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’;g’ New features of E34

* Low emittance muon beam (1/1000)

Initial goal Final goal

A(a,) ~ 0.46 ppm > 0.1 ppm
EDM ~ 1021 e - cm

* Muon acceleration -> 212 MeV Proton beam (3 GeV)

I Surf 34M
* No strong fOCUSIHg urface muon ( eV)

~Thermal muon (25 meV)

* 3D spiral injection:

* Large kick in few ns MLE muon experimenta
acility H-line

* Good injection efficiency (x10) Thermal muonium
pro.duc_tlon, Muon linac
. lonization laser 3D spiral injection
* Compact storage ring (1/20) Muon storage
magnet3T)  positron tracking
* Tracking detector Prog. Theor. Exp. Phys. 2019, 053C02 detector

* Excellent sensitivity to muon EDM about 100 times better than the previous limit
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Constructed in 2021
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Experimental hall
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a»

Muon cooling

Constructed in 20

h

09/03/26 E.Bottalico - Muon Group 4



' Muon cooling

proton “*e . “; - emittance
& ® _ © ~1000n mm - mrad
- e® o0

pion decay -

A conventional muon beam:

* can not be injected without a strong focusing - electric field;

* This leads to muon losses and background contamination from .
* Desired beam:

* The muon must be compact and non-divergent;

e Typically, with an RMS of ~mm - never achieved before.
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Muon cooling

“;. emittance
o o ® ~1000t mm * mrad

pion decay -

|
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v Muon cooling
.

proton m ¥ @ ' :
@ " ® o emittance 1
- @ ~1000m mm - mrad
- - @ @G
) -
pion decay
Flashlight
Muon :
cooling
Mt )
iai emittance Laser light
Thermal It mm * mrad

muon beam
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v

Ultra-cold muons

&R
/

e Surface u*
e Stop in (laser ablated surface)
Aerogel
* Diffuse Muonium (u*e~) atoms
into vacuum
* |lonize:
e 1S - 2P—2>unbound
* Max Polarization 50%
e Accelerate:
e Efield, RFQ, linear structures
 E=212 MeV (p=300 MeV/c)

| Muonium (p*e)
Silica aerogel with 30 meV (after cooling)
laser-ablated holes

(Si0,, 30 mg/cc)
¥

% Electron will be removed by

Laser resonant ionization by irradiating
Laser beam (122nm+355nm)

Muon
Beam
4 MeV

(before coolin

300011 T T T T
Region 1
2500 10 <z <20 (mm)|

2000 . O 7umIiL
®/\mIHY |

BT H(cMuDE)

4]
[=]
[=]

Q‘f’/

1500

L]
000?:llnn-

......................
12

o

6 8
Time (us)

Experiments at TRIUMF
(2011, 2013, 2018)
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oy Re-accelerated thermal muon
.
Surface muon Thermal muon Accelerated Muon
E 3.4 MeV 30 meV 212 MeV
p 27 MeV/c 2.3 keV/c 300 MeV/c
Ap/p 0.05 0.4 4x10~*
\ ) - B s s ~ . —
Surface \:"3{:-“__——‘— ''''''' —— ., — : .. } Be_accelerated
Muon “+ .—-—'--s::'_----*—--—-—.?._._._ . — : ) > muon
//y Ma~_-*‘.“'g.‘.‘/‘/.
(nte’)
H-line Mu production Electrodes
(See Fig. 2) target (Soa)

From silica aerogel \0nization lasers
8¢ (122 nm, 355 nm)
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by Re-accelerated thermal muon

High B (0.7 — 0.94)
>

Low 3 (0.01 — 0.3) < Middle g (0.3 - 0-7)>

<
RFQ IH-DTL DAW-CCL DLS Muon LINAC parameters
(Radio Frequency Quadrupole) (Inter-digital H-mode DTL) (Disk and Washer CCL) (Disk Loaded TW structure) Frequency (2'Stage) 324M HZ, 1296 MHz
Slow 324 MHz 1296 MHz Intensity 1x10° /s
%9% I I I I —® Rep rate 25 Hz
—® I |‘ I || ®  blise width 10 ns
0 034 e Norm. rms emittance 1.5 mmm mrad
L=32m 14m 16 m (14 modules) 10 m (4 structure) (Total ~40 m) Momentum Sp read O 1 OA)
Acceleration test Fabrication Prototype Prototype
with thermal u planned. completed. fabricated fabricated
High power and tested and tested
test on going
L iF — g _ v buncher exnf _____ .““J
°|"~|'- - muon buncher 15t cell X DLS ; -
* The first muon-dedicated linac in the world! 0.8
E -.. proton KEK gun *« DAW ,.‘- ACS
* Muon Acceleration to 212 MeV 06r ' ® SDTL
. . 04 o
* 4 steps acceleration depending on f§ -> total length 40 m E X{HDTLE DTL
02 RFQ e
[ _J-PARCIS..- k" _.--BRFQ
0 ---------- | ENEE. SXN ol iy P T R T W " | 2 aaanl
102 107! 1 10 10 10°

Kinetic Energy [MeV]
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iy Towards high sensitivity

* The statistical precision on the anomalous precession frequency w, is:

Aw, 1 2
w, w,yTP |NA2

Increasing the momentum improves measurement precision linearly.

 Magnetic Field Adjustment:
 Higher momentum requires a proportional increase in the magnetic
field to maintain experiment size.
* Effect on Anomalous Precession (w,):

* A stronger magnetic field increases the anomalous precession

frequency.
— Doubling both momentum and field = x4 improvement in w,

precision.
- " |
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- Towards high sensitivity

Low f3 (0.01 — 0.3) Middle g (0.3 — 0.7)  High (0.7 — 0.94)
> ¢ - < >
RFQ IH-DTL DAW-CCL DLS
(Radio Frequency Quadrupole) (Inter-digital H-mode DTL) (Disk and Washer CCL) (Disk Loaded TW structure)
Slow u 324 MHz 1296 MHz
o |1 & (N (TR .
24 Do
! M > skl U UL
s 6%V gameY aaMeV s MeY AL
L=32m 14m 16 m (14 modules) 10 m (4 structure) (Total ~40 m)

* The last section of the acceleration brings muon from 40 MeV to the final energy of 212 MeV
(300MeV/c)

* Thisis the section where the largest improvement in the final energy can be reached.
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e DLS dESign Linac concept

&R\
? V(x)—\ / \ / S~
. . ) ____/ \ / X
* DLS is a type of Linac accelerator. +_.' = H + _>. x ﬂ +
S_e [ J [ ]
* DLS stands for: Disk-Loaded traveling- E e PT P T &
G A Vi)

wave Structure:
' DLS concept

metal irises

* Cylindrical waveguide used in RF o

acceleration made of periodic metal disks #ﬁ%ﬁﬁfﬁ_ﬁ >

mounted along the waveguide interior;

The wave propagates left to right.

* Disk geometry shapes the * The operating frequency should be
electromagnetic fields and controls phase selected as a multiple of 324 MHz in the

velocity; muon linac, for S-band is 2592 MHz.
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vy DLS design
(y/

 The main geometrical parameter for a DLS design are:

Left Right
side Center side

I ! A )
1 1 1
] 1 1
1 1 1
: ' —>| [« Disk thickness (t) :
\ \ :
1 1 1
1 1 1
1 L 1 @ 1
: : £ :
k—T): Cylinder diameter (2b) Iris aperture (2a) :
: : v :
1 1
' Cell length (D) N 2 M '
1 ¥ \ 1
: : R=t/2 :
I : :
1 1 1
1 1 1
1 1 1
1 1 1
1 1 v 1

* The gainin energy per cellis < Ey - D where E|, is the electric field gradient.
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Ay New design simulation
&/« As shown at the CM31 the current design has changed:

Current

40 MeV 212 MeV
2 ~DAW H S-band (20MV/m) }—’

e

New configuration Il m 5m

29 MeV ) 212 MeV
2 ~DAW }4{ S-band (20MV/m) | ’

U

High-energy configuration 16 m
}2‘7 MeV

500 MeV
2 ~DAW New S-band (>20MV/m) and/or C-band }—»

Requirement ~35MV/m* CM31, M. Otani

* From an email exchange with experts, looks like that C-band (double frequency)

option is more expensive and less investigated than higher S-band option
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v New Design

* The final energy from the DAW is 29 MeV w.r.t. initial 41 MeV.

 We want to break up the design of the DLS in two parts, a first section which include 2
DLS tanks with the S-band cavity type, with 2 different gradient:
e 20 MeV/m (current design)
* 35 MeV/m (higher gradient design) -> feasible discussed with Ego-san.

 Then design the following tanks (~16m available) both considering S-band higher

gradient or C-band cavity types:

* We need to demonstrate the coupling between S-BAND and C-BAND.
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b Work flow
(S
e The overall flowchart is:

I. RF design of a cell 2. Design accelerator 3. Beam simulation
P P J[
5 o = Wo o o b:q:@::c’][:p:
(E,AP}(P: L) E;(P — 2(AP): L))

4. Check beam quality

5. Design including beam matching

* We need to re-design the entire DLS to include the new initial energy and

higher gradient accelerating section S-band 35 MeV/m and understand the

coupling with C-band section.
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’gg First look at the simulation — DLS design

* From the injected RF at 2592 MHz the initial design of the DLS is:

Iris aperture (2a) vs cell

E. 100: -g 110_ : | : : I T y :220 ;
g sor- £ 100p E il
805— - 80 : —160 =
70F- S 70p g =140
- — 60 : —120
60— © n ! =
n S_‘ S0~ i —100
S0E £ 40 i =80
: - g — = —340
SOW i 1or E E E b
T R T T —4o0 200
0 50 100 150 200 250 o cell number (n)

K. Sumi, Ph.D. thesis, Nagoya University, 2025

|
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https://drive.google.com/file/d/10cFa9BtzRCWbtMjkV6YKQ7-4_r4SjBRq/view?usp=sharing

L4 4
&R

s/

First look at the simulation — DLS design

* From the injected RF at 2592 MHz the initial design of the DLS is:

Cylinder diameter (2b) vs cell

T 100F — 110
E [ =
8 90__““ é 1 OO
80 ] E% 90
= —- 80
70 ;— E. 70
60— © 60
z = 80
50;;— §§ ‘1()
40 f— y 30
- 2 20
30 f_ i 10
20— Q 0
o— | | | 5|0 | | | | 10|0 | | 15|0 | | | | 2(')0 | | 250 | |
Cell

220

|

200
180
160
140
120
100
80
60
40
20

400

cell number (n)

500

0

K. Sumi, Ph.D. thesis, Nagoya University, 2025

|
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https://drive.google.com/file/d/10cFa9BtzRCWbtMjkV6YKQ7-4_r4SjBRq/view?usp=sharing

e

)

s/

First look at the simulation — DLS design

* From the injected RF at 2592 MHz the initial design of the DLS is:

D [mm]

—
o
o

D (cell length) vs cell

©
o

80

70

60

50

40

30

20

\

B [%], D [mm], 2a [mm], 2b [mm]

O m

50
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200

250

Cell

110
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|

200
180
160
140
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20
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500

0

K. Sumi, Ph.D. thesis, Nagoya University, 2025
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https://drive.google.com/file/d/10cFa9BtzRCWbtMjkV6YKQ7-4_r4SjBRq/view?usp=sharing

(4
KA
y/
£°)
o
E
x
At DAW exit
41.4 MeV
S
()
=3
&

Current design simulation

TTTTTT[TT T[T T TTT[TTT[TTT[TTT[TTTI]TTT
LR RN RN R R R RN R

= (.2885m mm mrad

Sx,nmm,rms
o, = 1.3947
B =1.6558 mm/mrad

—_
lo
o

o
_IIII|IIII|IIII|II|I|IIII|IIII|IIII|IIII

€, norm,ms — 18-5330m deg MeV

o, =-0.0310
B =7908.4851 deg/MeV

5 1

ol

50

40

30

20

10

—1250

—1200

150

100

50

0

y' (mrad)

Events

10
8F-  Eyaomums = 0.21837 mm mrad .
6 C o= '5_,4_616
- B.=5.5987 mm/mrad —100
of " =80
o
- 60
-2 <.
-4 ﬂ . 40
_ef_ T
o 20
_8_—
10:"||||l|||||||l||l P R | [ 0
10 8 6 4 -2 2 8 }0
y (mm
10° B
E P 102.3 MeV/e
- Aplp_ =0.07%
102 = E, =41.4151 MeV
105—
1L P N I R
100 101

©
(o)

99

02 103
p (MeV/c)
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At DLS4 exit
212.7 MeV

09/03/26

Current design simulation

10

x' (mrad)

o N A OO

b &

TTTTTTTITT [T TT[IT T[T TT[TTT[TTT[TITT[TTT
RN LR RERE RN RERN RRRN R

& norm,rms — 0.29731 mm mrad
o, =-0.5401
B_=3.2649 mm/mrad

180

160

140

L
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=TT
o}
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o
IIII|IIII|IIII|IIII|[III|IIII|IIII|IIII
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,=-0.0611

B, =3361.7760 deg/MeV
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New RF design

* As first step we redesign the cell RF for the new initial and final energy:

|. RF design of a cell

= S ey O sy

{E,AP}(P:L)

e We moved from:

e |nitial 41 MeV -> 29 MeV

e Final 212 MeV -> 500 MeV

* This will be the input to the next step.
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iy Accelerator design
w

* We used the new input RF and the new parameters to design the first part of the DLS

2. Design accelerator

Lo o o

E;(P — X(AP): L))

* In the following the accelerator design for the two gradients:
20 MeV/m;
* 35 MeV/m.
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v Accelerator design
K/
e 20 MV/m
e 35MV/m
2a vs cell 2b vs cell
E 29 T 925
E DLS1 DLS2 E [ DLS1 DLS2
Al 28:— 'C‘\:l
- 92
27— —
26— L
~ 91.5—
25 B
24?— 91—
23?— _
- 90.5 —
22— B
0:|||2|0I||4|0|||6|0| 'slo"'1clno"'1£o"'140" 0_”'2")”'4'0]”6'(" 80 100 120 140
Cell Cell
09/03/26 E.Bottalico - Muon Group 26



B3

D [mm]

38

36

34

32

30

28

26

24

22

D vs cell

Accelerator design

e 20 MV/m
e 35MV/m

DLS1

DLS2

B vs cell

B [%]

95

90

85

80

75

70

65

(o2}
o

[¢)]
O

o||||||

20

40

60

80

100

DLS1

DLS2

OIIIIIII|I

120 140
Cell

80 100 120

___________________________________________________________________________________________________________________________________________________________________________________|
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vy Accelerator design
w
e 20 MV/m
e 35MV/m
Wvs cell Momentum vs cell
%' 200:— T 300
§ 180/ DLS1 DLS2 g B DLS1 DLS2
— E [
160 [— 2 50—
- £ -
140[— s -
120— 200—
100[— i
80;— 15—
60— -
40— 100—
20 e o b L b e b b b T B R T B R BT I
0 20 40 60 80 100 120 140 e 0 20 40 60 80 100 120 140
Cell

|
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v EM calculation and beam simulation
o

* With the input from the previous step we ran SUPER-FISH to compute the EM field on

the new cavity design.

3. Beam simulation

P
Lee =» —»

* This output will be used for track the particle and define the beam quality, covering

the step 3 and 4.

|
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Ay Design optimization for Particle propagation
e - -
* In order to get the particle accelerated correctly we have to optimize the DLS design

by propagating the particles through the DLS with computed EM fields.

* One parameter to tune is the gap between the DAW and the DLS:

\

N
om
0.85

\
D = —18.3154767 m

0.8
0.75
0.7
0.65

06 Scan for different gaps

1 1 1 1 1 I 1 1 1 1 1 1 1
-1835 -1834 -18.33 -18.32  -18.31 -18.3 -18.29 —(1 8528
| e
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P4 Design optimization for Particle propagation
e = -
* In order to get the particle accelerated correctly we have to optimize the DLS design

by propagating the particles through the DLS with computed EM fields.

* One parameter to tune is the gap between the DAW and the DLS;

Bz vs Position

& - 5 B

0.85— \ @ 0.85:—

0.8_— 0.8_—

075 075

0.7 . : .
- 07 Partially optimized!

0.65(— .
u 0.65—

0.6/ Scan for different gaps y
B lmcsml ims: lmyoswl smooleusml oms olls s ool S T T e S S
1835 -18.34 -1833 -1832 -1831 183 -1829 -18.28 Position (m)

|
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wie Design optimization for Particle propagation
o= = -
* When not optimal the f of the particle as function of the position inside the DLS

looks like that: Bz vs Position

0.67

0.66

0.65

0.64 Not optimized!

0.63

0.62
:. AT SR AN SRS SN NN SR N ST SN ST SN AT SR SR SO SN TR S SR S R
0 1 2 3 4 5

Position (m)

|
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w Conclusion
o

* During these few months of work on the DLS design we familiarized with the code and

start producing the old design.

* We start producing the simulation for the higher energy case;
* We figured out 3 main solution which can bring to the final energy:

e 2 S-band DLS tanks (20 MeV/m) + 2 C-band DLS tanks (40 MeV/m);

e 2 S-band DLS tanks (35 MeV/m) + 2 C-band DLS tanks (40 MeV/m);

e 4 S-band DLS tanks (35 MeV/m).
* Check the beam quality;
* Check the longitudinal acceptance -> fundamental for the C-band coupling;

* Determine the solution that best fits our requirements.
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BACK UP

|
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- Measurement principle — J-PARC

. e - 1 > o
RN R (P [(3)

[

l « 300 MeV/c momentum

e 0.66 mring diameter (B=3T)

3.73 m
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- Measurement principle — J-PARC

e o 1\ -
P NEET Ya = [a“B N (a“ y? — 1) (ﬁxﬁ )]

[

|+ 300 MeV/c momentum

3.73 m

e 0.66 mring diameter (B=3

* No electric field (E=0)

Both the experiment can extract a, very

W, =W, — W, =a, — precisely measuring B and w,
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