Transverse Beam Shaping with RF Cavities

Laurence Wroe (CERN, ATS-DO)
laurence.wroe@cern.ch

Steinar Stapnes, Andrea Latina, Rob Apsimon


mailto:laurence.wroe@cern.ch

Table of Contents

Laurence Wroe | Transverse Beam Shaping with RF Cavities 22/02/2024



Table of Contents

Laurence Wroe | Transverse Beam Shaping with RF Cavities 22/02/2024



PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 10, 104001 (2007)

Uniformization of the transverse beam profile by means of nonlinear focusing method

Yosuke Yuri, Nobumasa Miyawaki, Tomihiro Kamiya, Watalu Yokota, and Kazuo Arakawa

Takasaki Advanced Radiation Research Institute, Japan Atomic Energy Agency, 1233 Watanuki-machi,
Takasaki, Gunma 370-1292, Japan

Mitsuhiro Fukuda

Research Center for Nuclear Physics, Osaka University, 10-1 Mihogaoka, Ibaraki, Osaka 567-0047, Japan
(Received 16 April 2007; published 29 October 2007)

Multipole magnet , Target
. Transfer matrix M
Initial |y7 (xo =p0) (x4 spl) Phase advance 0 (x¢ spt)
« Beam with transverse Gaussian distribution goes
though multipole magnet SOB Et
Olo, Po t
? :
Then® _ _ ( 0, - Gaussian \( p, - Uniform A
* Accelerator optics, as described by M
Rms radius: | | Full width:
Goal? Gy 27,
« Beam with uniform distribution at target . g
Distribution Distribution
N J .
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Brief Theory

Multipole magnet
(x> P[] %15 PY)

Transfer matrix M

Target
(xt b pt)

So St
(x(}a BO Bt
e ‘ . AY4 - Uni )
- : Gaussian : Uniform
Assuming: Po _ . Py
. Large B-function: Do = —ay/BoX, Rms radlgi: Full w1cét2:
« All particles conserved: dN = p,dx, = p,dx, . _
« Decoupled transverse motion: ly/x| << 1 | Distribution AN Distribution
« Thin lens magnet
2
Start with a Gaussian distribution: Py = erva exp (— ZﬁaLZ)
0 0
want uniform: P, = L
ZTt
Derive: r. _V2m\/€ofolcos(d)]
Using an even-multipole magnet of: Kytm-1) = 0; (n = 3,5,7,...)
n
(n-2)! (-1)2 1
Ky, = ; n = 46,8, ...
) et @ )
Recursively find: Koneo) = — :;,1 Kyn; (n = 46,8, ...)
0”0
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Investigate this with RF-Track

Create a test beamlineof L=1.7m

Initial conditions
po = 20m, ~ 10 MeV electrons
Bo =15 m, ay = 15, €; = 21 mm mrad

r. _V2m/egBylcos(¢)]

t=-0.0 [mm/c], <P> =10.2 £ 0.0MeV/c, Lost = 0.0 %

T

T T T

500 1000 1500 2000 2500
 Initially a 1D beam (only direction in x)! 2 mm]
i i 0.2 0.2 s
o - 10
Add in a quadrupole to amplify g and set ¢~0 or 01 o
sq=02m,L,=03m, K, =—425m" g . —~ £ o S e
x o, : > 0.1 10
- 02 - 10°
. . . . . -0. : : : ‘ ‘ -100 -50 0 50 100
«  So, obviously, Gaussian distribution goes to 270 s o 50 100 X [mm]
Gaussian. .. 250 ‘ - ‘ X (mm]
200 + = 1.5 ! .
150 // i 1 .
E / z
&100 r § 05 /\ |
50 - 0 ! ' !
-100 0 100
) —— . ‘ X [mm]
0 500 1000 1500
X [mm]
o Laurence Wroe | Transverse Beam Shaping with RF Cavities 22/02/2024 6

N7



Investigate this with RF-Track

Create a test beamlineof L=1.7m

Initial conditions
po = 20m, ~ 10 MeV electrons
Bo =15 m, ay = 15, €; = 21 mm mrad

Initially a 1D beam (only direction in x)!

Add in a quadrupole to amplify g and set ¢~0

sq=02m,L,=03m, K, =—4.25 m-1

So, obviously, Gaussian distribution goes to

Gaussian...

200 r

y
150 £

B [m]
AN

100

50

0

0 500 1000 1500
X [mm]

X' [rad]

0.2
0.1

-0.1
-0.2

Intensity [Arb.]

-
(3

—_

o
(3

o

r. _V2m/egBylcos(¢)]

t = -0.0 [mm/c], <P> = 10.2 + 0.0MeV/c, Lost = 0.0 %

-100

-50 0 50 100

500 1000 1500 2000
Z [mm]
0.2
— 0.1
O
g . -.-.""l-.,-“-.-
\.- % 01
-0.2
-100 -50 O 50 100

X [mm]
X [mm]

2500

104
108
102
10'
10°

VAN

-100 0 100
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ldeal Multipole Magnet

e Create atest beamlineof L=1.7m
Add in multipole magnet

sy =00m,Ly=4cm, K,,

« Ideal field (o

= formula

(n —2)!

(-1)z

1

t=-0.0 [mm/c], <P> =10.2 * 0.0MeV/c, Lost = 0.0 %

o= 1) e B

= 17.75 mm ) . 0 500 1000 1500 2000 2500
. ] z [mm]
0.1
N 0.2 0.2 o8
! 0.1 = 0.1 ; 3
\ — 10
0.05 ! = T~— < 0.1 10'
/ -0.1
! -0.2 100
/ 7 -0.2 ' : ' -100 -50 O 50 100
= 0 - &L = = Particle Distribution -100  -50 0 50 100 x [mm]
@ g — = |deal B, X [mm]
v
— 15 | ' ' ' 3
8
-0.05 < |
£
2
I 05 - -
[
-0.1 : : 0 ' ' 1
-100 -50 0 50 100 -100 0 100
x [mm] X [mm]
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Just an octupole

e Create atest beamlineof L=1.7m

« First test, just put in an octupole term

Add in multipole magnet
sy =0.0m, Ly, =4 cm, Kg = formula

K _ (4-2)! (—1)% 1
8 (2-1): (260 Bo)%_l Botan(¢)

= 3115 m?

t=-0.0 [mm/c], <P> =10.2 * 0.0MeV/c, Lost = 0.0 %

0 500 1000 1500 2000 2500
z [mm]
— -2
+ Kg=3115m s s .
0.1 t —_— 0.1 - 103
x : > -0.1 10!
' -0.2 : 10°
-0.2 ' ‘ ' -100 -50 0 50 100
100 50 0 50 100 x [mm]
X [mm]
— 15 - I I I 1
2
< 4. |
Pl
2
05 - :
j=
- 0 1 | L
-100 0 100
X [mm]
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Just an octupole

_ (4-2)! (—1)% 1

K. = = 3115 m?
5 (B-1) (e, gy y5 1 Potan(®)
. t = -0.0 [mm/c], <P> = 10.2 + 0.0MeV/c, Lost = 0.0 %
Create a test beamline of L = 1.7 m B et S -
« Add in multipole magnet ]
sy =0.0m, Ly, =4 cm, Kg = formula -
. . . 0 5(|)0 1 0‘00 1 5|00 20‘00 25|00
First test, just put in an octupole term 2 [mm]
* Kg=3115m= o2 | 02 10%
__ 01 = O -...____ﬁ\-.- 10°
-‘3 g o0 102
2 ?_0? T~ = -0.1 10'
K 02— - ‘ ‘ : 2 o0 s o 50 100 1o
15 -100  -50 0 50 100 x [mm]
> X [mm]
% 1L . J 31.5 F ]
é % /\
0.5 ﬂC_.J 0.5 _
° -1|00 (; 1(;0
0 , , | X [mm]
-200 -100 0 100 200
X [mm]
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But we can get flatter with just octupole

« Analytical formula used to calculate Kg is dependent on an infinite number of K,,,

* In the case of a finite number, the optimum Kg differs and can be solved for by RF-Track
optimization

* Find: Kg = 2200 m (compared to Kg = 3115 m)

—
u
—
(&

—y
T

Relative Intensity
Relative Intensity

o
o
o
o

./

-200 -100 0 100 200 -200 -100 0 100 200
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Let’s add more multipoles!

Optimum of octupole and dodecupole:

_ -2 — -4 t =-0.0 [mm/c], <P> = 10.2 + 0.0MeV/c, Lost = 0.0 %
e Ky =3200 M2, K;, = —2.1e7 m ‘ !
2 . . ; ]
| | | ]
0 500 1000 1500
Z [mm]
1.5 ] 0.2 0.2 10t
@ 2 S 0 -H"""'H___ 102
9 ; \ < 01 10!
c -0.1
= 1 4 -0.2 10°
) 02— : : : : -100 -50 0 50 100
= 100 50 0 50 100 x [mm]
© X [mm]
O]
o - 15F | -
05 1 z .l |
>
@
S 05 - .
£
0 | 1 |
0 ' ' ' -100 0 100
-200 -100 0 100 200  [mm}
X [mm]
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Let’s add more + more multipoles!

« Optimum of octupole and dodecupole and hexadecupole:

® K8 - 3363 m'2, Klz = —2.1e7 m-4, K16 = —2.1e7 m_4
t=-0.0 [mm/c], <P> =10.2 + 0.0MeV/c, Lost = 0.0 %
2 T T T
i 500 1000 1500
1.5 z [mm]
=
D 0.2 02 10t
E g X g o -.-'"I-.-._‘-.- 102
E 1 ; 0.1 \ > -0.1 10!
= - -0.2 10°
© 02— : : ‘ : -100 -50 0 50 100
° 100 50 0 50 100 x [mm]
oC X [mm]
0.5 15T |
3"
< 4L
=
i
S 05
O E /\
1 L 0 1 I I
-200 -100 0 100 200 100 ] 100
X [mm]
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Conclusion from Magnet Study

150 20 1.0+
. L. E 8 = 10 o |
« Analytical prediction + RF-Track il g Zo6]
optimization works well - g0 204
+ More multipoles = flatter beam 50| £ 02-
jan)
BUT octupole + dodecupole + higher order koo S0 b w0 o s b S0 0 "5 100 % 5 100 1%
. . . . . Horizontal coordinate [mm orizontal coordinate [mm Vertical coordinate [mm
magnetic fields are hard to incorporate in practice o ! et o
I [ I
« For 2D flat beam, need two minima to J Joo ” ”Vemcal
; 11l = Horizontal octupole ;
place two multipole magnets od | — Voo Horion
* This has been shown to work experimentally with LA o
octupoles - see right g 807
5 |
« Horns can be collimated but lose charge < 40-
0 - -
- How about using RF cavities instead...? 20 2 3 0
ath length s [m]
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/‘wl

N7



Table of Contents

Laurence Wroe | Transverse Beam Shaping with RF Cavities 22/02/2024



RF Cavity Instead

RF cavity use not just limited to
accelerating beams in the
longitudinal direction

Also use to transversely

. RF cavity
Multipole , Target
Transfer matrix M

(%, 2)[|*1>2)  Phase advance 0 (x¢,pp)

deflect/kick/rotate/focus a particle %0 St
beam 0, Bo B
( 0o - Gaussian N ( P, Uniform )
So let’s explore using it instead of the Rms I‘adig& Full Wi%th:
multipolar magnet 0 i
T > —— >
Distribution Distribution
VAN
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How? Look at pillbox cavity

* RF cavity pillbox supports TM,,, modes (and also TE,,,,— discussed later)
 m = azimuthal order

* n =radial order

* p = longitudinal order

8 8 8 8 8
6 6 6 6 6"
4 Ey/2 4 Ey/2 4 Ey2 4 Ey/2 4
2 2 2 2 2
20 o Fo o o o 2o o Do
o 2t -2 -2 -2
-4 Ef2 4 E/2 -4 E/2 -4 E/2 -4
-6 -6 -6 -6 -6
8! £, -8 E -8 €, -8t -E, -8
5 0 5 -5 0 5 -5 0 5 -5 0 5
kx kx TM’W kx
TM 210
TMp10 .- 1}(0 o E,= EoJ,(kr)~0 TM30
E, = EoJo(kr)~ Eq 2= Eof1(kr) _ E = EgJs(kr)~0
B,(x,0) =0 B, (x,0) =0 z /3
Bx(x, 0) ? 0 S BO ’ Bok Bx(x; 0) = O
By (x,0) = BoJo (kr)~0 B,(x,0) = ByJ; (kr)~7 By, (x,0) = ByJ; (kr)~mx Byk? , Bok®
B, (x,0) = BoJ}(kr)~ x2 By(x,0) = BoJy(kr)~———7x

2 * 22
. .
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Tests with RF cavity fields

e Same test beamline as before but.. t=

-0.0 [mm/c], <P> = 10.2 * 0.0MeV/c, Lost = 0.0 %

T T T

* Add in multipolar RF cavity field

sy =0.0m, Lgr =4 cm, g, = formula | optimized

Fields as per below. Assume a static field with 0 500 - 1000 1500
9 _ 2nf — -1 _ z[mm
k_?_T,—62.9m (f = 3GH2) 02 | ‘ . 02
0.1 ¢ ey 0.1
B — 8= B~ i - B oo T
0 ; = 0 ~—_ * o1 | S
-01 | 02
-0.2 : : : : : -100 -50 0 50 100
E.(r,0) = guJa(kr)cos (M6 — ¢yy), 1000 e X (mm]
{M}
— 15 ! !
B(7~9)—EZ£~ Jur(kr) sin (M6 — ¢p) £,
L kTgM MRT ) S {1V PM ), 51 /\
{a} 7 0l
By(r,0) = - Z gnJyy (kr) cos (MO — éar), ’ 100 0 100
& o X [mm]
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I
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First Test - TM,,, mode

t =-0.0 [mm/c], <P> = 10.2 * 0.0MeV/c, Lost = 0.0 %

J4(kr)sin(40)
(kr) cos(40)

~

B.(r,0)

945

i~],
C944

BQ (T', 0)

1500

1000
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500

10*
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0 50 100
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-50 0 50 100
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I
-100

-100

S S
n - 0 o

. 1. o
[ped] X ['qiy] Aususyul

0.2
0.1
-0.1
-0.2

X [mm]

| ittt B |
1 4 o pp——————

I I
o LR R

TR EET T

..;,z;/r;:-n“““_

e, PR
..-..lf/f/ff.f.l.-\\\-_—-4,.‘u__n.mﬁlll\\\““““\\- "

PRI N U PR B R Y PR
“M\\.r.lffffff.fr!nun.. ” ” ” R :.,oll“n\\““““nnl..fa \
.m\\\llf.fffff.rrl.........__:..,......\\\\\\\.\ll!.,fa"
h‘;C.\\I!-;/./-r-/-{r.,........ f.....-\\\\\\\\\'f)ﬂuﬂ
1 R 2o L b 1

,..1~\«~\~\s\‘..,”_
- - .-.:_:__:_.....-_—.—
Sa et
fffll\\\\\\\\\-
- ey ————
LN L SRR P DT P AR
et DTSR R S o e
. .-\\\\\\\lll..«:.:-. RN -\\l.|...r-IJ/JII....:
B e lalata Y Jeen s YUV Rrra Nt
Y e L war il s\..l..I/(//
SRR N
RN

v, N
NN

P N
L A A e

i

L A
#::M_....::_n......
\

e
TUTRAALALAAY i

e ettt
AR RS B st

—rafll\\\\\\\\\‘
. -
R R sttt

e BT

Fedy
i rtt{lll\\\\x:-::\ .
PR a:(//l....l.\\\\\_:. P
- v((rvrll!llll.‘!\\\w\\\.
oyt o o

50 +
-100

[ww] A

-150

100 150

50

-100 -50

-150

X [mm]

19

22/02/2024

Laurence Wroe | Transverse Beam Shaping with RF Cavities

CERN



Just use an RF octupole - TM,;, mode

« Optimum of RF octupole
g = 49.9 MV/m, EJ*** = 20.0 MV/m

t =-0.0 [mm/c], <P> = 10.2 + 0.0MeV/c, Lost = 0.0 %

(L=4cm, 1.q, =22 ~12 cM, Oppgm = 1.8 cm) ‘ | |
kyrf 0 500 1000 1500
2 . . ; 2
0.z 04
__ 0~ 0
£ s o
1 .ES B = n- : i 01
N 0. B o
= 0: @
& 5 A
2 c
= o 1F M=y
® 1 — 1t = F
> 55
= < .=
© S
[ @
oC g 0! 0.5
0.5 = (
0 j L k
0 -200 -100 0 100 200
-200 -100 0 100 200 X [mm]
X [mm]
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Why so much better than magnetic octupole?

« |deal magnetic field looks as follows

0.04 r

0.02 r

BIT]

-0.02

-0.04

7T

/ \

/ \
2
/ \
/ \
/
/ N
_____ - —~ s
-50 0 50
X [mm]

(n—-2)! (—1)g 1
Kon =

(E21)! zepoya- Botan(®)’

(_1)n xZn—S

i Kin—g Py x2"7>
pideal(, gy = yo Kan-sPo
y (x,0) Ln=4 Lc q (2n-5)!
P 1 5o
Leq Bo tan ¢ M=% (n—3

)1(2€0)"~3 (2n-5)

CERN
\\
N7
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Why so much better than magnetic octupole?

« Comparing the RF octupolar field to the magnetic octupole field

ideal _ P 1 o0 (=" x2S
0.04 By (%, 0) = Leq Bo tan ¢ Zn=4 (n—3)1(2€Bo)™ > (2n-5)
0.02 magnet octupole Py e X3
By (X, O) = EKS ;
E .
’ I Gy = 25T EDm + 20) (kx)m”"‘l
X) ==
0.02 | m 244 q'(m+q)! 2
= |deal 21
oal — Magnet |- B;f octupole (x,0) = 94 J1 () /
RF Cavity ~ ¢ n 2n-5
_ Y4y (-1)"(n-2) E 2n-5
I | =" Xn=4 —4)In! X
50 0 50 c (n—4)In! \2

X [mm]
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Why so much better than magnetic octupole?

ideal _ P 1 . (-D)™ x2N—5
By (x,0) = Lcq Bo tan ¢ Zn:4 (n—3)!1(2€By)" 3 (2n-5)
.+ pldeal series dependent on o _—
Y (2n—5)(n—3)!(efo) 3
rfoctupole _ . 1) (n—2) [\ 25
* B, PO series dependent on CL (o )(—)
(n—-4)In! \2

rf octupole Jawe (CDMn-2) (K\2TS L«
B, (x,0) _72"=4 (n—4)n! (E) X
* We have freedom of choice in €, 8y, k

* k scales the radial variation in Bessel function, € & 5, scale the beam size

 In the perfect (obviously impossible) case, the ratio being 1 for all n would ensure
Brfoctupole _ pideal
y y
* In any case, there is a clear dependence of the flatness of the beam that can be achieved with
just an rf octupole, depending on the interplay of €, 5,, k
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Relative Intensity

. \
0.04 ,I \\ 0.04 ’ \ 0.04 | , \\
/ \ ,/ \\ / \
0.02 / 0.02 / / ool K v
N N = Lo S
2 -0.02 1 2 0.02 ?
0.02 1
= |deal = |deal
0.04 —— Magnet J -0.04 —— Magnet | = Ideal
RF Cavity RF Cauvity 0.04 —— Magnet |
15+ ; ; I 15+ ; ‘ I 15+ RF Cavity
-50 0 50 > -50 0 50 > J . I
x [mm] D x [mm] ‘@ -50 0 50
% § x [mm]
: = = 9t -
| E E
kS ©
e T
05 r 05 r 05 r
0 | 0 | 0 / i \\—
-200 -100 0 100 200 -200 -100 0 100 200 -200 -100 0 100 200
x [mm] x [mm] x [mm]
e =300 MHz « =3 GHz « =6 GHz
* (g4 =33.9 GV/m) * (g4 = 49.9 MV/m) * (g, =7.0 MV/m)
4.0000e+00 .4468e-03 1.0000e+00 4.0000 2.4468 1.0000 4.0000 19.5746 1.0000
5.0000e+00 .6175e-06 3.1132e-03 5.0000 0.7618 0.3113 5.0000 24.3760 1.2453
6.0000e+00 .1067e-08 4.5230e-06 6.000000 0.110670 0.045230 6.0000 14.1658 0.7237
7.0000e+00 .0547e-11 4.3106e-09 7.0000e+00 1.0547e-02 4.3106e-03 7.0000 5.4002 0.2759
8.0000e+00 .5249e-15 3.0754e-12 8.0000e+00 7.5249%e-04 3.0754e-04 8.000000 1.541100 0.078730
« x”3ratio Is too strong « Xx"3ratio is just right « X3 ratio is too weak
relative to others relative to others relative to others
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Method 1: Optimising €, [y, k for maximal flathess
in the TM,,, mode

« RF-Track to use k as an optimizing variable, as well as g,
(Practically, would fix k and vary S, but simpler analysis here doing opposite)

« For the test beam line, find the optimum to be:
2

—
&)

EPe?* = 18.3 MV/m
* g4 =4.60e7 VIm
f = 3.12 GHz

Relative Intensity
[ ]

o
o

Already very close!

0
-200 -100 0 100 200

X [mm]
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Method 2: Adding additional multipoles to refine the
flatness in a TMy, g4 319 MOde

 To create uniformizing field, we need magnetic field like: Ky, = EZ_Z; S " taln(qb);
2 1) (2€0B0)2"" PO

n
2

* So we need an RF cavity that supports a TMy, 5 10.12,..3n0
mode. How?
] ] ] _ Novel Hybrid Multipolar RF
 Method exists for doing so...! Change the cavity cross-section Cavities for Transverse Beam
Fully described in PhD thesis, here examples: Manipulations

& ' I ' & [ [ ' &

ky
d v 4 o a4 N o
I

kx ) kx ) kx
92 - 05 9z _ ¢ 92 _ 9
do gdo Jdo
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Relative Intensity

Method 2: Adding additional multipoles to refine the

flatness in a TMy, g4 319 MOde

« To illustrate, use f = 300 MHz case where RF octupole is not so well-matched

15

1t

0.5

}

\

Intensity

Relative

2

151

1 =

05

J

\

0

Relative Intensity

2

-
n

—_

ot
n

}

|

0

w

Relative Intensity

-100

100

x [mm]

100 200

0
100 200 -200 -100

-200 -100 0 100 200 -200 -100 0
X [mm] X [mm]

. veak __
EPe = 13.5 GV/m B, =4.2TVIm

¢ g, = 3.4e10 V/Im * g, =4.4el10V/m
* Js=—17el3V/m

X [mm]

EPe?* = 14 GV/m
g, = 3.3e10 V/m
Je = —1.1e10V/Im * gGe¢ =-1.7€13V/m

¢ Jg=138el0V/Im -+ gg=3.0el2V/m
* J10 = 1.8el2 V/m

27

EP = 5.1 TV/m
G, =4.4e10 V/m
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Method 3 (Briefly): Use a TE mode

« Can also use a TE mode to provide the EM field that uniformises the beam
« Here we note that TE modes must have a longitudinal component

27
kl—fa
2
nlz,/k2—k§=1/k2— 2—”

E,(r,0,2) = —sin klz).‘c ZMQMJ}Lf(KlT)COB(Mg V),
{M}

Ey(r,0,z) = sin (klz Z Grr iy (kyr) sin (MO — ),
b ()

E(rf)z) 0,

B,.(r,0,z) = _w_gCOb(klz ZMngMfﬁlT)bln(Mﬂ Uar),s
' (M)

z
By(r,0,z) = Je cos (klz)r%r' % Mgy I (kir) cos (MO — ),

i
B.(r,0,z) = o sin (k1z)k1 Z gr I (kar) sin (MO — ).
{M}

E;(z,0,2) = —&.111(1313) Z M gnrJar(K1r),

Caveats:

* Ignore longitudinal term which acts as a
transit time factor

« TE mode must be used at non-
relativistic energy (else magnetic force
cancels the electric force)
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Relative Intensity

Method 3 (Briefly): Use a TE mode

Longer RF cavity (15 cm) so TE,,;; mode existsat 3 GHz

t =-0.0 [mm/c], <P> = 10.2 + 0.0MeV/c, Lost = 0.0 %

2 2 T
157 15t ' .
%\ 0 500 Z[mm] 1000 1500
1 é 0.2 0.2 10%
- BW_‘GWA o Ir _ 0.1 o 01 | 10°
= 3 8 | .
S . o ~ | Lo T i:;
o o 0s 02— | | . - P20 % o s 100 o
P : -100  -50 x[n()m] 50 100 x [mm]
E.1.5
0 0 <
-200 -100 0 100 200 -200 -100 0 100 20C 2
X [mm] peak x [mm] é 05
eak — = J | |
Eg - 8.2 MV/m EZ —_ 2.9 MV/m ° -100 x[r::‘m] 100
e g, =1.6e7V/m * J,=18e7V/m
e f= 3GHz « f=4.05GHz
« k optimised
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Uniform Beam with RF Cavity Stocktake - .

Three methods:
1.

2.

3.

Tailor €, By, k inaTM,,, mode to get as flat as beam as possible

If €, By, k are fixed and beam is not sufficiently flat, add more multipoles to make a TMy, 55 110 that can
be supported by an azimuthally modulated cavity

Either of the above but with a TE mode

Method 1 works nicely noting:

P ~ 10 MeV/c electron beam requires cavity w/ Ef eak _ 20 MV/min a L =4 cm structure with no transit time
factor

« Expect transit time factor increase Ef eak by a third

« Longer structure reduce Efeak by ratio of new length to 4 cm

Space charge turned off, on-crest through a static field so E field is ignored, 1D uniform beam, no realistic cavity
design with couplers etc

Cw
\

N7

Laurence Wroe | Transverse Beam Shaping with RF Cavities 22/02/2024 31



Implementing a field map

* No beam pipe, just a 3 GHz TM,,, mode

. . . . 2 . . ;
 Test was to check implementation of field map in
RF-Track — coarse mesh and export but result is
flat beam 15} :
>
-
g
. £
By o )
2uy, >
{1 g
i :
22zl 'E'fi 0.5
Dy ‘:::, “:3‘§‘
. AR CANg
X),\,‘ : .:"‘*-»
P ..
E': "*-.:E‘ 0
seoens -200 -100 0 100 200
i X [mm]
sa222357
wodeg il
29581
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x\‘:
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Adding a beam pipe

* Now add a Tpipe = 48 mm (0o = 17.75 mm) beam pipe
* Field leaks into pipes but still get flat beam
* Interesting that radius is smaller
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Next Steps - Create a 2D uniform beam

. [ ] ]
* No reason it shouldn’t work, but | (1]
need to develop the Code to Optimise Emmlple J.‘IFODIO.AMIDX | ﬂ/LﬁiD—TYS.O-'II.-'Ié 31]0]0 15.|29.]0

20.
for 2D flatness -
 Adapt Andrea’s DEFT code

« Plan for this proof of concept:
* Build a FODO testline

* Insert a multipole cavity in each of the x and
y beta function minima

B (m), B (m)

* Optimise for flatness

* Analyse the effect of finite y-dimension on
the flatness of the beam that can be

achieved
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RF-Track Improvements

* Andreais implementing the ability to model TMy,,,, modes, including with a beam pipe

 Ping has method for interfacing RF-Track with CST so can directly optimize RF-Track
beam dynamics simulations with CST cavity designing
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Uniform beam applications

Uniform irridation

* Radiotherapy

« Sterilisation

« Targets (spallation, isotope production, particle production)

Halo reduction of nanobeam collision
« AUse octupoles to fold tails of beam in CLIC final focus system
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Other beam shaping

« The basis of the EM modes in RF cavities is well-described by Bessel functions
* In theory, one can build any polynomial map out of Bessel functions as:

Jole) + 2557 Jon (@) n=0,
" =

- o n+k\ n+2k

2"n! Ek:ﬂ ( o ) ﬂ+k<}ﬂ+gk(l’); T :_:" 1.

« One can then determine the azimuthally modulated cavity that supports it

C\E?W Laurence Wroe | Transverse Beam Shaping with RF Cavities 22/02/2024

N7

38



Other transverse beam shaping with RF cavity ideas

 Formation of hollow beams

* e.g. generate more muons by generating pions close
to a target surface

* Formation of ‘linear’ beam
* e.g. provide a linear dose for testing detector?

 Formation of uniform momentum beam

» Tailoring of flat accelerating, dipole, quadrupole fields

« e.g. optimal flat accelerating field for cyclotron,
tailored fields for FFAs/non-linear accelerators

m Prog. Theor. Exp. Phys. 2019, 053G01 (11 pages)
DOI: 10.1093/ptep/ptz024

Formation of hollow ion beams of various shapes
using multipole magnets

Yosuke Yuri"*, Mitsuhiro Fukuda®, and Takahiro Yuyama'

'Takasaki Advanced Radiation Research Institute, National Institutes for Quantum and Radiological Science
and Technology, 1233 Watanuki-machi, Takasaki 370-1292, Japan

2Research Center for Nuclear Physics, Osaka University, 10-1 Mihogaoka, Tbaraki 567-0047, Japan
*E-mail: yuri.yosuke@qgst.go.jp

Received February 1, 2019; Revised March 4, 2019; Accepted March 11, 2019; Published May 11, 2019

This study describes a novel and simple beam-focusing method for the formation of a charged-
particle beam with a hollow transverse intensity distribution using the nonlinear focusing force
of multipole magnets in a beam transport line. The dynamic behavior of the beam focused
by multipole magnets is theoretically investigated to predict the phase-space shape and spatial
profile of the hollow beam. It is shown numerically and experimentally that the hollow beam
has a steep peak at the peripheral edge and high contrast between the edge peak intensity and
the intensity near the beam center. Depending on the order and strength of the applied nonlinear
multipole field, the cross-sectional shape of the hollow beam can be diversely transformed, e.g.,
into an ellipse, a rounded rectangle, a rhombus for octupole focusing, or a triangle for sextupole
focusing. The present beam-formation method, applicable to various charged-particle beams of
different parameters such as the particle species, kinetic energy, and time structure, enables the
shaping of the transverse profile that can never be realized through conventional linear beam
optics.

Subject Index G02, G10, G12

Ey2
0
-2
201, _ | _ RN
-20 -10 0 10 20
kx

o Laurence Wroe | Transverse Beam Shaping with RF Cavities

22/02/2024

39



Table of Contents

Laurence Wroe | Transverse Beam Shaping with RF Cavities 22/02/2024



Next steps and discussion

Uniform beam:

Finish 2D proof of concept
Make a more realistic cavity?

Detail an application of the idea in specific concept/accelerator
What? Where?

Write into conference & journal paper

Any questions etc
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