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< The first cyclotron

NIISTRTINN

Taken from

E rneSt O rl an d o LaW rence https://lwww2.lbl.gov/Science-Articles/Archive/rev-

idea.html

The 4 inch
80-keV H,*, 1931

The 11 inch
1.1-MeV proton, 1932

Taken from
https://en.wikipedia.org/wiki/Ernest_Lawrence
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Cyclotron principle: isochronism

Magnet poles

© 8 (Cyclotron frequency)
2
7N\ mu
EREEmIIN ) qub = —
="/ p
Y v B
) = — = q—
m
D-electrodes V=",cos w,t P
Cyclotron is a resonance phenomenon.
Resonance condition The cyclotron frequency of a non-
@, = @ (Cyclotron frequency) relativistic particle is independent

of the particle velocity

Successive acceleration occurs.
Particles reach periphery.

Taken from “Beam Dynamics in Cyclotrons”, A. Goto (1998)



< Acceleration in the cyclotron

NIISTRTINN

RF source

: [ EFSETRESAME




vt Cyclotron: weak convergence

NIISTRTINN

i Equation of motion in z direction
‘ ‘ Reference particle 4?2 , d*z ,
— -—uwz=—+wz=0
ELA e
‘ ‘ median plane z—azimuthal angle 6 transformation
d’z | dz
, : T—Uz= ~+v,;z=0
Vertical Focusing do do
F =qu,B " anew parameter v,
JB JB ( = ) < w
=qU Lz =qu Lz =VxB=0 =z =, gy
e e T VT H
IB v B = — betatron oscillation
=qor—=z=mo’ ——=
dar B dr
_ 2.1 0B
meo = u'<0 ((92<0)
r
(" anew parameter y’
< ; r 0732
M = — = -/

B dr . . .
L —simple harmonic mortion
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NIISTRTINN

Cyclotron: weak convergence

Equation of motion in radial direction

v: o dr
—qU,B, = m(-— + —
q (s ( 7 dl‘z

B (r)= B,(R)+a—lg“"x+~°-
) ) ar

—

X<<R

JB. muv’x d*x
X = p + m—2
ar R dt

—q U,

Thus, we obtain

d*x d*x

5 +(1+u)x = pe +v:x=0

betatron oscillation is:

ry 0B
—_—< > -]
(B dar )

z

"> —1

u

Weak convergence condition
-l<u'<0

ZF TR, RAREBITINR
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Cyclotron principle

Isochronism
- phase stability of beam acceleration

Beam convergence
- vertical focusing

Classical cyclotrons - weak convergence

relativistic effect
— Increasing radially magnetic field
— causes the axial defocusing

(" a new parameter u’
< . 0732 - —p
= B. dr

N~

z—azimuthal angle 6 transformation

d’z dz ,
dHZ_MZ=d92 +v,z=0

Limitations: relativistic effects break the isochronism

—E  .=12 MeV

pmax



Cyclotron: strong convergence

Increasing radially magnetic field causes the
axial defocusing. It is solved by provided
magnetic field Azimuthally Varying Field (AVF)

hM/l
FN (4
N\ZEAR

gy W Incident
0 P T 3n 4 N@ angle
Circle

Azimuthally Varying Field

B. = B(1+ fcosN6)
particle motion at x;from R

—quBfcosNO = m Xy

fR

— xf = FCOSN@

radial velocity & B as azimuth angle
( dx o fR

v, =W = sin N6
do
1B 1B BfN .
Bg=d o 20 S sin N6
dz RJ6
- Q VxB=0)

focusing force in z direction
F=-qu,B,=—m’ f*zsin* NO

« always makes strong focusing

 Edge focusing



— H440kF0Ovonil R

HSHNA RIKZN

Classical [ — AVFCyclotron > Higher energies — Ring Cyclotron

Cyclotron
to Big RIPS sector magnet structure
1 — deep hill/valley
— stronger edge focusing

Magnetic
shield

Hso0rOYDOBIEEE

2,600 MeV
No. of sectors 6

K-value

AVFHs o0 koY
MSU K00 M5 88FE o 1=,

i Extraction radius 5.36 m
s L Flattop
By \ resonator Max. mag. field 38T

Ring Cyclotron RF resonator "';"3555.:-, from IRC No. of resonators 4
I D SRCHNME— O & it 51 K value Magnet weight 8,100

E=K-g2/A (A*MeV) SRC

Superconducting



< BHOBEEY/sOROY

- RAOIKEBEEASMLVERVWEY (700 0T eI bHLED Henry Blosser, 1928-2013
&, HF X Chalkriver[& FEEFTDBigham?: - 7=,

- BzEY4M4/0bAaYERDICIE->7-MSUDBIossorld, 1972%F(2/8v 7
—N—TiTbhbhf=Y4 /70O VEBREKET. Z0aAYEFMIMLTR
DFRICKEHL TW 3,

« “Superconductivity then seems unlikely to make a contribution to
cyclotrons in the foreseeable future, primarily because there is no

overriding problem which would thereby be solved such as it is the
case for synchrotrons and linacs.”

« Blossor®E&HDECIX,. BEERRICEIYV S/ YNNI LEBE
&), E—LDEPRYHBLICRIEIFAHTL 2DTIIEVWHEWVWIET
Hd, LHL. AL, Blossorld, ZDEZX %W, 1973FICBEEY
4700y OBGEERADEIIEDRTZIRDI T EEZREL, 19745
ICIFBEEYs /0Oy DRETERKR LT,

mey

R¥ER —

72 LRI, 22—
RIS ERE NS,

B
s

https://snf.ieeecsc.org/obituary/henry-blosser
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NISHINA
NESH RIKEN

PICKET FENCE
—~ b 040" x 0.50"G-10
\ ALTERNATING WITH

040" x0.50" VOID

N

002" TWO SIDED

S—
§ 2iode, =" ADMESIVE TAPE

Fovany * e J-SHAPED MYLAR
s 002" T™HICK
aa

™S 104 Nb-Ti FILAMENT

COMPOSITE CONDUCTOR
\\ LA10%x (196

50-50 PbSn SOLDER

Size: 0.110 inch x 0.196 inch

BARE CONDUCTOR
T SURFACE

| 114" NOMINAL -
LAYER

THICKNESS
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NIISTRTINN

5 EEEETEEEIEY | ! - | ) T T ' T T
I = = e —. - - - - - -‘iL al’d””; -
o i i o 20000 psi

5 | winding fenson
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NISHINA

(1) AMLBEBERNOREAN) P LEBETRKMEISDITVF (BRX)

(2) BRBWVEZ=DmN

(3) ErEhZiFEDIEE,

(4) AA4NLVAUIINSBYFDPHEE5T, Ya—rdHY., ESIRETIIM
BICESBEVH, BIECREDOERICIE“I /Ty F4& 05 EEKFEVL RS DR
X TWWi=,

(3) ICBEL T,
E—LHEE%FEOECHREINTULWAR =DM ILIZEWIG ZEES5H, O
A ILVEFRREARRERMEBEICEINTWVWREWIETHS, 2FY, a4 12EF
DEBOWMNET NI L TETHPELC DITTIILRL, ZOThZBIRT S
EOBRIZICADPECLEWVWSIETHS, 2D, MEAROZIFEIL, T
BDITRERLVFTDKEVITRERZIFT>-TVLWAIRLELRH D, CORT%EE
LA N%ZEETHIILICLDI D, [ReFT2L0EDLH S, (Superferic
BanEe Liv)
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NIISTRTINN

K500 MSU (USA)
K520 Chalk River ( Canada )
K1200 MSU (USA)

K800 Milano (Italy)

K500 Texas AM (USA)

K600 AGOR (Netherland)
K500 Calcutta (India)

7

LY
ThOAMRRICHO DN =P EFRABERORER REGBEEY /70O (BEED=-HIZTEHE)



< BEEHA /OO DES e

RIMEHN

ll f-‘,.*,.;u el
Weigh W ~ K'* (B,RY
100001 wiTons) '
"l - L]
5% @ sRe
000 y
) 1&)

1000

| o w4 $AHOROLERERIET LI
5001 &1 FY15ME83D,

‘l 0 ral + Lompac! cCycloirons

) ""‘: *’ x1¢ a ORNg cyclolrons
0 + ’ A D T TRIUMF -

| s | e et SRCO B[ #IEEH (o0 iH
1 4 .A. L9 - »
.UO‘ + y | A Supercond. cyclolirons
o v

+
y .
20 + B - o
' Civey)  PSIJohoED 12957
Sempe————— ———r——

0 S0 100 200 500 1000



BiEY SO0V @RIE—LT7HR)—

B AVFY 4o by UroHA4soboyv
B 100ton 8300ton

=T x/)L¥— 18MJ 245M )

m ] Sbiam R ]V JEMFE A LA EHE
a4 ILAH] Vo= Warkl == Warksl

TR D1 Superferic Superferic

ZDEOEBE S + 0O



Goal of RIBF

Great expansion of the nuclear chart (new 1000

kinds of isotope, exotic nuclei)

Challenge to solve the big puzzle of element genesis (r-prosess = U-synthesis)
Promotion of industrial and biological applications
v How to produce Rl beams _\
Accel. it:l;l:am Rl beams
(primary) (Secondary)
b 4." - e/'a{
)] - Target ~
S ’ Projectile D Proelctlle
§ : @ Frajgment
o (magic number) % — OO%&_’
Purified RI
(Ca) 20 [] Projectile Fragmentation @(—Target; nucleus beam
) I in-fiight U fission & PF. \_ ' i W,
(He) 2 neutrons (Productivity larger than 1 particle/day)

Tetra neutron

Rl beams are generated by fragmentation or fission of high-speed heavy ion beams.

Accelerator complex is required to produce high speed heavy ion beams with high intensity.

20



3 injectors

Y. Yano, NIM B261 (2007) 1009.

RIBF accelerators

RILAC
RIKEN Heavy-ion LINAC
(1980 / 16MV)

RILAC2

AVF
(1989 / K70)

4 booster ring cyclotrons

(2011 / 4.8 MV)

RRC
RIKEN Ring Cyclotron
(1986 / K540)

fRC

fixed-freq. Ring Cyclotron
(2006 / K570 => K700)

SRC
Superconducting Ring Cyclotron
IRC (2006 / K2600)

Intermediate-stage Ring Cyclotron
(2006 / K980) 21




Acceleration modes

Accelerate ALL ions (from H,* to U), up to 70% of the light speed, in CW mode
3 injectors + 4 booster ring cyclotrons

1) AVF-injection mode (< 440 MeV/u) : d, He, O, ...
2) Variable-energy mode (< 400 MeV/u) : Ar, Ca, Zn, KT, ...
3) Fixed-energy mode (345 MeV/u) : Xe, U ...

RRC /K540

RILAC2

28-GHz
SC-ECRIS

BigRIPS

ST4

T" RC /K700 IRC /K980

R'LAC Booster SRC / K2600

o @ ) () GARIS
Super Heavy Element .

14.5.GHy AVFE / K70 Fixed-energy mode (Kr, Xe, U)
i STH Variable energy mode (Ca, Zn..)
i‘j.'E.ER'S RI7CRIB — AVF injection mode (d, N, O..)
(deuterons) RI production

STn: charge stripper
22



Specifications of RIBF ring cyclotrons

Challenging
RRC
(1086~ TRC IRC
K-number (MeV) 540 700 980
Rinj (cm) 89 156 277
Rext (cm) 356 330 415
Weight (tons) 2400 1300 2900
Sector magnets 4 4 4 6
Number of trim coils 4 (SC)
(/ main coil) 26 10 20 22 (NQC)
. . 3000 (SC)
Trim coil currents (A) 600 200 600 1200 (NC)
RF resonators 2 2+FT 2+FT 4+FT
Frequency range (MHz) 18~38 | 54.75 18~38
Acceleration voltage (MV)* 0.28 0.8 1.1
Turn separation (cm)* 0.7 1.3 1.3

*uranium acceleration
SC : superconducting, NC : normal conducting, FT : flattop resonator



% SRC:F R AtHRELERICE K, mrus—nons

Ry OP-AIRILF—BANEOY 20O (Highest beam energy cyclotron) 82400MeV
ONZPvOIED) KE : K=2600 MeV (hoiR¥FOiESm@IME) 238 X 346.2 MeV/u
OEESIHPBDONAE) EVVTro20R0OY (8300 ~)

OAE(BER) (F2&EB (AfildTriumf)
EMCKOPRE IREREEEESEREL LUE Y00 ROY) —BAROELMA

BRANAWY) —
40000 ton

2022$3F] 28HT I
—AlE (KEKTH&E.
QST«]]%&'&E_LBAL\GJ

SRC
830(T)ton

X2
)

RRY T —
: 4000 ton

2022F4A11 B E#
(FERMAT)
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K= 2,600 MeV
RABS: 3.8T (235 MJ)
Rf FBiE#E: 18-38 MHz
& X: 8,300 tons

EZ 1I9m&<: 8m
%2 —EA 6

Rf HR25 4
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I (A)

18000
16000
14000
12000
10000
8000
6000
4000
2000

Superconductor(AlZZ & 1t E{K)

Critical current & Operation Point

m
| ¢ (4.5K) -
Main Coil
~———  (5000A
( ) " ®  Tiim Coi
(3000A)
0 2 4 6 8

Applied field (T)

Yield Strength > 56.2 MPa
(cf. 40 MPa for pure Al)
RRR of Al > 803



22 turns (Horizontal gap: 0.8 mm)

18 layers (Vertical gap: 1.5 mm)

Structure of the Main Coil Block

Solenoid winding with 396 turns

<

>

z Cooling Channel (50 %)

Cooling
pas
=]
T
©
)
L S1

Heat
>
Temperature
S1=82 —

Madock Stabilization current:6300A
> Operational Cuurent:5000 A

Excitation curve (R=5.4m)

4.0

/

//

-

1000 2000 3000 4000 5000

Main Coil Current

(A)

6000



Fabrication of the Main Coil

Accuracy of the Center of the Coil < =1 mm

,,,,, _ B Cotta

Completion of the Main Coill

.4

. »
Wl

AAAAAA g * e

----- C-shaped Vessel Tension of 20 MPa

\ Screw A Mandrel in
the winding
Seal Cover



Superconducting trim coil

#Four sets of coils
# 1 max = 3000 A
#Double pancake winding
#Indirect cooling
by forced 2 phase helium

#Temp. margin ~2.1K

Scre{% Casing plate (Al alloy)
L[l
HEEE
/

Insulator  Cooling tube

No. 2
No. 1

\Main Coil

SC Trim Coil



Structure of the SC Trim coil

Bonding of the coils and casing, which satisfied the
following three condition, was studied.

Coil Casing (Al-alloy)
Heat-Transfer
s Soa e ] Coefﬁent 50W/m2/K
Shearing Stress >> 3 MPa A " S = T

LITH|

| ﬂlﬁl RE00ORE
Doublecake Wlndlng ..ﬂa ugl.ﬁan

Model for Bonding



Fabrication of the SC Trim Coil

—— £ -

Completion of the fabrication g

R
PN

O

The coil is cured at about 150 degree with a pressure of 2 MPa.



Structure of the cold mass unit

Superconducting

/ Trim Coil

/ Connecting Plate
/ Pole 1

/ Main Coil

Upper Cold Mass

+ Thermal Insulation Supports
+Piping and Cabling inside
the Cryostat

Connecting Plate

Pole 2 =—
Lower Cold Mass

\

Lower Plate



Assembling in}

1. Lower Yoke

2. Lower Cold Mass Asse

A
—

4. Upper Cold Mass Assembl

3. Cryostat

5. Upper Yoke







Specifications of SBM

Plan view Cross sectional view of the cryostat
Cold Yoke
Fy support Coi j| = | Pole
Fz support yoyep Fx support I\ F Fﬁ; )
— / —
g AN Ny, DUCt\ !
=1 T\—‘Ik‘
dD<] X
Seal cover] . ]
f Set-screw Bolt T al
ami) [
Warm Yoke =
(a) (b)
Specifications
Required field : 3.8T @363 A Trajectory is bended.
SUCICel ST 0.56 MJ —The coil should be bended.
Homogeneity: few x 103 Coil winding is the kev i
—> LU0l winding IS the Key ISsue.
Beam Bore: 40 (H) x 30 (V) mm?2 9 y
Radius: 1208mm (Negative curvature)
Bending Angle: 75.72 deg.

Coil cross section: 55 x 58 mm?2




Coil Winding & First Excitation of SBM

Cabling of Superconducting Wires Results of the First Excitation
4.0
/Y
35 (] | 'L 3 (396 A)
z: 2nd (383 A)
BT 1st Quench (315 A)
1.5
1.0 .
N / Operational Current (363A)
o 1 1 |
0 100 200 300 400
1(A)
i 200m
45000 cal 300A
cal 350A
40000 —meas 100A
- i
25000 y V. et Bt
§ 20000 /
B 15000 a — N
10000
5002 \W—
-5000
-50 0 50 100 150 200 250
L(cm)




Cool-down and excitation test of the SRC

Date Events Date Event
05/8/30 — | Purification (N2:< 0.5ppm) 05/11/6 | Excitation test
05/9/17 (Imain = 5000 A (Max.))
05/9/19 The 18t Cool-down started 05/11/7 | Exciation test
(Imain = 5000 A, Itrim = 3000 A)
05/10/13 | All the main coils transited to 05/11/8 | Trouble due to a He leak
1:00AM superconducting state.
05/10/16 | Level of liquid helium reach up to the 06/3/16- | The 2" Cool-down started.
operation level.
05/10/21 | Excitation test started. (Imain =100A) 06/4/15 | Full excitation again
05/10/27 | Excitation test 06/4/17- | Field measurements
(Imain=1000 A, Itrim=1000A) 06/6/14
05/10/31 | Exciation test 06/6/14 | Fast shutdown test from full
(Imain = 3000 A, Itrim = 3200 A (Max.)) excitation




Cryogenic Cooling System for the SRC

Reservoir Tanks

Heat Load
470W @ 4.5K
2800 W @70 K

Cooling Capacity

620 W @ 4.5K
4000W @ 70 K
4 g/s for cooling of C. L.

3 g/s for cooling of C.L.

‘~

|
Il

700 m? (2 MPa) x 4

~ 21 days for initial cooling
1

Control dewar

H -/./ ' = » -.‘-- - - \i .
/’Tjrbine Heat exchanger JT—vaive

74 g/s of 1.8 MPa GHe Refrigerator




Cool-down curve in the first trial

350
300
250
—e— TLA1PO1
—=—TLA1P02
200 TLA1PO3
< TLA1PO04
g —%— TLA1PO5A
g 150 —e—TILA1PO5B
—+— TLA2PO1
——TLA2P02
Calc.
100
50
0
H17.9.15 H17.9.20 H17.9.25 H17.9.30 H17.10.5 H17.10.10 H17.10.15

Day 23 DayS




Power supplies and coil protection

1:Quench characteristic

2:

Current decay:
Temp. rise:
Volt. Development: 1.5 kV/2

63 s
140 K

Strong Coupling between

the main coils and S.C. Trim

coils

Main PS for Main Coil (5200 A)

| Switch for Slow Decay (1206 s)

@
0.0150Q
7 015Q 0.15Q
AN

\ Switch for Fast Decay (63 s)

L

Aux. PS x 6 (100 A)

Main PS for SC Trim

Main PS for SC Trim

Main PS for SC Trim Main PS for SC Trim
Coil #1 (3200 A) Coil #2 (3200 A) Coil #3 (3200 A) Coil #4 (3200 A)
& ] % & % &
I—HJ Switch I—HJ Switch l—ﬂ-l Switch l—ﬂ-‘ Switch
» W » %% 1 » WA » WA
0.05Q 0.05Q 0.05Q 0.05Q

Aux. PS X 2 (400 A)
A

Aux. PS x 2 (100 A)
(@)




6000

All the coils never quench. so far..

5000

Trend of the coil current during the field measurements

4000

W

3000

Current (A)

2000

1000

|

5/13 5/23 6/2
Date

——Main Coil = Trim 1 Trim 2 Trim 3 — Trim 4

6/12

Main Max.

Trim Max.



Coil voltages in fast shut-down test from full excitation

—main
2000 Time constant~60s —triml x 10
1500 - trim2 x 10
= I\ / —trim3 x 10
o 1000 \ —trimd x 10
S 500
=
= 0
Induced current by the main coil
-500

=50 0 50 100 150 200 250 300
Fast components due to self- Time (S)

inductances

The main and trim coils were safely shutdown
even in emergency.



Eddy current loss in shut-down process

Eddy current loss in the Aluminum supports for
the superconducting trim coils

Estimation~ 100W
(slow shutdown from full excitation )

The trim coil quench?
(Temp. Margin~2K)




Temp. rise of the trim coil in slow shut-down from full excitation

Temp. margin of Trim coil =2.1K

% —— Trim12(SM1U)
E —=— Trim34(SM1U)
5 Trim12(SM1D)
E ¢ Trim34(SM1D)
l_

All the trim coils did not quench.

21:18 21:21 21:24 21:27  21:30 21:33  21:36 21:38  21:41 21:44
Time (hh:mm)




Calculated forces are correct?

Forces on the upper coil Support system for the cold mass
(TOSCA calculation) Fo S%?pgﬁoy
Expansion force X Fz Support
° Connecting Plate Ti alloy

Vertical force 260 ton/m

SUS Multi Cylinder

260 ton/m Shifting force

We continuously measured the forces using the
strain gauges attached to all the supports in the
excitations.



Radial shifting forces are difficult

50
40

[\
-

Fr (ton)

o
o

p—

Fr =(Large Force A)-(Large Force B)

()

-10
(Large Force A) ~ (Large Force B)

The errors are big?

Support can sustain forces up to 90 ton.

For 3 directions

R direct. :compressive 40ton (0. 6mm)
O direct. :compressive and tensile <1ton (0. 1mm)
/ direct. :compressive 7ton (0. 5mm)

A \eas. -
—=— Calc. AA/-
A
A
w
0 1000 2000 3000 4000 5000 6000

Current (A)

=P The coil displacement due to excitation is small.



Field mapping over the acceleration region

(| Field Mapper 3 (60 deg./each) )

Hall Probe 5
Control 2axis (Rot./Trans.)
Mesh about 5cm
Meas. Time about 3h30m160deg./
— r :" Bean Extraction

e TS R

ﬁ - ..f‘“"}aj}/‘ﬁ
— . B

-0 s
Shield L Mapper =3
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Nye
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Measured field profiles along the sector-center axis

4.0
3.0 S — Main Coil: Bending power during the acceleration
= Trim Coil: Isochronous field
—2.0
= main 4500A
1.0 — — maind500A + trim1-4 3000A | |
0.0 Difference between measured and calculated fields
3.5 4.0 4.5 5.0 5.5
R (m) 0.00
[ MDC3 disturbance ] L
o Good agreement (0.16%~0.35%) - -;;;***ﬁf““xﬂ;ﬁf};;
o Small field dispersion among the sectors = M S I3 TTIIN
< -0.01 * iy
& ..00000...’.’. -
Field Disturbances 2 [ sm1 | .° ., - o
*SM1 has a slightly different shape. - . *teag,.
oNi ] ° ®eo, -
Disturbance from MIC2 and MDC3 qE, 0.02 ~— MIC2 disturbance
Small enough to be adjusted by the correction R *
coils in the magnetic channels and aux. power . + sml " sm2 + sm3
supplies of the main and trim coils. 0.03 x sm4 + smS - Sm6
3.5 4.0 5 5.0 5.5

4.
R (m)




J7—ARE—L('06/12/28) B IMEINT=-A A EE—LIRE
HE:-L7TTETIpuA (6 x102#/s)

1000

100

O

E—LMEE (pnA)

0.1

2006.12.28 0.01
First beam!

d &
78Kr

i | T _RILAC2

| 141180 | [ I | | I I | |

124Xe

1
238URrc |

T cavity

| I | Graphite sheet
He-gas stripper

T stripper &

| fRC upgrade

28GHz-ECRIS

~
70Zn: 788 pnA
=> 19.0 kW |

0708091011 1213 14 1516 17 18 19 20
&

_\

"8Kr: 486 pnA
=>13.1 kW
124Xe: 173 pnA
=> 7.4 kW

N

\.

2381: 117pnA
=> 9.6 kW |




fSTJILERE R

cEVWRBEEI(LTO NS TILFRETLAEL, (DL A)

« TDFFICERET EXIBT L7 A EL WA E D D lE. 10FRICHhHA D Z &
HLH Do o

e ZHLHMWEBRAEWN-DIEa— DY RITEFT 5 EFIET >TSS

« 200bF11B8H 74 — KR RIL—H DN
e« ~2008F 5 H D R A



What happened on Nov. 8.

0.4

Emergency Valves Open

0.35

0.3

0.25

0.2

P in the He Vessel (MPa)

0.1

0.05 i

0
6:00:00 7:12:00 8:24:00

Time




A feed through attached the vessel was broken.
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Battle against the oil in the He refrigerator
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Figure 3: Cross sections of the upper half of a cavity. Numbers in mm.
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Figure 1: Strong-focusing cyclotron, showing injectors and main ring for a flux-coupled 4-stack.
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