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

Upgrade plan: 1.3 MW FX (fast extraction) operation




FX beam power 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 760 kW 2.17x1014 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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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)

6


https://doi.org/10.1103/PhysRevAccelBeams.25.121001

Beam loss ratio [%]

o, [m]

Beam loss & beam size

(simulation)

Beam loss

[
—_— DN

today’s talk

3 GeV

4 GeV 5 GeV

0 10000

20000

30000

40000 50000 Turn

Longitudinal rms beam size

LY vN_ _ _____

I
— I
= < today’s talk : |
— < ! |
= 3 GeV 4 GeV! 5 GeV!
0 10000 20000 7 30000 40000 50000 Turn



Tune spread and resonances

The working point is set not to i
cross low order resonances.

Since the superperiod is only 3, 214

6v, -2v, =384
v, -2v, =42

v, +4v, =171

ov, +2v, =171

v, =64
v, =171

N
2v, =43

It i1s difficult to completely avoid

high order structure resonances.*'~

21.2
The beam is crossing some

8th order structure resonances. ;1

21

21

21.1

21.2

213

214

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

v, + 2vy = 64
v,-2v,=-21
2v,-6v,=-84

vy=21

215

Beam intensity : 2.66x 1014 ppp
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Longitudinal distribution

Beam distribution (z, 9)
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2nd harmonic RF cavities are used .l
for peak suppression. o
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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
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2J, [7 mm mrad]

Transverse distribution

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

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

Lost because 2J; > 60x mm mrad (28.6%) Lost because 2J, > 60r mm mrad (7 1.4%)
60

¥

P

2J, [ mm mrad]
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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, [ mm mrad]
)
()

N
N

-1 0 1

¢x [rad]

N
[

W
D .Os

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

The distribution of the lost particles suggest effects of
the resonance 8y, = n.
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Tunes of lost particles

Lost because 2J, > 60r mm mrad (28.6%)

~ 21.5

!
]
~

~

- 1
BN - S~a ’ ’ \ 1
| S S /7 \ 1
~ o 1
- ~ o 4 \ 1
~ ! \
— S o 4 1
1 ~
— s ~. ! v
— S & \
L Il , V!
- / V!
— ! ’ (1
' r 1 Vi Ny v
— ., N\\‘/
— B P /h\
- "y S«
1 4 1 A S S
- 1 ’ AN S~
= 1 ~<
- 1 4
/ ’ 1\
| 7 Y 1 \
21.3 b o
. I Y 1 \
1
- , Y 1 \
— , ’ | \
— 7 \ N
- ! ’ 1 \
- 1 1 PR
’ \ -
- 1 ’ 1 -
— 1 Y 1 \¢’
- A
212 C PO
. | 1 7 1.~ \
| ] ’ P \
-,
| 1 I/ Pl 1 \ -
- i ~ | \ _ -
- 7 /7 Phe -
| Vi - 1 -\
1 Phe 1 - \
— 1 4 - -
— ] V4 P -1 \
- ;! e _-" 1 \
— ’ Phe - 1 \
AL 1, - .- \
1 - - 1
I~ ’ Phe - \
= 7 - - 1
4 - - \
— 7 - 1
| 7 e .- 1 \
R - - \
1, » /’,” 1 \
_l/ ’ s - 1
=0, 2 \
&, z - 1
1111

14

X

No clear relation
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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
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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
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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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2J, [7x mm mrad]

Vertical Poincaré map

Vertical Poincaré map

Simulation conditions:
- Bassetti-Erskine formula
(flelds of Gaussian beam)
- A = Amax
- J, =0 (initial)
-z=0=0 (initial)

Clear 8 resonance islands
can be seen.

22



Outline

1. Introduction

2. ldentification of source of beam loss

3. Mechanism of beam loss

4. A new optics for reducing beam loss

. Summary

23



Strategy for lower-loss operation

Candidate 1 : Changing the working point

- We have already optimized the working point experimentally.

- Beams will hit lower-order resonances.; = =
I Il ”, [l .
N A8 o <t
IS S 3% QS I »
I ' o+ I+ II(‘ >>< KN
: A Y ST
21. - ‘ 2v, =43
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Bv, = 171
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21.3
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Strategy for lower-loss operation

Candidate 1 : Changing the working point

- We have already optimized the working point experimentally.
- Beams will hit lower-order resonances.

Candidate 2 : Corrector magnets

- Need 16-pole magnets
- Costly, difficult?
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Strategy for lower-loss operation

Candidate 1 : Changing the working point

- We have already optimized the working point experimentally.
- Beams will hit lower-order resonances.

Candidate 2 : Corrector magnets

- Need 16-pole magnets
- Costly, difficult?

Candidate 3 : A new optics maintaining the working point

- The "Resonance Driving Term” can be changed by rebalancing
the phase advances maintaining the working point
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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]
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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
30 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
31 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
32 Az/;arcy [27r rad]



2J, [7 mm mrad]

Vertical Poincaré map

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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Frequency map analysis

Frequency map analysis (FMA) was
performed with both optics to
visualize resonances.

-0.002— *
-0.004

The space charge potentials were
constructed by PIC simulation and
then fixed ("frozen model”).

Initial longitudinal positions of
the test particles were set as
(z, 0) = (-22 m, 0) to keep 6= 0.

count

35

0.004
0.002

Beam distribution (z, 9)

———

-60

15000
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FMA longitudinal motions

Longitudinal positions of the test particle
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FMA results

v present optics log, JAV v ~ new optics log, AV
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Suppression of the resonance 8v, =171 was also confirmed via FMA.
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Summary

Space charge induced structure resonance 8v,=171 causes
beam loss in the J-PARC MR,
because It affects particles at beam halo.

A new beam optics was developed to suppress the resonance
8v=171 and reduce beam loss.

Superiority of the new optics was confirmed via
+ resonance potentials (analytical calculation),
- beam loss simulations,
-+ Poincaré maps,
- beam loss measurements,
- frequency map analysis.
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Strength of other resonances

s 21.5

In addition to 8v, =171,

the 4th order structure resonance
2vy - 2v, = 0 can be weaken by applying

21.3F

the new optics. o}

2ve- 21, =0

ST

21.1

212 213 214 21.5

120
100
80
60
40
20

new present

|

Vz,_z,o [a.u.]

52 54 56 58
41
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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}

42

Gos i1 =



