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KONUS Versus FODO Lattice GOETHE ﬂ
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“Standard” linac design (up to ~ 100 MeV) : Alvarez DTL + FODO beam dynamics.

ALVAREZ - Cavity , Egyg. 108 MHz

AW (“ Drift Tube Cadpe
FODO Neg. Synchr. Phase
Py qJr'f %
_300 \
al
Alternative :

H-Type DTL (IH or CH) and KONUS beam dynamics,
each lattice period divided into 3 regions with separated tasks:

* Main acceleration at ®_ = 0°, by a multi-gap structure (1).
* Transverse focusing by a quadrupole triplet or solenoid (2).
* Rebunching: 2 - 7 drift tubes at ®,= - 35°, typically (3).

H - Cavity XY
H,., - Mode -
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H-Mode Cavities GOETHE Q

UNIVERSITAT

FRANKFURT AM MAIN

Interdigital H-Type structure (IH) Carbon Injector for the

IH-DTL ' Heidelberg Therapy Center
r.t. (@) B~ ore 217 MHz, 20 MV,
W < 30 MeV ® l © 0.3~ 7 MeV/u, 800 kW,
30-250 MHz \’ 1% duty factor

Crossbar H -Type structure (CH)

CH-DTL %I?I.-I(I?'I?Il_kpr;gglt;?e) cavity
r.t. and s.c. 352 MHz,
W <150 MeV B=01,
150-700 MHz @ =276 mm
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Comparison of Shunt Impedances
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Higher shunt impedances for § < 0.3 i i EPUNINIR ey drot
. 400 (4) ISOL, INS, 51 MHz
are due to: | @ (5) HSI-GSI, 36 MHz
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* H-mode = 200} e
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(cross sectional rf current flow, all 100 H,., 'CH
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Particle Trajectories in Longitudinal Phase Space
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Bunch Center Motion Along GOETHE ﬂ

0° Synchronous Particle Sections UNIVERSITAT
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Bunch Center Motion Along GOETHE ﬂ

Negative Synchr. Phase Rebunching Sections UNIVERSITAT
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Section| —=1 I I—» ]|
0° reb. 0°
Gap 14, after quad. lens (drift): Gap 15: Gap 18:
W, = 603 keV/u ; W; = 609.5 keV/u W, = 623.6 keV/u ; W, = 624 keV/u W, = 691 keV/u ; W, = 698 keV/u
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Overview of the Bunch Motion Along a Full

GOETHE

Longitudinal KONUS Period
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0.10

®/Deg_

Energy shift

(Geometrical) periodic lengths of 0°
sections are related to the (new)

m— L= . synchronous particle, and not to the
al —> SZ = 150 Sl ’K bunch centroid.
ui M m M4 imi] i Y y
A == ! 1 \} LH . . .
n B I& A ZX « Bunch energy gain is evidently
smooth:
= =35° 0° m=35"
D5 Ds = D 350
]
Rebuncher Main Acceleration Lens = 300 7* Wonn 4%
% - A~ Wi 4;"4’ 7
Phase shift at transition: rebunching — 0° section x 290 - % 2 ]
= " reb. | /‘5*’ 1
» Geometrical length adjustment (longer drift tube). 200 —.A"f" new s.p ]
=  — -
* Independent choice of tank rf phases, 150 LL_1 1 1 1 |
if transition gaps belong to separated cavities. 1 3 5 7 9 11 13
gap number
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Combined 0° Structure Overview GOETHE ﬂ
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Transverse KONUS Beam Dynamics: GOETHE ﬂ
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IH cavity of GSI HLI injector: first built cavity containing several KONUS periods
10 . (op. since 1991)
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KONUS Design Margins:

Starting Phase and Enerqgy of 0° Sections

GOETHE ﬂ

UNIVERSITAT

FRANKFURT AM MAIN

By variation of the starting conditions 4@ and AW of the first gap of each 0° section,
the desired output parameters (distribution shape and orientation) can be matched
to the needs of the following sections.
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5 | | I | ! |
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beam envelopes [mm]

Basically the higher N

KONUS Design Margins:

Number of Gaps Per 0° Section

gap,0°

the better,

but there are several constraints:

Longitudinal matching:

12

AW [keV/u]
AW [keV/u]

8
4
0
WL

- 1 H
-30 -20 -10
Ap [deg]

Transverse matching:

3

N

W - W) /W, [%]
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I I 1 | 1 I 1 I 1
A
L A/& -
i : |
initial design A
\ AA 4 —
P
A
A 4
A
o
#14 4 1 _
'ml
&
#7 e 3 gaps added |
1 I 1 I 1 1 1 I 1
-15 -10 0 5 10

beam axis [m]

* Well-balanced ratio N,, ., / Ny, - (between 1:2 and 1:4, typically).

« Max. number of gaps per section (up to =15) and per tank (up to =60). This is for
example limited by tank voltage flatness reasons, by the available rf power etc.

R. Tiede, Institute for Applied Physics (IAP), Goethe-University Frankfurt
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KONUS Design Margins: GOETHE ﬂ

Number of Gaps Per Rebunching Section UNIVERSITAT
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* The number of rebunching gaps N, ., for each section (at @, = -35° usually) is
ranging between 2 and 7/, depending on the design constraints and on the beam
parameters (energy, A/q, etc.).

* For each individual case, the assumed number N, ., for best matching to the
subsequent 0° section must be confirmed by the beam dynamics calculations.
Example:

#1 #3 #6
reb. gap no.: 1 3\/ 6 10 ! IBLE I L L L L 'ql) ' 0.01
— 3 3 — ¢+ — U
/ / = 5 |- | — :é:—g—:f‘g; i )
20 + +——t } } + ——t } t t ——t } +—+—+— 0.00 -l
= e | _
L & 3 Be— 9__________¢ — 001 d
} _10 1 1 II 1 I 1 1 /I 1 I 1 1 1 1 I 1 1
09 1.0 11 1.2
EE— —¥—Ad beam axis [m] —O—AW/W,
10 _I I I ! I I I ] 10 | I I I I I l- 10 —I I I ! 1 l I i
S 51 #1 | — S 5 |- #3 — =4
= _ , - S >
L o l|-@ 4% 2 o g,
2 sF | 4 2 5 Z
-10 I T T N I i 1o
-10 -5 0 5 10 -10 -5 0 5 10

A¢ [deg] Ad [deg]
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KONUS Design Margins:

Transverse Focusing Elements

Powerful, long quadrupole triplet lenses are needed
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GSI ‘HSIP’, IH1- module 1, 36 MHz

1828 mm

for sufficient transverse focusing. 1 Alg=595 )
. . . . A
Pole tip fields up to B, = 1.3 T are available with B’ = 60-65 T/m a
conventional technology (room temperature, ¢ i ~»1,'14HT 5
laminated cobalt steel alloys). il | L=0854m
« At lower beam energies, the lenses must be :::::
installed within the resonators, which makes the [\ 1 A—7L £
mechanical design and the rf tuning more §& 5 \ +
complicated. ® ‘ Qbdpo a | :
: : . : et e s
« With  increasing beam energies, external t©& ¥ : e j
(inter-tank) lenses are preferably used. |
_IH-Tank 2 ghs:%n'ﬁmg Qu%p{le Triplet H - Tank 1
ya o[l n n 61O N L=0-5~’;m\: \
Wilf — - - 1 j_|
-z il

%‘%ﬁ’gﬁ@ﬁfﬁ

ﬂp—y—w v o P ¢ 0 9P ¢ ¢ ¢ ¢ ¢ O ¢ v g0

GBI_I”-'-

iy

Sl

CERN Linac 3, IH tank 2, 202 MHz

Alq = 8.32 (208Pb25+)

B’ =68-70 T/m; B, =09 T

R. Tiede, Institute for Applied Physics (IAP), Goethe-University Frankfurt
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KONUS Design Margins: GOETHEQ

Transverse Focusing Elements UNIVERSITAT
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» Since powerfull superconducting magnets (B = 4 — 10 T) are available, solenoid

focusing becomes attractive also at higher g values, especially in combination with
S.c. cavities (no iron yokes!).

» Several KONUS Iattices based on solenoid focusing were investigated (e.g. for
IFMIF):

Design study for IFMIF based on s.c. CH-cavities ( 125 mA, 20 MeV/u ?H* - beam)

R. Tiede, Institute for Applied Physics (IAP), Goethe-University Frankfurt 16



KONUS Design Examples GOETHE ﬂ
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GSI High Current Injector (HSI)
36 MHz, 15 mA U4, 0.12 — 1.4 MeV/u, 90 MV, 1% duty cycle,
in operation since 1999.

Superconducting CH-DTL section for IFMIF (IAP proposal)
175 MHz, 125 mA deuterons, 2.5 — 20 MeV/u, cw operation.

Proton Injector for the GSI FAIR Facility
325 MHz, 70 mA protons, 3-70 MeV, 0.1% duty cycle

Dedicated presentation:
G. Clemente, ‘Investigation of the Beam Dynamics
Layout of the FAIR Proton Injector’

R. Tiede, Institute for Applied Physics (IAP), Goethe-University Frankfurt 17



KONUS Design Examples: GOETHE ﬂ

GSI High Current Injector (‘HSI’) UNIVERSITAT
* In operation since 1999. s Charge Filter
—eeeeeeeee F - il - =
PENNING RFQ SL IH 1 IH2 Gas Stripper ALVAREZ
resonance frequency 36.136 MHz
design particle A/ g 59.5 (238U4)
design beam current (1996) 15 mA
duty evele 1% at A/lg <59.5
e 30 % at A/q < 26
energy range 0.12-1.4 MeV/u
number of IH-DTLs 2
total length (IH1 + IH2) =20m
number of KONUS periods 4 (IH1) + 2 (IH2)
€ nrms 0.10 mm-mrad
Elong.n.ms 0.45 keV/u-ns

R. Tiede, Institute for Applied Physics (IAP), Goethe-University Frankfurt 18



KONUS Design Examples:

GSI High Current Injector (‘HSI’)
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15 ) T T d T . T d
KONUS Section No. E 10 i ]
\ g7 5y ]
- 6__ - % 0 + } + + } + } +
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e N T ]
2 "aof i
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: = =
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K \\ —_A—/_&/A 2
g ] > /*——KA X
<) 4r
g
E ——A—A 4
: . 2L Wz—h—ﬂ 5
N Wﬁﬂ 6
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| i 2-6
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KONUS Design Examples: GOETHE ﬂ
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re-buncher sc solenoids
4.5 MeV/u

rt IH/CH

M DS P P W ey Wy ey

cryo -module 20 MeV/u

resonance frequency 175 MHz

design particle 2H*

design beam current 125 mA

duty cycle CcW

energy range 2.5 -20 MeV/u

number of DTLs 1rt. IHICH+ 8s.c. CH

total DTL length =12 m

number of KONUS periods | 7

Etrnrms 0.4 mm-mrad (growth rate: 60%)
€long.n.rms 1.8 keV/u-ns (growth rate: 30%)

R. Tiede, Institute for Applied Physics (IAP), Goethe-University Frankfurt 20
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KONUS Design Examples:

S.C. CH-Linac for IFMIF

re-buncher sc solenoids
4.5 MeViu

rt IHICH

L B B L L L L L 60

40

20

100% Envelope Y (mm)
o

(I I R B
0 1 2 3 4 5 6

P I I R B —60
8§ 9 10 11 12 13

7
L (m)

cryo -module
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20 MeV/{u

I B R B
0 1 2 3 4 5 6

L (

7
m)

I |
8 9 10 11 12 13

Transverse 100% beam envelopes along the H-Mode-Linac

R. Tiede, Institute for Applied Physics (IAP), Goethe-University Frankfurt

21



rel. emittance growth (rms)

KONUS Design Examples:
S.C. CH-Linac for IFMIF

T T T T T T T T T T T T T
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o

1 2 3 4 5 6 7 8 9 10 11 12
L (m)

Emittance growth along the H-Mode-DTL
(for a 125 mA, 2H* - beam)

13
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KONUS Design Examples: GOETHE g

S.C. CH-Linac for IFMIF UNIVERSITAT
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Phase space distribution after the RFQ and after the CH-DTL
(for a 125 mA, 2H* - beam)
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LORASR Code Features - Overview
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Longitudinale und radiale Strahldynamikrechnungen mit Raumladung
Longitudinal And Radial Beam Dynamics Calculations including Space Charge

« (General:

- Multi particle tracking along drift tube sections, quadrupole lenses, short RFQ sections
including fringe fields and dipole magnets.
- Running on PC-Windows platforms (Lahey-Fujitsu Fortran 95).

 Available Elements :

magnetic quadrupole lens

solenoid lens

dipole bending magnet

accelerating gap

RFQ section
(constant rf phase, ‘Superlens’)

3D FFT space charge routine

error study routines

e GUI:

%% LORASR PC Version
File wiew Run BEES Help

Transw, Env,

Long. Env
Clusker %
Clusker ¥

Cluster Long,
Bunch Center
Ernittance
Phase Adv.

:‘:‘: Transverse Beam Envelopes

Save as Bitmap
Save as Metafile
Copy to Clipboard

Print
Printer Settings

OM

5 —
0 . i

elope X /' m

R. Tiede, Institute for Applied Physics (IAP), Goethe-University Frankfurt 24



LORASR: Recent Code Development and Applications GOETHEQ
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- Implementation of a new space charge routine based on a PIC 3D FFT algorithm.
 Benchmarking with other codes within the framework of the
‘High Intensity Pulsed Proton Injector’ (HIPPI) European Network Activity
(CARE-Note-2006-011-HIPPI, see also talk by L. Groening).

- Implementation of machine error setting and analysis routines.
e Error study on the FAIR Proton injector (talk by G. Clemente).
e Error study on the IAP designs for IFMIF and EUROTRANS based on
solenoid focusing (C. Zhang, EPACO08 , THPC112, pp. 3239-3241).

R. Tiede, Institute for Applied Physics (IAP), Goethe-University Frankfurt 25
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Y(Z) envelopes [mm]
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LORASR: Error Study Example

(IAP IFMIF-Design)

Type Settingl Setting2
transverse translations of focusing elements AX,..= T 0.1 AX,...=1 02
[mm] AY, .= T 0.1 AY, =102
Ap . ==E 15 Ap, ==+ 3.0
rotations of focusing elements [mrad] Ap,=+£ 15 Ap, ==+ 3.0
Ap,= 125 Ap,==15.0
AU,,=* AU,,,= +5.0
5.0 AU, . == 1.0

gap and tank voltage amplitude errors [%]

tank

GOETHE

UNIVERSITAT
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100% common beam
envelopes of 100 runs,
108 particles each

red: nominal run
green: error settings 1
blue: error settings 2

R. Tiede, Institute for Applied Physics (IAP), Goethe-University Frankfurt
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LORASR: Loss Profile Calculation Example GOETHEQ
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IH-RFQ SL IH - DTL

/\ KONUS Section No.
\

— ™~ \
1'.2 %l__ﬂr__ _E_I_ 6|
* Beam

£ gg - ' | ' | ' | ' | ]
@ 10 [ —
:%’ 0 : , —X@2) : : : . 100% beam
® 10 —Y(2) 4 envelopes
= e
® 20 |- ~
E g L . | . | ) | ! | ]
2 0 5 10 15 20
beam axis [m]
._.0-5 T T T T I T T T T T T T T T T T T T T T T T 100
E oa LY . (dN/N,) _ no. of locally lost particles / total part.no. 1 1 os §
= | dz distance along which particles are lost m - —
L T | T T —{ 9% §
5 B \ 7 )
o2 -8 T oo - 94 @
B0 - 12 @
T 00 R W R NN VRN AU TN AU N PO W SR SR R SN SR N SR R T 0 ©
0 5 10 15 20 L
— loss profile beam axis [m] — fransmission
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Conclusions / Outlook GOETHE ﬂ
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The ‘Combined Zero Degree Structure’ (KONUS) beam dynamics concept has
been developed during the past 3 decades together with H-Mode DTL linear
accelerators (IH, CH). Meanwhile a large number of low S accelerators based
on this concept are in routine operation in several laboratories all over the world
(GSI-HLI, GSI-HSI, CERN Linac 3, TRIUMF ISAC-I, Heidelberg Therapy
Injector, etc.).

Scheduled high intensity accelerators like the 70 mA, 3-70 MeV Proton Injector
for the GSI FAIR Facility and the IAP proposal of a 125 mA D*, 5-40 MeV
superconducting CH-DTL section for IFMIF are based on KONUS beam
dynamics designs.

LORASR, a dedicated tool for the design of KONUS lattices, has been
upgraded in order to meet modern design criteria of high intensity linacs: A new,
fast space charge routine, enables validation runs with up to 1 million macro
particles within a reasonable computation time, including machine error studies.

A theoretical framework for the description and parametrization of the KONUS
beam dynamics concept is still under development.

R. Tiede, Institute for Applied Physics (IAP), Goethe-University Frankfurt 28
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