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J-PARC MR
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The main ring synchrotron (MR) provides high power
proton beams for the neutrino and hadron experiments.



MR beam power history

To accumulate the statistics of neutrinos and hadrons,
stable beam operation with higher power Is required.
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MR Beam Power [kW]

MR beam power history

To accumulate the sta’ric”: adrons,

stable beans e

o0 _ |FX 800 kW
g ‘ (Neutrino)
600 ‘s : _
\FRIESE .
400 WA = 8 _
200]- ” _
1SX 80 kW
(Hadron)
(2)O1 0 2012 2014 2016 2018 2020 I2022I | I2024

Year



FX 1.3 MW upgrade plan

Power = x Number of protons / Cycle time
JFY2021 515 kW 2.00x1014 ppp 2.48 s
Long-term shutdown for faster cycling
Present 300 kW 2.3x1014 ppp 1.36 s
Future 1300 kW 3.3x1014 ppp 1.16 s

ppp ‘- protons per pulse

To Increase the beam intensity, we should

- Upgrade the RF system
- Reduce beam loss <«—— today’ s talk

( - Improve the localization quality of beam loss)
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Beam loss timing
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Tune spread and resonances

o
— I < Q
The working point is set not to U W Lo
= >" e\ ’
cross low order resonances. )1 5e i ", = 43
Beams are crossing the 214
nonstructure resonances
21.3
3vi=64 and v + 2v, = 64 e
Vy+2v, =
driven by sextupole fields. - V- 2vy =21
The tune spread is also close to
the differential resonance
I — 2] v, =21
Vx = Vy 0. 21 21.1 21.2 21.3 214 215 °

Beam intensity : 2.66x 1014 ppp
.



Tune spread and resonances

dth-order structure resonances
driven by space charge cross
the tune spread.

Space charge enhances the
differential resonance as
2Vx T 2Vy — O

Nonstructure resonances driven
by space charge also cross tune
spread (not drawn).
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Beam intensity : 2.66x 1014 ppp



Summary of resonances
In FX operation

Space charge Magnets

8v, = 171, 2vs + 6v, = 171, ...
- 8th order

Structure * Cross tune spread (far enough)
2vi =21, =0
+ 4th order
3vy =64, vy + 2v, = 64
4y, =85, 2vy + 2v, =85, ... - 3rd order
Nolgidla s . 4th Gth, - order =~ CrosSs tune spreaa

- cross tune spread =

- 2nd order




Summary of resonances
In FX operation

Space charge Magnets

8v, = 171, 2vc + 6v, = 171, ...

« 8th order .
Structure * Cross tune spread (far anntinh)
T. Yasui and Y. Kurimoto. PRAB 25. 121001 (2022)
L VX vy TV .
- 4th order

.....................................................................................................................................................................

3= 64, vy + 2v, = 64

4y, =85, 2vx + 2v, =85, ... -+ 3rd order
Nolgidla s . 4th Gth, - order =~ CrosSs tune spreaa
- cross tune spread  , —,, —

X Y

- 2nd order
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Tunes of lost particles
(2.5D PIC simulation)

Lost because 2J, > 60r mm mrad (28.6%)
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2J, [7x mm mrad]

Vertical Poincaré map
(2D simulation)

Vertical Poincaré map
actl

Simulation conditions:
- Bassetti-Erskine formula
(fields of 2D Gaussian beam)
- A = Amax
-z=0=0
- Jy =0 (initial)

Clear 8 resonance islands
can be seen.
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2J, [ mm mrad]

Vertical Poincaré map
(2D simulation)

Vertical Poincaré map
(actlonangle Center 2J,z and width 2AJ, of
LVANLIIN JVA g resonances can be calculated
analytically assuming a 2D-
Gaussian distribution.

-
=

N
0

OAJ,
if12), Analytical results:
(Ji=0,2=0=0, 1= max)
2Jyr = 66.37 mm mrad

2AJ, = 6.0r mm mrad

Well matched!
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2J, [ mm mrad]

Resonance region

Vertical Poincaré map
(actlon angle)
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Resonance region

2Jyr and 2AJ, can also be
calculated for J, > 0.

2J,, [x mm mrad]
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Resonance region

2Jyr and 2AJ, can also be

calculated for J; > 0. % 80

£

£ 70
The same process can be O T Vapertre e,
applied for 2vy + 6v, = 171. x 60

(Jy T 3Jx — COHSt.) 50

Solutions of other 8th-order
structure resonances were 30
out of plot range.
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Strategy for lower-loss operation

If we change the working point to avoid 8v, =171, the tune spread
will cross other lower-order resonances.

If we use corrector magnets, we need at least six 16-pole magnets.

M2 /8
_2i%iq_2i%fq ]O( Sz Ba ) ( Jy By )

1 AT ; (Su o0 € 202t 4 20§+
Uosimie 08171 — 3052 %dse [8xy (8.:1/ 171)9]/ dg 2 q2 q
o fixed Jo V202 + /202 + ¢
®ds
xy(s) = [ — --- changeable
0 By
Xy(C) = 2m, .-+ fixed

We consider a new beam optics to suppress 8v, =171, but
maintaining the working point.
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2J, [7 mm mrad]

Vertical Poincaré map
(2D simulation)

new optics

«
<

~ 1.57 mm mrad

~ 67 mm mrad

The resonance 8v, =171 is weakened!
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Beam loss measurement

We measured beam losses with the present and new optics.

Beam survival ratio (measured by DCCT)
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Summary of resonances
In FX operation

Space charge Magnets

8v, = 171, 2vs + 6v, = 171, ...
- 8th order

Structure * Cross tune spread (far enough)
2vi =21, =0
- 4th order
3v. =64, v, + 21, = 64
4v, =85, 2vy + 2v, =85, ... « 3rd order
NG UIGEN  . 4th, 6th, - order =~ CrOSS tune spread

- cross tune spread =

- 2nd order
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3rd order nonstr. resonances

Beam survival ratio (measurement) 2
— 100 <t Q
X \O I P
g 95 | =N

E = P
3§ % ik 2v, =43
S 85

80
e with trim coils
75

e without trim coils
] | ] ] ] ] | ] ] ] ] | ] ] ] ] ] ] ] ]

50 100 150 200
time [msec]

@)

Ve +2v, =64
v,-2v,=-21

Nonstructure resonances
3vi=64 and v + 2v, = 64

are simultaneously “corrected”
by using 4 trim coils of the
sextupole magnets.
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Status of lost particles

Tracking simulation including magnet imperfections suggest
that off-momentum particles grow horizontally and are lost.

Even after applying trim coils, the resonances 3v, = 64 and

vy + 2v, = 64 affect off-momentum particles.
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H. Hotchi et al., IPAC2023, TUPMO055
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Resonance width of
3vi =64, vy + 21, = 64

We estimated the resonance
widths by the current applying
to the 4 trim coills.
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Resonance width of
3vi =64, vy + 21, = 64

We estimated the resonance
widths by the current applying
to the 4 trim coills.

In MR,

o] = 0.004.

Negative-o particles are strongly
affected by the resonances.

without trim coils
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Resonance width of
3vi =64, vy + 21, = 64

with trim coils

We estimated the resonance g sor =33
widths by the current applying & !
to the 4 trim coils. [
a* 6O -\ - - - NS
B Is
In MR, || = 0.004. o =
L NN
: : 40
Negative-o particles are strongly - d\\‘o
B ‘G,
affected by the resonances. 30 o, ®
- Yy
20—
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suppressed by the trim coils, 101 Biue: 3y, = 64 N ; = |
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Countermeasure for
3vi =64, vy + 21, = 64

Tracking simulations suggest that we can compensate
resonances for off-momentum particles by increasing the
number of trim colls to 24.

As a first step, we will increase the number 4 — 8 this summer.

1.01

Beam survival
© © o ©
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0.05
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Beam survival ratio
(2.5D tracking simulation)

— |deal (no errors)

— TrimSx 12
— TrimSx4 (present)

H. Hotchi et al., IPAC2023, TUPMO0S55
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Summary of resonances
In FX operation

Space charge Magnets

8v, = 171, 2vs + 6v, = 171, ...
- 8th order

Structure * Cross tune spread (far enough)
2vi =21, =0
+ 4th order
3vy =64, vy + 2v, = 64
4v,= 85,20, +2v,=85,... - 3rdorder
Nonstructure . 4th, 6th, -+ order ~* Cross tune spread

- cross tune spread | V= 1y =0

- 2nd order
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Optics correction

Even after applying trim coils of sextupole magnets,
optics correction contributed to beam loss reduction.

Space-charge-driven nonstructure resonances were weakened?

Example of optics correction (measurement)

before Vertical/Arc after Vertical/Arc
5.800 - Aro A 5.800 A — Arc A
_? -w= ArcB — - = ArcB
=2 3.7751 ses ArcC —% 5.775 A =es  ArcC
e Yt
= =
5.750 - 5.750 -
N - :(‘\w""""':-',au- —_— N —<”\ ~
-e‘ g .e" 75 4
S 5725 3 5725
s7o04 s7jo04
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time from injection [ms] Time from injection [ms]

Beam loss was reduced ~20% by this optics correction!
28 (with 2.3x1013-ppb beams)




Resonances
dariven by space charge

21.5¢:

214

—_— 2Nnd order

— A4th order
— Gth order

21.3

21.2 solid: structure res.

dotted: nonstructure res.

21.1




Resonance width of
SC nonstructure res.

before optics correction

Space-charge-driven
nonstructure resonances
appear to be weak overall.

Resonances affecting particles
close to the aperture can be
source of the beam loss.
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Resonance width of 6v, = 128:
2AJ, = 2.91 — 2.00r mm mrad
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Summary of resonances
In FX operation

Space charge Magnets

8v, = 171, 2vs + 6v, = 171, ...
- 8th order

Structure * Cross tune spread (far enough)
2vi —2v, =0
* 4th order
3vy =64, vy + 2v, = 64
4y, =85, 2vy + 2v, =85, ... - 3rd order
Nolgidla s . 4th Gth, - order =~ CrosSs tune spreaa

- cross tune spread =

- 2nd order
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Recent working point

After the long-term shutdown, . - 9
/4
the beam loss scan results - - = N
A +
showed that the optimal working 215g= . 2v, =43
_ _ P J befgre shutdown '
point moved vertically down 0.04. (vevy) =€21.35,21.43) Sk
2l4F after shutdown /&
. (ve,vy) = (21.35, ).
The optimal DC currents of the ’
trim colls did not change. V. +2v, =64
-2v, =-21
Some AC components arose? 212 SR
After the shutdown, the 21.1
differential resonance became .
. 21 - V. =
more lmportant_ 21 21.1 21.2 21.3 21.4 215 °
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Resonance width of
2Vx o ZVy —

The resonance 2vy —2v, =0
affects wide area.
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survival ratio

Resonance width of
2Vx o ZVy — O

The resonance 2vy —2v, =0

affects wide area. 5 80r
E r
The new optics is effective = 7O
E L
not only for 8v, =171 O
3 60r
but also for 2v, —2v, = 0. :
50—
Tracking simulation suggests that |
. . . 40— .
applying the new optics will C present optics
reduce the beam loss. 30 New optics
I B
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0.998;— B
0.997F- 10—
0.996/ . - . . ~
- presentoptlcs oLttt L] « SV TR VAR AN AR TR A AR R AR AR AT Y
0.995 0 10 20 30 40 5 60 70 80
09943”_”_”_”_' 2J, [7 mm mrad]

)
\®)
)
N
)
o)
)
o0
)

1 ] 1 1 1 ] 1 1
100 120 34
time [ms]



Summary of resonances
In FX operation

Space charge Magnets

8v, = 171, 2vs + 6v, = 171, ...
- 8th order

Structure * Cross tune spread (far enough)
2vi =21, =0
+ 4th order
3vy =64, vy + 2v, = 64
4y, =85, 2vy + 2v, =85, ... - 3rd order
Nolgidla s . 4th Gth, - order =~ CrosSs tune spreaa

- cross tune spread  ,, —;, =

« 2nd order
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Differential resonance

We did not use to compensate 9 o
. . [l 7,
for the differential resonance RN
@\
N
ve = vy = 0. 21.5¢= 2v, = 43
befgre upgrade
. _ _ (ve,Vy) =€21.35,21.43) Sk
Since the working point became 214F after upgrade, #vk
close to this resonance, (vvy) = (21.35.28889)
21.3
we at’Fempted to Com.pensate o+ 2, = 64
for this resonance using two - Vy-2vy=-21
skew quadrupoles.
21.1
We measured turn-by-turn
v, =21

transverse beam positions Ol 2Ll 212 213 214 215

using low-intensity beams.
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The differential resonance vy — v, = 0 was successfully

compensated In low-intensity beams.

However, when we apply skew quadrupoles in high-intensity
beams, the beam loss worsened.
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Summary

To realize FX 1.3 MW operation, we need to compensate for
resonances and reduce beam loss.

Countermeasures

Space charge

vy =171

- apply the new optics
Structure PP P (far enough)
2Vx _ 2Vy — O

- apply the new optics

3ve=64, vy + 21y = 64
+ increase the number

4Vy — 85, 2Vx + 2Vy — 85, con Of trlm COIIS

- fine optics correction
Vx — Vy — O

- skew quadrupole?

Nonstructure
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Beam power upgrade plan
of the MR
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FX operation status by 2021

Beam intensity (measured by DCCT)
Magnet ramping pattern
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1.4 s

Recovery

0.94 s

Cycle 2.48 s
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FX operation status from 2023

Beam intensity by 2021 (measured by DCCT)
Magnet ramping pattern

(\®)
N
I | 1

e
N

magnet current [a.u.]
intensity [x10" protons]
(\O)

S

10

3 GeV .

T I B IR B S B S B B A D
0 02040608 1 121416 18 2 22 24 time [s]

SO ISR
Injection  Accel. Recovery
001s+0.13s 0.65s 0.57 s
<

Cycle 1.36 s 47




SX 80-kW beam operation

Coulomb scattering

5 Us N : : by diff
B NG / diffuse _
%D o \ proton beam N BN - ...
g 45 \ diffuser Electrostatic septum ribbons
; 3E | : E 5 Tantalum
9 25 < Thickness: 0.1~0.2 mm, longitudinal length: 0.5~2 mm
O “F
£ 0 = =No Diff
I S 20 @ Diff 1
= F >
&6 = 15

E o)

S5E :
% : | ;
Y AE | z 10
% 35 1\‘”@ | (L.....L |‘ ‘ l “ Wt ]| L
= 2 | 5
< F
5
H i | I [ i 74 75T76 77 78 79 80 818218384 85

_hl L1 0.5I L1 1 1 L1 1 I1.51 |- l2 11 12.5I L1 3 BLI\/' ddreSS

I ESS1
Time from flattop start (s) SSESSZ sMvs1 | sms3
® We preformed: SMS2

- Optics tuning
- Dynamic RF manipulation to suppress beam instability
during the de-bunching process at flattop
- Introduction of a diffuser to reduce beam loss at ESS during SX

- Spill feedback tuning ... Extraction efficiency 99.6%
Spill duty factor 72%
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Perspective of the SX operation

Beam study results with two sets of diffusers —r
30 for low intensity beam (11 kW)
< #No Diff _,_I_._LEL:J— -
S ® Diff 0
= 20 o Diff 1 BMP1 BMP2 ESSI1ESSZ
m

®Diff0 &1

—_
o1

—
()

O

0 AN
74 75T76 77 78 79 80 81|82183T1sa s5
BILM RAddress
ESS1 SMS1 | sms3

2024/7/30 ESSZ SMSZ

® The beam power will be increased to100 kW in stages
- while further reducing beam loss
- while further improving spill duty factor

by

improving configuration of diffusers

introducing new optics with large slippage factor
improving spill feedback system

reducing current ripple of main magnet PS
introducing VHF cavity, etc.

® We aim to achieve this by 2026.
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Strategy for
beam loss reduction

Presently, beam loss is caused by

1. Current ripples of bend power supplies

AB T. Yasui, IPAC2023, TUXG1

S A=, AR = [EAT] g meeting, MOA211

- We are going to reduce ripples within a year.

2. Nonstructure resonances induced by magnet imperfections

- We plan to add correction sextupole fields
H. Hotchi et al., IPAC2023, TUPMO055

3. Structure resonances induced by space charge effects

- Today' s talk
(T. Yasui and Y. Kurimoto, PRAB 25, 121001 (2022) + some FMA results)
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Beam loss ratio [%]

o, [m]

Beam loss & beam size

(simulation)

Beam loss

[
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40000 50000 Turn
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LY vN_ _ _____

I
— I
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Longitudinal distribution

Beam distribution (z, 9)

0004 = ===
2nd harmonic RF cavities are used 0000k
for peak suppression. o
—0.002_
Most of the lost particles are -0.004
- - - -60
founc.al.at locations of high line Beam distribution (2)
densities. glsooo
Beam loss is caused by space 10000}
charge effect. 5000
. O: m
Peak suppression by the 2nd 0 _ N &
. . Lost partidles distribution (z2)
harmonic RF cavities are very g 150f
important. T

50F

47 %0 =40 20 0 20 40 60 zm]



2J, [7 mm mrad]

Transverse distribution

The collimators were set to (2J;, 2J,) = (60x, 607) mm mrad.

Lost because 2J; > 60n mm mrad (28.6%)
60

Phase-space (action-angle) distribution of lost particles

" 2nd order ?

2J, [7r mm mrad]
n
N

N
)

-3 -2 -1 0 1

3
¢x [rad]

Lost because 2J, > 60r mm mrad (7 1.4%)

)
O .O.

The distribution of the lost particles suggest effects of
the resonance 8y, = n.
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Interpretation for 8v, =1717

4 ot =
o0 - — —
Il Tl 1
— NG R < Q
The working point is at B N Lo
g NN NN N S
(vi, ) = (21.35, 21.43). )1 5e S_FF So% v, = 43
The resonance 8v, =171 IS 214 o _
v, =171

neither strong nor close to the

working point. 21.3

v, + 2vy = 64

V,-2v,=-21
21.2 }
Why 8v, = 1717 2v, - 6v, = -84
21.1
21 v, =21
21 21.5




Positions of lost particles

Particles at the center of Image of phase-space
oD phase space. < beam distribution -"2__
Basically they survive. '

Meanz 9.081e-12
e, s Meany —1 G2da-11

Sid Dey x 0007219
Sid Devy 001181

10

Particles at the beam halo of
oD phase space. =
These particles may be lost
due to resonances.

IIIIIIIII

IIIIIIIIIIIII

Beam loss is caused by :
the resonances WhiCh aﬁeCt l—ID.ICiISl I—ID.IDIEI I—IDI.IJII1I | léll | 61!]1
particles at beam halo.
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Calculations of incoherent tunes

A particle is affected by a resonance myvx + myvy, = n
when its incoherent tune satisfies mxVx incoh. T MyVy.incoh. = A.

Incoherent tunes can be calculated analytically by setting
the line density 4 and assuming a Gaussian distribution.

Vincoh. — Vworking point + AVspace charge + AVsext. +§5
| chromaticity

amplitude dependent tune shift
by sextupole fields

1
AVspauce charge,u — % d¢xd¢y space charge

U o e eXp T T 2a?+q
space charge —
p g 352 \/202+Q\/202+q

(2D Gaussian)
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Calculations of incoherent tunes

A particle is affected by a resonance myvx + myvy, = n
when its incoherent tune satisfies mxVx incoh. T MyVy.incoh. = A.

Incoherent tunes can be calculated analytically by setting

the line density 4 and assuming a Gaussian distribution.
Beam distribution (z)

=
2 15000~ imax
Q

Calculations were performed S

10000 4
using Amax, Amin. : :

50001

%0 —40: 20 0 20 140 60 z[m]

The region Amin <A <Amax (Jz]| <33 m) 1|5'6°St palrticles distribl?tion (2)
- € >,
- Losstin this region :194.1%

count

covers 94.1% of beam losses.
100

501




Where resonances affect

The region covered by = 80 -
1 & A’mir;\
the two solutions (A = Amin, Amax) &
. g 70 Ao 4v +iv,=171

can be considered as E X .

where the resonance affects. - /¢
50—
40F .

(Vincoh_,x, Vincoh., ]:) — (21258, 21.375) - A

30
20
10 T
O: | 1 1 | L 1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1

0 10 20 30 40 50 60 70 380
2J, [ mm mrad]
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Where resonances affect

The region covered by = 80— I
S - . O
the two solutions (A = Amin, Amax) & _F N
. g 10— A A 4v,+hv,=171
can be considered as NI .
where the resonance affects. § 60 DN
2v,+6v,=171

50
Collimator settings:

40— -

2Jx = 2J, = 60r mm mrad

| 30

“The beam halo” is also

FrrT 171717 17T T T T T T T T 17 T T T T T T AT T 77 T T T
| | | [T |

20
2J, = 2J, = 60r mm mrad.

10 T '
The resonances O | 1 1 | L 1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 L1 1 1 | L1 1 1

0 10 20 30 40 50 60 70 80
2J, [ mm mrad]

8v, =171 and 2y, + 6v, = 171

affect 2J; ~ 2J, ~ 60r mm mrad.
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Resonance potential

et us define the resonance potential Unxmyn @S

Uspace charge — Z Umx,my,n COS(mw¢x + my¢y —nb + gmx,my,n) .

My, My, N

It can be derived as

. 1 .

Assuming a Gaussian distribution, the potential of 8v, =171 is
_2?%%61_2”%556] ]O( Jz Bz ) ( Jy By )

i AT i[8xy — (S1y — € 202 +¢/ 14\ 2521
Uo,8,1716 £0,8,171 7.‘.—30’@ ]{dse [8xy (8.y 171)9]/ dq : q2 ota
K fixed Jo V2024 q/202 + ¢
*ds
Xy(s)= [ = -~ changeable
0 By
Xy(c) — 27TVy -+« fixed

Uovs.i71 IS changeable maintaining the working point.
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How to change Ups 171

Even with the restriction of the working point,
there are a lot of solutions for the beam optics.

Other restrictions/suggestions

Keep achromat lattice (AWar,x =6 x 2x)
Better to change globally than locally.

'

We chose AW, @S a scanning knob. straight

arc £

A Tstrajght, y (27[Vy — 3A Tarc, y)/ 3
AWarc’x — 6 X 27': (flxed)
A Tstraight, x = (27[Vx — 3A Tarc, x)/3 (flxed)

3A SUstraight + 3AWare = 21y
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A Syarc, Y SCaﬂ

AWrc.y VS Uos.171 (A=Amax, J=0, J,=667) (analytical)

UO’&171 [arb. units]

present

'

]
52

| | I5|.4I | I5!6I | I5|.8I | | é | |
T T T T T Az/;arc,y [27r rad]

better solutions
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Lost particle number

UO’&171 [arb. units]

0.003

0.002

0.001

15000

10000

5000

A Syarc, Y SCaﬂ

AWrc.y VS Uos.171 (A=Amax, J=0, J,=667) (analytical)

present

52 54 56 38 ¢
Az/;arcy [27r rad]

AP,y VS beam loss (simulation)

present

50 54 56 538 6
58 Az/;arcy [27 rad]



A Syarc, Y SCaﬂ

~ very similar! )
¢ .. Beam loss is caused by 8v, =171.
= 0002
> -

0.001—

S - T ¥ —-
Az/;arc,y [27r rad]
APy VS beam loss (simulation)

= 150003—
8 - present
g 10000 —
g -

5000 [—

. . 6
59 Az/JarCy [27r rad]



Lost particle number

UO’&171 [arb. units]

0.003

0.002

0.001

15000

10000

5000

A Syarc, Y SCaﬂ

AWrc.y VS Uos.171 (A=Amax, J=0, J,=667) (analytical)

new present

52 54 56 38 ¢
Az/;arcy [27r rad]

AP,y VS beam loss (simulation)

new present

50 54 56 538 6
60 Az/;arcy [27 rad]



Resonance potential vs RDT

Resonance potential
- Fourier transtform of a potential — accurate
- depends on Jy, J,

— Z Umx,my7n COS(mx¢g§ _|_ mquy T n9 _|_ é-maj‘)m’y)n)

Mg, My , T

UO,8,171€Z§O’8’171 = 2(27T)3 %d@ // d¢$d¢yUSpace Chargee—z[&by—l?l@]

Uspace charge

Resonance Driving Term
- Assume potential x»ym — One aspect of resonance potential
- Independent of J,, J,

UO,8,171 — GO,8,171J§ + A0,5Jy5 + AQ,GJS + -+ A174Jxe],;l -+ e

1 0*Uog171(Jes Jy)
4! 0J}

ol

Gos i1 =



Key for beam loss reduction
- adjustment of split families -

Before 5 After

Hadron
N L Experimental Hall

¢ Al quads were ramped
by the same PS.

120

120

100

. Red lines:

100

80

Green lines: . Reinforced or

newly appeared

Strong resonances
: “  resonances

Simulation suggésted that the magnetic fields of thé split families
should be matched with an accuracy of about 0.1%.

T. Yasui, in Proc. IPAC’23, TUXG1

Precise adjustment of the split families was the key.
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Bend field ripple reduction

Bend field ripples make quad field fluctuation in combination

with sext fields, resulting in breaking three-fold symmetry.

AB T. Yasui,
= AK,| = |K2Az| 1PAC2023, TUXGL.

bend field error quad. field error sext. field

Axr =n,

The main source of ripple was identified as EM fields noise
from the DCCT head, and the ground line was bypassed.

0

10
107!
102

RMS of dB/B
(estimated by dli/I)

g 10-3 ERSE L RER
= \
S 107

{08

107

olciielg= 0.036% 0.035%
0.019% 0.013%

10 10" 102 100 10 10" 10" 10> 100 10t
Frequency (Hz) Frequency (Hz)

Y. Morita et al.,
IPAC2024, TUAD?2.
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