800 1000
« The horizontal amplitude x;,; consists of the synchrotron motion in the
case of Sl. BI SI SBI
* X, looks smaller for the Bl than for the SI.
« This is because the separation between the stored and injected wi/o bb 93.0:08 85610 77.6+1.3
w bb 91.2+0.8 84.6+1.1 709+1.5

beams are smaller for the Bl. This horizontal displacement at the
injecti int tl ists of th hrot tion in th :
Lrg:g (l)(]zrélpom mostly consists of the synchrotron motion in the . As we did not test SBI.
- . 0 . »
 The horizontal oscillation at the IP, xx, reaches an amplitude of ]Ic:or ?l’ abobut 5% loiﬁ ftsheen at thetﬂrst a
approximately =0.2 mm in Bl, whereas it is suppressed to less than CW IUns because that the momentum
+0.05 mm in SI. acceptance is slightly insufficient.
« This significant reduction in the horizontal injection oscillation

suggests that S| provides improved the injection during collision. 24
IPAC2026 May 20, N. lida



Sl: Synchrotron Injection

S| m U ‘at|o n | nJeCUO n d ecay Bl: Betatron Injection

—~ BE ; ' i ! L3 NE 33
without xR e E §2§§ = « Behaviors of the injected beam for
o Gir i I 1000 turns
beam- —_ 10— i — 10E-
=F =& 4 B + A beam-beam effect
beam  gg & = « Ne*=09.04 x 101,
= 1 e (4.34x10% for luminosity of
« E o 4 E b 5.24 x 1034 /cm?s)
£ DIE= 4 « 01
i ¥ N « The rows show
=~ % 5 S « energy offset
S 23: E g;g: « horizontal positions at inj.P
" 209 a0 50 58 o « horizontal positions at IP
turns . . .
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—~ 8E] i ! ! : = I = + Thering optics
i X i = IO = :
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Sl

. Oide

The dispersion is mis-matched to HER e

LY BX
-3.9132 43.8656 7.
4,71E-7 48,1590

DX=7.627mm at PINJAXO
[1] nx=0 at INJECTIO(BT end)

HER: 2Jx=9.609E-8 m, 2Jx_c=0 pm

AX[Inj]=-7.627 mm, AX[Ring] =0 mm
2Jx*Bmagx=9.73E-8 m, Bmagx=1.013
Opr = 6364, 0/05=7201. Ax/Gy=4.57

1

Inj beam in HER
= Stored beam w/o n{0)
Stored beam with n{o.)

Stored beam with n(20.)
= = Inj beam bf inj.pt(o;)
__ ___1Inj beam bf inj.pt(20;)
— — - Inj beam bf inj.pt(204)

T L (. my YT O R TR Y W
— Inj beam at inj.pt(204} 1
: Inj beam at inj.pt(20y) |7
C N ]
L / \\ 1
L "f Pl i
- U (@ |

| —
L \ J
[ W) ]
L 'y 4
L \ 4
.l gk b e g
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x (m)

( Element
47 INJIP

-PINJAXQ

00
. 00000

sher 5781.66.6.9.si da.sad, CW = 40%.

Inj. energy offset = .459 % (SI: .459 %), Inj. emittance =( 140, 140) pm

s Mpdring = (=1.6m, =.122), (s My ing = (3.7 % 1071 m, —.021),
(@ B dring = (=8.951,100m), (@B )inj = (=3.913,43.866 m), (Ax.4p,)inj = (=7.111 mm, -5.38 x 10 4

r"'l'"l"

lnllul :ulnnlunlurlnu

e

R I R | A LA I R |

I
F
L
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400

turns

Sl By*=0.9mm, CW40% w/o cancel coil

CHER (PINJAXO) —
ve,[injection] (m) 1.40E-4
1.02E-8
g,[ring] (m) 4.60E-9
B.[injecticn] (m) 48.1590
B.lring] (m) 108.356
n, [injection] 2.00
n, [injection-septum] 2.00
n
w, [wall] (m) .00370
n, [injection] (m) .0000
N [Injection] (m) -.02049
n, [ring] (m) -1.660
N, [ring] (m) -.02049
energy spread(HW)[inj] .00175
AXril (m): AXbw r & iathj | -.00763
AXri (m): AX bw r & i at Ring .00000
energy offset [inj] 4.59E-3
¥ Fix AXri(=0: when SI, Check!)
Fix energy offset(=0: when B, Check!)
Find B,[inj]
Plot 2JxBmagx
Aperture [ring] (m) 9.61E-8
coherent oscillation (m) .000
Calc
Ellipse
Emit finil

It is true that the
oscillations of both § and x
are smaller when matching
is used, and the loss is
slightly better when
matching is used, but the
difference is not significant.
It is easier to adjust if nx is
closed at the septum exit,
so | would like to try SI with
both hx=0 and 1.6m.

IPAC2026 May 20, N. lida

[l nx=-1.6 m at INJECTIO(BT end)

The dispersion is matched to HER.

HER: 2Jx=4.088E-8 m, 2Jx_c=0 um

AX[Injl]=-9.811 mm, AX[Ring] =0 mm

2Jx*Bmagx=4.155E-8 m, Bmagx=1.016
Oy, = 0.3E-4, 0/05=9.379, Ax/0,,=2.981

Inj beam in HER
Stored beam w/o (o)
Stored beam with f(oy)

Stored beam with n(2o,)
=== Inj beam bf inj.pt(o;)
— —_1Inj beam bf inj.pt(2c;)

r~— 1 TrTrTrTTT

-4
x10 1

px
(<]
T T T T
=~
N,
\\
)
.r"'h‘\
Q)
Vi
N

Inj beam bf inj.pt(2o;)
"——1In] bfam'at 'in].pE(a])

Inj-beam at-1inj.pt(20iT]
Inj beam at inj.pt(2o;)

-0.01 -0.005 0

EPX Element
.12186 INJP .00000 O
-, 02049 -PINJAXO . 00000 0

sher_5781.60.0.9_si_da.sad, CW = 40%,

Value

Length

Inj. energy offset = .591 % (SI: .591 %), Inj. emittance =( 140, 140) um
(NesNpering = (=1.6m, =.122), (4, Npi)inj = (1.6 m, .122),
(@4, Bodring = (=8.951,100m), (@, B)in = (—8.832,98.675 m), (4x,4p.)inj = (=9.052mm, —6.83 x 10 4)

PP Feve e 1T ek PP 4 P o2 1 O L A

buddwlil

[HER (PINJAXO)

e, [injection] (m) 1.40E-4
g,[injection] (m) 1.02E-8
&, [ring] (m) | 4.60E-9
B, [injection] (m) 108.356
B.[ring] (m) 108.356
n, [injection] 2.00
n, [injection-septum] 2.00
n, [ring] 2.00
w, [wall] (m) .00370
n, [injection] (m) -1.660
Ny [injection] (m) -.02049
n, [ring] (m) -1.660
N« [ring] (m) -.02049
energy spread(HW)[inj] 00175
AXril (m): AX bw r & i at Inj -.00981
AXri (m): AX bw r & i at Ring .00000
energy offset [in]] 5.91E-3

w Fix AXri(=0: when SI, Check!)
Fix energy offset(=0: when BI, Check!)

Find B, injl
Plot 2JxBmagx

Aperture [ring] (m) | 4.09E-8

coherent oscillation {m) .000

Calc
Ellipse ‘
Emit [in] |
EY
. 00283
,00307
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By*=1mm injection tuning

E lln jection
4T I T iem T T -~
E 2f- . ..-°. S
b GE— e, .'- s -o' s‘ E
£ - . o
I—E ’2? ..1._.'_'. S 1,
§EE 1.5 } i 1 I f—t—]
£, .
:Bzé * -'.;.J*-.‘" '-.' .,.-‘.. h.MJ
0.5 P =
L S S S R S
E _89015:— I T A _ E
001 A" HHHHHHHIHH A L
£ Sy
o —" ; 1, |
[¢] 20 40 60 80 100

~65% Number of turns

A TbT-BPM measurement of the injected beam.

The horizontal axis shows the turn number, where the injection
was performed at the turn #12.

The points before turn #12 show the previously stored beam,
which was kicked out by the injection

kickers at turn #12, while the next beam is injected
simultaneously.

The stepwise increase in beam charge indicates

that the survival ratio of the previously injected beam was 65%,
by assuming the same amount of injected charge.

The injection phase was adjusted so that the horizontal oscilla-
tionat a TbT-BPM in a dispersive region is maximized on the
first turn.

This ensures that the longitudinal oscillation arises solely from
the energy difference, i.e., the phase is properly tuned.
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However, for some reason,

changing the repetition
rate of injection from bHz
to 12.5Hz reduced the
injection efficiency and
drastically increased the
background (BG) of the
Belle Il detector.

HER. Loss Monitorll/12/2025 16:37:47 on skbcons-02.kekb.kek.ip:10.0

B
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Injection efficiencies

BxB FB:ON BxB FB:OFF

HERE‘ Y >
H e b o ba ©.002 0
£ 0.0015 <52% £ 0.0015 p27% 5 5
£ 0.0 E 0.001 : <38% &=

600 800 1000 0 200 00 600 ___800 1000

/ Low current

0.0025
LER |2 o.062 |

el

9 0.0015 <64%

o

o+

5 <32%

400 600 800 1000 0 200 400 600 800 1000

Injection efficiency Injection efficiency High GRS O, ALt B S
after 100T after 100T of the next injection g 17""° 18" 19"
Current 2/4/2026

A) The injection efficiency in the first approximately 100 Turn is easily affected by the effects of the
injection beam (injection adjustment, injection beam emittance, etc.).

B) From 1000 Turn onwards, it is easily affected by the effects of the ring (tuning, beam-beam).

28



	Slide 1: First synchrotron injection attempt into the SuperKEKB HER
	Slide 2: Contents
	Slide 3: Injection limits luminosity
	Slide 4: Layout of Injector  Linac and BT(Beam Transport line)
	Slide 5: Ring optics for injection
	Slide 6: Why synchrotron injection (SI)？
	Slide 7: Action of the beams at the injection point
	Slide 8: Injection commissioning
	Slide 9: Oscillation of injected beam
	Slide 10: Injection history of SI and BI in 2025 autumn
	Slide 11
	Slide 12: Tracking Simulations
	Slide 13: Simulation with beam-beam
	Slide 14: Simulation with sextupole misalignments
	Slide 15: Simulation of tune scan of injection survival ratio
	Slide 16: Photons hitting the IP beam pipe
	Slide 17: Summary
	Slide 18: SuperKEKB presentations in IPAC2026
	Slide 19
	Slide 20
	Slide 21: HER emittances
	Slide 22: Dynamic aperture measurements
	Slide 23
	Slide 24: Tracking simulations of the injection to HER
	Slide 25: Simulation Injection decay
	Slide 26
	Slide 27: by*=1mm injection tuning
	Slide 28: Injection efficiencies

