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Topics

Some common structures

e The Radlo Frequency Quadrupole RFQ)

e Matching -
Spacecharge and emittance growth




The RFQ (RadioFrequency Quadrupole)

Goalsof a RFQ

 Bunch the beam with the maximum efficiency and the lower longitudinal
emittance as possible,

 Accelerate the beam with the lowest particle losses and emittance growth as
possible.

Principles

» The RFQ tank is aresonnant cavity.
 Closeto the beam axis, aRF electric field is
created between poles with transverse
quadrupolaire symmetry. The electric field
contributes to beam transverse confinement (a
time varying FODO channel).

e The poles are progressively (longitudinally) Ia } 2
modulated to add a longitudinal component to - -
thefield. Thisfield contributes to 1, the beam

bunching, and 2, the beam acceleration, once m
the beam is bunched.




Transver sefocusing

o:t: 0 /2 T 3n/2 2 5m/2 3t Tn/2 4m

]

2y,
Q




L ongitudinal focusing (bunching)

 Pole modulation induces longitudinal electric field component,
e Electric field amplitude is quasi-sinusoidal with s,

By progressively increasing the modulation, the beam is
adiabatically bunched.
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The Pole profile (1)
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The Pole profile (2)

m isthe modulation (1 — 2)
R, Is the pole mean radius
B,A isthe pole modulation period




The RF Tank

Cooling pipe Vacuum port
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The RF Input
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Electric field calculation

271_ 2
Helmoltz equation : WEJF(TJ E=0
. . E=-VU
If A >> R, = quasistatic approximation : R
VU =0
U(r,0,s,t)=V(r,8,s)-sin(at +¢) In cylindrical coordinates

V(r,e,s) :{ X, . p2(@+) 005(2. (2i +1)"9ﬂ No modulation

+[§: i A, -1, (knr)-cos(2j6)- cos(knsﬂ Modulation
27[ =0 n=0

BsA
Coefficients X, and A,; depend on the electrodes geometry

K




. . RFQ
Two-terms potential description

2
V(r,6,s)=V, -(X -r—2-00326’+ A Io(kr)-cosksJ V, : pole voltage
a

1,(ka)+ 1 ,(kma)

X = The focusing efficiency (X=1if m=1
m?l,(ka)+ 1, (kma) J Y )
A= m” -1 The accelerating efficiency (A=1 if m=1)
m?l,(ka)+ 1 ,(kma)
E,.=-V, (2 X (kr)-cosksj-x
a“ r
Electric field : JE, =V, (Z_X_A K 1(k) cosij-y >-sin(a1t+¢)
a’ r
E,=V,-A-k-l,(kr)-sinks
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Thebunching process (1)

L ets study the phase oscillation amplitude of a particle in an continuous
focusing channel with an increasing confinement force.

(D), (2), (3), (4) : increasing confinement force

Thefield isincreased when Thefield isincreased when
the particleisin (A) or (B) the particleisin (C) or (D)
— phase amplitude — phase amplitude —




The bunching process (2)

In the RFQ, the pole modulation is“adiabatically” increased with a constant
period (no average acceleration) resulting in an increased of the electric field
component. The effect is then alongitudinal bunching of the beam.

The motion Hamiltonian is :
2

w
H o = B-?—C- E,(s)-(cosp—1)

Giving the phase evolution equation :
d%p

e BC-E,(s)-sng=0
s

If E/(s) increases adiabatically : (i.e. 0< ddEsZ <<\/ﬁ,SmT<P]

1
the phase amplitude decreases in : F

Which cannot be when E, close to zero or ¢ closeto .




The bunching process (3)

Clusel Hescalel Tracel F'rintl Crusshairl Clusel Hescalel | F'rintl Crusshairl

-0.0111 -0.0111
-0.0110867 X {(m) 0.0110867 -0.0204242 Z{im)

Animation from TOUTATIS code (Author : Romuald Duperrier)




Theacceleration process

» The acceleration is obtained by progressively increasing the modulation period
of the poles.

 Thisresults in the change of the RF phase of the synchronous particle from -90°
(no acceleration) to higher values (until ~-30°).

» Acceleration is accompanied by bucket reduction. Beam should be bunched
before acceleration process to accel erate more particles as possible.




. . RFQ
Matching a beam in a RFQ

The RFQ is some sort of FODO channel with focalisation changing with time
rather than with space asin classical FODO channel. The consequence isthat at a
given position in the RFQ, the matched beam has time-dependant Twiss
parameters.

The input beam, coming from the source, is time-independant.

A matching section is then added between the RFQ input and itsfirst cell.

U=0 LT=:: cos|wt)
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Matchi ng section




Multiparticle ssmulation codes

PARMTEQ (LANL)

e Z isindependent variable,

* Fields description using multipolar expansion,

« SCHEFF as space-charge routine,

* Image charge using superposition of point and line charge

TOUTATIS (CEA, R. Duperrier)
e t iIsindependent variable,
* Fields calculation with multigrid relaxation scheme

LIDOS (Russia, B. Bondarev)
e t iIsindependent variable,
* Fields calculation with Chebyshev accelerator relaxation scheme




Main Challenge in RFQ Design

e Low peak field (< 2 kilp.),

* Number of particles accelerated as high as possible,

» Transmission as good as possible,

o Control of beam losses (< 2MeV is preferred),

 Low emittance growth,

e Low sensitivity to errors (misalignment ...) : tolerances calculations,
» Good vacuum properties,

 Easy cooling,

» Good RF stability,

e Easy tuning.
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TheDTL (Drift TubeLinac) Principle

f . RF frequency
E0) > @ RF pulsation

E.(t)=E,-cos(at+o,)

/3¢ : beam velocity

A /\ A Ez(t)on.co{w.;CHpO]

Bc/f\zﬁx \/ \/ \/ AW =q [E,(s)-ds—0

L]

AW:quZ(s)-ds>O




TC
@ Linac with coupled cavities (DTL)

Gaps have the same phase. Distances between them are adjusted for synchronism.
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— Fieldin cavities
® Particle synchronous with the field — Itsenergy gain

® Particle not synchronous with the field — Itsenergy gain




TheDTL (Drift TubeLinac)

Principles

 The DTL tank is aresonant cavity.

 The excited mode isthe TM ;5 (TMg,,).

* In the tank, a succession of drift tubes and gaps.
e Drift tube : No field.
« Gap : Accelerating field.
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 The drift tubes are linked to the tank wall by stems.
» Quadrupoles can be inserted in drift tubes.
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The Synchronism

DTL are used to accelerate beams from ~2 MeV to ~100 MeV.

At this energy, velocity is changing (B from 6.5 % to 40%).

The synchronism is set by adjusting the drift length in order to have a distance of
~BA between the gaps.

Energy gain through the gap is given either by integration of the motion equation
In the field calculated by SUPERFISH, or by using transit time factor of the cell
given by SUPERFISH.

\




TheDTL cdls
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The Cedll design with SUPERFI SH

Parametersare adjusted to
* get the good resonance
frequency

o [imite the peak field

* |et enough room for
guadrupoles

O

* keep the synchronism S Lc/2
* et enough room for beam

e minimise the shunt
Impedance




5MeV

Examples of cells (IPHI)

12 MeV

O




Power deposition

The calculation of power deposition is
very important to design the cooling
system. Drift tube cooling isfed
through the stem (as the power feeding
of the quadrupoles).

The power dissipated in the stemsis
given by a perturbation method.

O

1.7 W/cn??
5.0 W/cm?

2.3 W/cm?

3.9 W/cm?
10.0 W/en?
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0.85 W/cn?
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Beam envelopesin aclassical DTL tank

|IPHI DTL, 5 MeV -> 12 MeV, 100 mA

CE& Saclay - DSM/DAPNIA/SES
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SDTL

This structure is constituted of small tanks containing afew cells without any
guadripoles in drift tubes. Quadripoles are outside the tanks.

Classical DTL drawbacks are then cancelled, but A1-3 are now disadvantages of
this kind of structure.

Mziii:m:iii:NN:___:NN:___:
i i i i

Power supplies

Generally, thiskind of structure can be used from ~20 MeV. Before, to avoid a
too large beam size, small number of cells per tank should be used, increasing
thelosses in the tank end walls, reducing the packing factor and multiplying the
power sources
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Drawbacks and advantage of DTL

The main drawbacks of classical DTL isthat the drift tube should be able to
contain aquadrupole. This gives severa difficulties :

D1) Drift tubes are mechanically more difficult to install as the alignment of
guadrupoles should be the better as possible. The DTL needs alarge number of
joins leading to a decrease of the shunt impedance (by ~20%).

D2) Drift tubes are bigger, increasing the power losses on it, and decreasing the
shunt impedance.

D3) Stems are bigger as the quadrupole cooling and power feeding should pass
through it. This induces an other reduction of shunt impedance.

D4) Large tanks induces large sensitivity to RF instabilities (stabilised by post
couplers).

The main advantages are .

A1) its short lattice period (2 BA) alows a small beam size and alarge
acceleration rate.

A?2) Large tanks allowsto feed one tank with a high power supply.
A3) High packing factor.




TL
CC-DTLs

The main difference with the S DTL isthat some tank (or cavities) are coupled.
This allow to feed many cavities with only one power supply. The transverse
focalisation period is adiabatically changing.

— Accelerating cell

Coupling cell

LANL-APT CCDTL (from 6.7 MeV)

This structure appears to be mechanically very expensive and very difficult to
tune. To be followed ...
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Effective impedance

Trace_Win - CEA Saclay - DSM/DAPNIA/SEA

0.35 0.4

. . . 0.3
11 MeV 19 MeV geta 45MeV 63 MeV 85 MeV

DTL effective shunt impedance (* 80%) for ASH project (CEA-Saclay). Note the
differences between figures shown in previous graphs.
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Main Challengein DTL Design

e chose mean electric field minimising the DTL cost (high field : low linac length
but high RF losses).

 keep low peak field,

« maximise the effective shunt impedance,

* good field stahility,

» define tolerances which give no particle losses,

* [ow emittance growth,

e Low sensitivity to errors (misalignment ...) : tolerances calculations,
» Good vacuum properties,

 Easy cooling,

« Easy fabrication and alignment,

e Easy tuning.




The CCL (Coupled Cavity Linac)

Principles

» The CCL cavity is aresonant cavity.

* The cavity isaset of identical cellscoupled by dlits, /|1
» The phase difference between cellsis . cells <
» The excited modein cellsis the TM . /
 Between cdlls, adrift tube without field.
» Quadrupoles are outside cavities.
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The cavity feeding (2)

90

Qext=1200

Qext=1800

Magnetic coupling Electric coupling

The power transits to neighbour cells through the coupling dlits.
These dlits should be optimised for a good transfer.

Q




CCL
The families of cavities

The S of one cavity is defined as the reduced velocity of one particle going from
the centre of one cell to the centre of the following one in half a RF period.

A family of cavity isaset of cavities having the same number of cells and the
same f.. A finite number afamiliesis used to reduced the fabrication cost.

Unfortunately, the transit time factor of one cavity decreasesif the particle £, is
not the optimum one (see tutorial).

The optimum number of cavity families (with their 4.) hasto be found :
High number of families < High transit time factor but high fabrication cost.




Thefocusing scheme

Quadrupoles are placed outside of cavities.
Different schemes are possible :
FODO, FDO, FDFODFDQ, ... every n cavities.

e Short lattice period is better to minimise the beam size limited by the phase
advance per lattice which should be smaller than 90°.

 For H- beam, low magnetic field is better to avoid lorentz stripping.

A low number of quadrupoles increases the packing factor.

Generally, FOFO or FDO schemes are preferred.

=[S

I\ PN

Q
=




The SCL (Superconducting Cavity Linac)

Why super conducting cavities

* Power losses in copper has avery high cost.

» Moreover, the cooling limited capabilities reduces the electric field for high
duty-cycle beams.

* In superconducting cavities, the power losses are a negligible part of the total
RF power. But these losses are not negligible with respect to the helium
cooling system which has avery low (10-3) efficiency.

Principles of elliptical cavity

 The cavity is made of superconducting material (generally Niobium).

* Its shape is optimised for a easy fabrication and surface treatments.

e Itismade in severa cells, in T mode, coupled through the beam path (large
aperture).

* RF power ininjected at one side through a coupler.

 The coupler has to be optimised in respect of the beam current.

 Each cavity is placed in a helium tank.

» Several cavities are placed in the same cryomodule.

 Each cavity isindividually tuned.




TheElliptical cavity

Helium flow

Power coupler—__ ¢

Helium tank

Niobium cavity

Tuning bar

HOM couplers




Electric fiedld lines

B,=05

_H. I

= /.7 B,=065

foe = 704.4 MHz




Cavity field limitation
The energy gain of a particle with f,c velocity in one cavity is defined as::
B A
G= g- Eacc ' n%-cos((pp)

E... Isthe accelerating field in the cavity, nisthe cavity number of cells.

The accelerating field is limited either by the maximum peak electric field E .,
and the maximum peak magnetic field B ... They both can be responsible of
guenches (depending on the surface quality), multipactor (depending on the
cavity geometry).

=27.5MV/mand B

Conservative values are E =50 mT.

peak peak
This corresponds to (order of magnitude, @ 700 MHz) :
~E,. =85 MV/mfor ,=0.5,

~ B = 10.5 MV/mfor S, = 0.65,

~ By =125 MV/mfor 5, =0.8.




Optimisation of the cavity shape

L/2

Canbechosen: A, B, a b, a, Riris, L
(These parameters are not all independent).

Should be optimised :

» Cavity geometrical 3, (Fixed),
 Cavity frequency (Fixed , will be
adjusted with tuners),

* Epea/Eace ad B /E ShOUId be
minimised,

e Inter-cell coupling (~1%).

The Niobium width is the minimum
allowing good mechanical properties:

e Lorentz detuning inside bandwidth
(stiffening can be added),

« Elasticity limit should not be exceeded.




Defor mation study
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. SCL
L orentz for ces studies
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guadrupoles

A typical SCL Lattice

cryomodule

s

 Doublet focusing,

» Given distances are generally fixed (minimum needed).
» The number of cavities per cryomodule and number of cell par cavity

should be optimised.




SC Linac design

 The transverse focusing scheme has to be chosen (generally, doublet
focusing seems to be the best),

» Given distances are generaly fixed (minimum needed).

» The number of cavity families and the transition energy have to be chosen.
» For each section (or family), the number of cavities per cryomodule and
number of cell par cavity have to be chosen.

A synchronous phase law, keeping sufficiently large bucket has to be
chosen.

Thelinac is then generated around a synchronous particle, lattice after
|attice, cavity after cavity. 3 phenomena limits the accelerating gradient :
» The peak fields in the cavity,

» The maximum power that can be injected through the coupler,

e The longitudinal phase advance per lattice that should stay below 90°




. . Choices
Choice of the section

At agiven beam energy, different type of sections are compared.

The cheapest (studies, construction and operation) is chosen !

Studies:
prototyping : the lowest number of section types as possible,
manpower : well-known technol ogy.

Construction :
Building, Structures : highest field as possible,
Power, cooling : lowest field as possible.
L arge number of manufacturers.

Operation :
Electricity : lower shunt impedance, lower field,
manpower : easy technology,
availlability : robust technology.




Choices

Effective impedance (1)

CCDTL (3 diiﬁ tubes)

-CCDTL

zZT?

s

(M)

7-cell BCDTL —

CCL

*&,\l_}’

/

Cnnventiolnal DTL

0.4
4.7 MeV

0.2 0.3 0.4 0.5 0.8
19MeV = 45MeV g 85MeV 145 MeV 234 MeV

Here are the effective shunt impedances of different structures (J. Bilhen, LANL-
APT). These curves, revealing the power consumption in the structures, can be
used to chose the structure.




Choices

Effective impedance (2)

63
$10/mm
38 +- 520t *
53 Transition
S \*\ SDTL-CCL
8 8B4 l
é-‘: 43 3 \ !
. 30 mm
E . \ | ¢‘ $40 mm g
Nﬁ 33—; ;
28- ' 1\
o T CCL 950 mm  $60 mm
N ]
11 SR S oS I I S—— I E—
0.2 0.3 0.4 0.5 0.6 0.7 0.8

19MeV 45MeV 85MeV  beta 234 MeV 375 MeV

Here are the effective shunt impedances for TRISPAL project (C. Bourra,
Thomson). They have been chosen to set the transition energy between sections.




_ _ Choices
Normal conducting or super conducting ?

Power : Cooling a cavity hasacost (at 2K, ~500-1000 W per W deposited
In the cavity) which has to be compensated by the gain obtained from
chosing SC rather than NC.

NC arelimited in field by cooling capability.

SC field filling timeislong (afew 100 us, depends on beam current)

Technology : SC is newer, needs higher qualified staff, needs better RF
control, needs more RF power, is more difficult to align BUT has alot of
manufacturers, is very stable (cooled), is shorter, is more acceptant in term
of beam dynamics.

= SC ismoreinteresting with alow current, long pulse (or cw) beam




0.8 section length

p

.. Choices
SCL optimisation
Some parameters can be optimised to reduced the linac length or cost
(which are not necessarily compatible). These parameters are :

* the number of famillies, their geometrical beta and the transition energies,
* the number of cavities per cryomodule and their number of cells.

The optimum strongly depends on the maximum field and maximum power
P (correlated to the beam current |) limitations.

ample of beam length optimisation of a 420 - 1330 MeV [3=0.8 section :

2;8 77777 \ 7777wr7777\T7”Max Power/cavny P 77777 ‘Numba’ofcellspercawty 2% i i Max. Power/cawty P ‘Numberofcdlspercavlty
T | | Beam current : | | —— | Beam current : | -
SO I || |=skwima ""T""""T_._if OTTET TR ei=wokwma | ‘51'
290”7777:777 7T7777T77’100mA->600kW 7777777777777777 47 : : 100 mA -> 1 MW g
280 T -~~~ " "\~~~ T~ ]75mA -> 450 kW ) s B B i < 2107 [ [ 75 mA -> 750 kW ]
e ] | | |
N L L EREE S P CRREE EEPPEEEREE EER 2 20
250 | | | | | | | ,§
2407 2 190
230 1 iy
220 180 A
210 7
200 1 170
190 7
180 160
3 4 5 6 7 8 9 10 1 12 13 2 3 4 5 6 7 8 9
Number of cavities per cryomodule Number of cavities per cryomodule

P/l =6 kW/mA P/l =10 KW/mA




Beam matching

At each time the focusing scheme (transverse and longitudinal) is changed,

the beam has to be matched between both structures.

There are basically two ways of matching the beam :

» Using adedicated line (Examples: LEBT, matching line between RFQ

and DTL)

» Changing some elements characteristics at the transition (Example::
Between two SCL sections)

Matching




Matching
The LEBT (Low Energy Beam Transport)

A cylindrical continuous beam is matched from the source to the RFQ.

There are two transverse parameters to match, one needs at |east two focusing
elements

IPHI LEBT




Focalisation with a solenoid

ll\\i\“ﬁ\‘l\“\f
LALLILN L)

Matching

B
Beam
I
Input: B=B,
F<vVvB
Middle: B = B,

Xx<0

Beam transverse rotation :

V, o< V-B T

x>0

FOCVJ_ 'BocV.BZ I

Beam linear focusing




Beam matching to the RFQ

Matching

Two solenoids are required to match the beam (2 Twiss parameters should

be achieved at the input of the RFQ).

- 0,14 m
0,12

0,1

0,08
0,06
0,04

0,02




Matching the beam from RFQ tothe DTL
The beam coming from the RFQ should be matched to the DTL.

Matching

A matching section is used. It should contain at least 4 quads and 2 bunchers.

Their values are automatically calculated by an envelope code.

Why ?

6 Twiss parameters have to be matched (B and o en x, y and z directions)

RFQ

Buncher 1

<4+“—> 4+—r<4—»>
I 4 I 4
A | A |
QF1 QD2 QD3 QF4
Buncher 2

DTL

A matching is easier and lead to less emittance growth if the transverse and
longitudinal phase advances per unit length are the same in both structures.




Matching Section : Envelopes

H-rp [min-mrad]

- [mim-mracd]

&
0

s 0o = 3 2

1 2 3

E=5.025MeV Phaze=-45000 deg Wmax =2.338 mim Ymax = 2.243 mm

RFQ output

H-¥p [mm-miad] - [mm-mrad]

Matching

0.0a

0.06
0.044
0.024

-0.02
-0.04
-0.08
-0.08




Matching Section : Multiparticles

Fichier : part_rfg.dst

KMp [mmemrad]

NGDOD = 99230 / 99230

v [mimemiad)

Cell: 0

Fichier : Dil.ph

X-Mp jmmemrad)

Matching

NGOOD = 99230 / 99230

W' [rm-mend)

30 + ' - 30
15
20 10
10 s
a o
-0 5
-20 a0
a0 30 e
-4 2 i} 2 4 £ 4
Phrimza-Enenge |deg-ke']
018-
042 4
Z
0
e
01z i AN 4
016 - i S
i i ] SRR
-50 0 a0 e

E=5.025 Me Phase=-08 545 deg

Kmax =3,302 mm YmEx = 3453 mm

RFQ output

Phiage-Ererge [deg.eV]

|:| 2 i - el

E=5.025 Mey Phase=-44 939 deg

0 50

DTL input
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: _ Matching
Matching the beam between SCL sections

The matching between two SCL sections (with different cavity lengths and
number of cavities per tank) isrealised by adjusting quadrupole gradient and
cavity phase or field at the interface.

After the matching, as acceleration rate has changed in some cavities, the
phases of al the cavities should be readjusted.

This procedures are realised with envelope code and verified with PIC code

CEA Saclay - DEMIDAFNIAISEA

CEA Zaclay - DEMIDAFNIAZEA

'''''''''''''''''''''''''''''''''''''

0 50 150 250

Non matched beam Matched beam
Demonstration : ESS/Concert accelerator with TraceWIN.




Space-charge
Space-chargeforce

Force between beam particles

In beam frame, it isinduced by electrostatic field

N —>

E@)= Y ey 2 LT

4 e | N

and E(F)=-VV

Back to the lab frame, it is reduced by afactor :
1- B2 =1/y° (due to magnetic field)

mmd Defocusing effect
=) Phase advance reduction




.. . _ Space-charge
Electric field in a homogenous cylinder

4d|/y |
" R -Bc

P

Gauss theorem :

E,(r)= T Linear force




e . . Space-charge
Electricfield in a gaussian cylinder

Adl/’ —r?
/ | 207

p(r): 272'0'r2,BCe

E

r

Gauss theorem :

ijﬁ(r).d:c,:éjvﬂp(r).dv

ome, - o r Non-linear force




Space-charge
Equivalent beams > ’

* Two beam are equivalent if they have the same current and the
same RM S parameters (emittance, Twiss).

 Their dynamics (including space-charge) can be linearised and
modeled by the same equation : the envelop equation used to
match the beam

Example of equivalent continuous axisymetric beams.
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£ 1 2051
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027 k 01 — Triangulaire
0 1 ‘ 0
0 0.5 15 2 0 05 1 15 2
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. . . Space-charge
Emittance growth : filamentation

When the confinement force is non linear (multipole, longitudinal, space-charge) ,
the particle phase advance depends on the oscillation amplitude A

o =0(A) d2\2v+ k,(s,w)-w=0

This phenomenon is known as the tune spread. S
Particle do not rotate at the same speed in the phase-space : possible filamentation
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