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b4y Motivation

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

Aw, 1 2

w, Wy YTP JNA?

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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we DLS structure
w

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
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L=32m 14m 16 m (14 modules) 10 m (4 structure) (Total ~ 40 m)
Current DLS design
Final momentum 300 MeV/c
Il m~ |62/ | 8MV x 1.2 (for Q-magnet) 5m

40 MeV 212 MeV
2 ~DAW S-band H Spare H
space
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v DLS structure

KR\
/
Current
40 MeV 212 MeV
2 ~DAW S-band (20MV/m) }—'
New configuration has lower @
input energy 40 -> 29 MeV New configuraﬁon Il m 5m
29 MeV | 212 MeV
2 ~DAW 4’[ S-band (20MV/m) J >

High energy configuration . . ] @
higher final energy 212 -> 500 High-energy configuration 16 m

MeV

29 MeV 500 MeV
/ ~DAW Jﬂ New S-band (>20MV/m) and/or C-band

Requirement ~35MV/m*

*assuming synchronous phase of 13° is used

Short prototype S-band for the FERMI FEL linac achieved higher gradient of 30 MV/m [NIMA 1055 (2023) 168543]
with possibility to increase up to 40 MV/m [NIMA 979 (2020) 164473]
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v Work flow
K/

e The overall flowchart is:

I. RF design of a cell 2. Design accelerator 3. Beam simulation
P P Jl
= S = Lo o o —. L»:q::w::co“m-:
(E,AP}(P: L) Ei(P — X(AP): L)

4. Check beam quality

5. Design including beam matching

______________________________________________________________________________________________________________________________________________________________________________________|
29/06/26 E.Bottalico - (Muon Group) 5



v 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))

 The new power defined after discussion with experts is

* 90 MW (for operational stabilty and RF breakdown risk);
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b4y Accelerator design
/

* For the accelerator design we had to deal with several factors:
* Total length of the building ~16m;
* Maximum power per cell 90MW/m:;
e Gap length size between DLS tanks (order of 840mm);
 Size of the single DLS tank length — 2.3m maximum limit from the constructor.
* The best solution with the current parameters is to increase the number of tanks
from 4 to 6 -> this reduces the length of each tank increasing the average gradient.

* We optimized the number of cells per tank to have the size of them quite similar.
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Iteration Result (dls1)

a2_in [mm] =
a2_out [mm]
EQ [MV/m]

freq [MHz]
phi_s [deg]
IniW [MeV]
Endw [MeV]
Ncell
Qratio
Power [MWw]
vg/c(58) [%]
tau

T f [us]

24.6673
22
31.143

2592

-13

29
79.8751
58

0.97
85.5
0.9149
0.359008
0.497566

Iteration Result (dls2)

a2_in [mm] =
a2_out [mm]
EQ [MV/m]

freq [MHz]
phi_s [deg]
IniW [MeV]
EndWw [MeV]
Ncell
Qratio
Power [MW]
vg/c(58) [%]
tau

T f [us]

25.5455
22
33.1569

2592

-13
79.8751
143.818
58

0.97

90
0.919776
0.34381
0.540545

Iteration Result (d1ls3)

a2_in [mm] =
a2_out [mm]
EQ [MV/m]

freq [MHz]
phi_s [deg]
IniW [MeV]
EndwWw [MeV]
Ncell
Qratio
Power [MW]
vg/c(56) [%]
tau

T f [us]

25.6973
22
33.8218

2592

-13
143.818
210.912
56

0.97

90
0.920721
0.332831
0.546236

Iteration Result (dls4)

a2_in [mm] =
a2_out [mm]
EQ [MV/m]

freq [MHz]
phi_s [deg]
IniW [MeV]
Endw [MeV]
Ncell
Qratio
Power [Mw]
vg/c(56) [%]
tau

T f [us]

25.7964
22
33.9878

2592

-13
210.912
280.28
56

0.97

90
0.920933
0.332976
0.557124

Iteration Result (dls5)

a2_in [mm] =
a2_out [mm]
EQ [MV/m]

freq [MHz]
phi_s [deg]
IniW [MeV]
Endw [MeV]
Ncell
Qratio
Power [MWw]
vg/c(54)[%]
tau

T f  [us

mll 1 | | I | A I TR

25.7223
22
34.3752

2592

-13
280.28
349.005
54

0.97

90
0.920963
0.323883
= 0.547043

Iteration Result (dls6)

a2_in [mm] =
a2_out [mm]
EQ [MV/m]

freq [MHz]
phi_s [deg]
IniWw [MeV]
EndwWw [MeV]
Ncell
Qratio
Power [MW]
vg/c(54) [%]
tau

T f [us]

25.7465
22
34.4278

2592

-13
349.005
418.45
54

0.97

90
0.920946

.

ok wnNE

The lengths for the 6 tanks are:
1648.71 mm;
1945.89 mm;
2000.29 mm;
2057.93 mm;
2014.56 mm;
2032.54 mm.
For a total length of: 11699.92 that using the 870 gap
we have 11699.92+ 870-5= 16049.92 mm
o- IMfitkrfinal Momentum of ~515 MeV
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B3

D vs cell

Accelerator design

B vs cell
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8O- sof—
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/ Momentum vs cell Cell
Left Right g i
si::ie Center si:je vy . gSOO—
£ B
Disk thickness (1) | g B
é 400 |—
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g‘g Work flow at 30MV/m

e The overall flowchart is:

I. RF design of a cell 2. Design accelerator 3. Beam simulation
P P J[
= N = Lo o o — L»:q::-:x:zo][:p:

(E,AP}(P: L) V ZGEPEUN

4. Check beam quality

5. Design including beam matching

* We need to do the first beam simulation;

* Check the transverse beam dynamics.
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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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Beam simulation

Before making a full simulation of the beam inside the DLS, we need to do some

Vi) —\ / S A —
initial optimization. N N e
Sl L) N ).
) ] E C1 4E 102 ? C3 4E- |C4
The main one is the phase scan. AV

The phase of the beam can be regulated by changing the distance between the DAW
and the first DLS tank.

Selecting the reference particle, a particle centered in the middle of the DLS with

longitudinal momentum only, we can find the optimal phase.

Transverse section of DLS

_________________________________________________________________________________________________________________________________________________________________________________|
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e Beam simulation — phase optimization
*
* This is the phase optimization for the first pair of DLS tanks, this is repeated for all

@ =-72 deg The ¢ which maximize the beta is used to scan the phi at

th
B, VSM \f sap B.vs @

(o' 12 | N
i o B
0.8— 0.9
0.75— 0.88—
: 0861 Peak is
07 - ]
i : around 10
- 0.84/—
0.65— -
- 0.82/—
0.6— B
- 0.8
:| | 111 | | I | | | I | | L1 1 1 I | I | | | I | | | I | | I 111 | I =
~200 -150 -100 -50 0 _ 50 100 150 200 »
(p[Deg] 0-78—|_||||||||||||||||||||||||||||||||||||||||||
—200 -150 -100 -50 O 50 100 150 200

______________________________________________________________________________________________________________________________________________________________________________|
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e Beam simulation — phase optimization

(f
* After performing the optimization, plotting the [ as function of the position inside

the DLS we see that the acceleration is smooth: B, vs Position

9

0.95

e We see a net acceleration 0.9

0.85

through the 6 tanks up to

0.8
the expected final B of 0.979

0.75

0.7

0.65

L1 | 1 1 1 |
0 2 4 6 8 10 12 14 16 18
Position (m)
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Ay Transverse Beam Dynamics Design
>

e Using the parameters obtained from the first step, we can start computing some

beam dynamics parameters by solving the equation of motion:

d2 \//BTWiSS (5)
ds?

01DL 1 EDLSZE DLS3E DLS4§ EDLSS
Aol St | il 1 Tl il [
U

—501

3

+ K4 (S)\/BTWiSS(S) — \//BTWiSS(S)_ _ 07

Ky [/m?]

—100
0

Where K; is the focusing force

1
12 14
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by Transverse Beam Dynamics Design

* From the transverse beam calculation we get some important parameters:

* Twiss parameters a and f3;

 Quadrupole strenght between DLSs;

e We use the realistic distribution of the beam at the exit of the DAW to simulate also

particle that doesn’t lie on the ideal orbit.

* For now we use the input distribution produced in previous DAW simulation, with

final energy at 41 MeV and rescaled to much our current parameters.
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b4y Full beam simulation

* From the existing beam distribution we generated the required beam:

-~ 10 ~~ 10
. 8 b e, =03331mmmmmd ® s .. =021787mmmrad
* We used the ay y, fxy and &y, twiss § o o= ©E % oo
’ ’ ¢ ; St B, = 1.8587 mriy/mrad ; 6; B,= 1.8554 mm/mrad
a- vy 40 a—
parameters from previous step to z: " z:
. . . _2;_ 20 _25_
generate the distribution. e ya
-6 : 10 -6E :
. 8F 8F
* The twiss parameters are: B T R T N e I B T N e
X (mm) y (mm)
* ay, =3.076
) —_ 2r 0t E
= E € omums = 0.73387 deg MeV 80 % 1 E
B, =1.856 S b o,-05787 - z Ff
X,y = 1 B,=31.9330deg/MeV 10°s p_ =83.5MeVic
< o ° = Aplp,,=0.09%
* & = 0.33m-mm - mrad E o " sl Fun=28.9999 MeV
0: | e v .» iy . ] . ;
* & =0.227 -mm-mrad o5t & ol
-1 20 E
—1.55— 10 -
E 1
S T URE B S ° B -

84
p (MeV/c)
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e
&R
/

Full beam simulation — DLS1

* As we did in the preliminary analysis with

P [MeV/c]

reference particle with need to scan over the

P vs Phase €ms VS Phase
160:— '8 5: r
- E 9
150/ o £ [ X
n E [
- B Y
140— € 4—
C w L
130 B
120 3C
110 " [
: ol —
100~ -
90— 1=
80 B
70:|_|||||||||||||I|||||||||||||||||||||||||| Olllllllllllllll|IIII|IIII|II Optimalregion
—200 -150 -100 -50 O 50 100 150 200 —200 -150 -100 50 0 50 UL rov—Zuv

Phase [deg]

Phase [deg]
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Full beam simulation — phase scan

* The phase scan is done for all the tanks.

x' (mrad)

AW (MeV)

10, frix — 10 i
Enties 5982 Eo) 02098 B Entries 5982
=0.3721n mm mrad Meanx  0.1137 © norm,ms — 0-20987 mm mray Meanx  0.03373
8 e"“‘"_"“'g";‘ms Meany 0.1014 = 8: & o ’5 4024 Meany  0.03384
e &> StdDevx 1.258 £ e &7 StdDevx 0921
B, = 6.1280 mm/mrad StdDevy 1.156 > = By = 5.7889 mm/mrad StdDevy 0874
4 41—
20 E =0
2 2
E 40
0 15 O:—
-2 —2F 30
10 F
-4 -4: %
-6 -6F
-8 ° 8: 10
_ 1 1 1 1 1 1 1 1 | I _ E‘ M| 1 1 1 1 1 1 1
Yo s 6 4 2 0 2 6 8 10 ° Yo s 6 4 2 o0 2 6 8 10 °
x (mm . y (mm
Position 1.66
" fHz fHkin
a Entries 5982 52} F Entries 5982
o Meanx  1.197e-12 c 3| Mean 151.1
k- Meany _4 554014 o 10E StdDev  0.1307
- Std Dev x 2123 LLI E
2 g =02141n deg MeV S4By oo E Py, = 151.1 MeVie
E = 6 30 B - 0,
E al_ 0.053; 1R Ap/p, =0.09%
- B=2 25 £ E,,=78.707 MeV
o E
F 20 L
E 15 10
-2 ;— 10 -
8 5 I
- 1
t 1 1 o Eoit 1 1 1 1
20 -5 -10 -5 0 5 10 15» (degz)o 148.5 149 149.5 150 150.5 151 151.5 152 152.5

DLS1 exit

p (MeV/c)

x' (mrad)

AW (MeV)

10 fix — 10 H
Entries 5969 o) Entries 5969
8F & nomms = 0-5612 mm mrad m:: ; _;%;giz © 8F  Eynom,ms = 0.34431w mm mrad m:: ; :g_g:isg
e &7 -4.4875 StdDevx  1.199 13 o &7 -5.9207 StdDevx  1.168
Bx =5.4508 mm/mrad StdDevy _1.011 - F B, =8.3838 mm/mrad StdDevy 0.8367
> F y 60
4 4=
2 % 2F 50
0 20 oF- 40
-2 15 -2F
-4 —4 :—
10 r
-6 -6
8 5 _SE 10
_ 1 1 1 1 1 1 1 1 | P _ P | 1 1 1 1 1 1 1
Yo s 6 4 2 0 2 6 8 10 ° Yo s 6 4 2 o0 2 6 8 10 °
x (mm . y (mm
Position 4.46
" fHz fHkin
F Entries 5069 0 o Entries 5969
o Meanx -1.654e-11 S 107 Mean 223.2
3 Meany 2751e-13 E Std Dev__ 0.2054
E Soporx 28 I.I>J F Prean — 223.2MeVie
25 €, e 702740M deg MeV e - Aplp, =0.09%
E o, =-0/1258 1 E,, =141.331 MeV
E B,=2£.9905 deg/MeV 2 :
of 7 3
1 20 10
2F F
E 10 -
of
E 1
= 1 1 I o E
4 -15  -10 5 0 5 10 220.5 221 221.5 222 2225 223 223.5 224 224.5

DLS2 exit

p (MeV/c)
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Full beam simulation — phase scan

* The phase scan is done for all the tanks.

x' (mrad)

DLS3 exit

F1(.:\01-m.rms

o, =13212
B, =2.6161 mm/mrad

= 0.5200mr mm mrad

AW (MeV)

ST T [TII [ TIT T [TTT T TI T [TITTTTTT

|

292.5 293 293.5 294 294.5 295 295.5 (2'\9n6 296.5
p

fHx — 10 fHy
Entries 5969 Eo) Entries 5969
Meanx  -0.06297 © 8 &, = 0.4787t mm mrad Mean x 0.015
Meany  0.03491 = pom.ms Meany  0.02239
StdDevx 06949 3 of %y =-07262 StdDevx 03206
StdDevy 0.4406 -, B, =0.6011 mm/mrad StdDevy 06594
40 4 Y
2 60
% 0
2 40
20
4
10 -6 20
-8
_ 1 1 1 1
} 0 Y8 6 4 2 0
Position 7.34
fHz fHkin
Entries 5960 0 Entries 5969
10°
Meanx -1.915e-11 c E 295.2
Meany 2443e-13 [ Ep =295.2 MeV/c v 0.2037
Std Dev x 1.874 U>.I - mean
[S@Devy o.1918 [ Aphp,  =0.07%
102 E,;, =207.902 MeV
—l25 E
%0 £
15 10
10 F
5
1

x' (mrad)

AW (MeV)

DLS4 eX|t

fHx

y' (mrad)

fHy

10
8
6
4
2
0

-2
4
-6
-8

||||||||||||||||||||||||||||||Trl‘lTl‘l‘r

=0.5056r mm mrad

By = 8.6377 mm/mrad

Entries

5969

Meanx  0.03114
Meany 0.000845

Std Dev x

1122

Std Devy 0.2761

-10C

-10

osition 10.26

Entries 5969
8 =0.5238n mm mrad Meanx  0.09939
Meany  0.05219
6 StdDevx  1.146
=8. 7576 mm/mrad Std Devy 05729
4 40
2
0 30
-2
4 20
6 10
-8
-10 1 )
-10 6 8 0
X (mm
4 fHz
E Entries 5969
E Meanx  3.128e-11
3 an y -1.099e-12
E x 2.043
2F Sld y 02014
1= 25
o 20
-1 15
-2 10
-3f 5
-52; 0
Ao (deg)

Events

10°

10?

10

.

y (fm)’

fHkin

E,,, = 275.809 MeV

Entries
Mean
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p (MeV.

Ic)

0

5969

366.5
Std Dev__ 0.2096
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Full beam simulation — phase scan

* The phase scan is done for all the tanks.

x' (mrad)

AW (MeV)

DLS5 exit

10 i = 10 Hy
Entries 5970 o r Entries 5970
8 & nomyms = 0-53157 mm mrad xea" x  0.06951 © g Enomms = 0-5162 mm mrad :::an X 0007274
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6 o, =1.9160 StdDevx 0.7601 é 6 o, =0.4505 StdDevx 02764
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4 41— Y
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2 2k 80
0 0 =
- 60
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—4] 0 -4 = 40
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E 20
8 10 8F
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- ~ o
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o StdDevx 2029 > F Ap/p_ =0.06% B
2f- = suvmy_ozws| - 2341365 MeV
E & pomims = 047147 deg MeV E,;, = 341. e
oo =p2ss a0 10°E
E [52— 7314 deg/MeV E
E g 25 E
o B
E 20 i
1 10
E 15 E
2E 10 -
s
- ’ 1
_4 C 1 1 1 1 1 | 1 )
-20 -15  -10 -5 0 5 10 431.5 432 432.5 433 433.5 434 4345 435 4355

15 20
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p (MeVic)

x' (mrad)
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DLS6 exit

fHx

8
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4
2
0
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——7 1581
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1
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o0

8
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-10,

I B |
10-8—6—4-20

8 0
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E Entriey, 5967
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E Std Dev x 2185
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10 fHy
Entries 5967
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—80
2
0 50
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4 40
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20
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= 1 1 1 1 1 1 1 1 1
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by Full beam simulation

rms [mm]

Here is the evolution of the beam as function of position:

. €ms VS pOSition
beam envelope vs position s rms VS P

14
0.7

12
0.6

€ms [T Mm mrad]

10

0.5

0.4

||I||||I||I|||||||I

0.3

|||||||||||l||||III|IIII|II||

0.2

0.1

L 1 | 1 | | ] | | | 1 | | | | 1 | 1 | | | | | | i | | | 1 | 1 | | I | |
0 2 4 6 8 10 12 14 16 18 0
position [m]

| | | | I | ] 1 | | | | | | I Il ] | 1 | | | | 1 I | Il 1 1 | | | | |
10 12 14 16 18
position [m]

S TTTT]TTT
N
N
»
0]

The beam envelope shows mismatch show some mismatch that needs to be correct with a
further tuning. This will also reduce the emittance growth.
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14y Full beam simulation
.

€ms VS poOsition

o
[

€ms [T Mm mrad]
o
~

o
)

o
3

o
~

* Here is the comparison

o
w

oIIII|||| |||||||||||]II|||||||||||||||
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e

Full beam simulation
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* Here is the comparison

of beam envelope wrt

the 300 MeV case:
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e New momentum

Statistical uncertainty of w,; vs muon momentum (J-PARC E34)
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[https://arxiv.org/pdf/2512.20335]
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vx Next steps

* A finer tuning is needed to have a better beam match;
* This will fix the increase of emittance.

 We need to further study the transverse beam dynamics;

* Given that we are a bit limited by space/power, we are thinking about other
configuration that can bring us to a higher energy;
* Once the best configuration is finalized Takeuchi-san and Nakazawa-san will

join the effort for detailed design such as the 3D cavity design etc

______________________________________________________________________________________________________________________________________________________________________________|
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w Conclusion

* A first configuration for the DLS at higher energy has been produced.
* We managed to accelerate muons up to 520 MeV!
e With current desigh we could aim to improve the current design by 3 times,
projected statistical error of ~150 ppb.
* Investigation is still ongoing to improve the current value towards the final
precision
* Finally, we want to refine and finalize the current design to have a smooth

acceleration.
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