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INTRODUCTION AND GENERAL PRINCIPLES

1) Definition: A linear accelerator (linac) produces energetic
particles by acceleration in a straight line. But here only
accelerating structures that support time-varying electric fields.

2)Merits of Linear Structure: Capability for producing high
energy, high-intensity charged particle beams of excellent quality.

breakdown, radiation, focusing, resonance, inj&extr. ,CW

3) Two categories: traveling wave and standing
wave, induction type 1s excluded 1n this text.

Typical traveling-wave: Disc-loaded wave guide
Typical standing-wave: Drift tube resonator

The RF frequency ranges from MHz to GHz ( 10°-10°Hz)



S
2a

.-

T T -HREL

L = cell length

Fig. 1 Disc-loaded traveling-wave linac

=l tem axial etectric field in the gop
-

4 |-

7 [l]l'_'IDE:]
4

RF o o
generator PAo

1N

———
———

gap deift tube
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* PARTICLE ACCELERATION IN RF FIELD

Particle

Accelerating
Bunch Field
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Fig.3 Beam bunch 1n accelerating field

Traveling-wave accelerating field propagating in +z direction:

E.(z,0) = E(2) cos{a)t —jk(z)dz 4 4 (1)

z

(4]

Phase velocity of the wave: v,(= =, 1= [v(z)dz To keep
acceleration the velocity of a charge q sholild be always equal to the

phase velocity. So the energy gain of the charge in length L 1s:
SW =g j dzE(z)cos(¢) = gE,L cos(¢) 2)

The particle 1s called synchoronous particle, and ¢ is called synchro-
nous phase, noted as ¢.. E, is the average accelerating field on axis.



In the case of standing-wave, electric filed on axis 1s :
E_(z,t)=E(z)cos(wt + @) (3)

Wave does not propagate while particles moving forward. To avoid
the deceleration, tubes are added to screen the particles from the

decelerating field, as shown 1n Fig. 4.
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Fig. 4 Accelerating field in the gap between the tubes and the
decelerating field 1s screened within the tubes.

The distance between the two gaps L=vI=p4 , for synchronizing the
particle motion with the wave oscillation. In contrast to TW continuous
acceleration, the SW acceleration occurred only 1n the gaps.



A particle of charge g gains energy in one cell of L 1n length:

n
oW =gq fE(O,z)cos [a)t(z)+¢]dz (4)
“
7
or oW =gq _[E(O,z)[cos @t cos ¢ — sin @t sin ¢ |dz ®))
7
oW =qE,TLcos¢ (6)
Here E, 1s average axial electric field in length L, and 7'1s defined as
% 7
j E(0, z) cos wt(z)dz j E(0, z)sin wt(z)dz
TE_% - —tan¢_% 7 (7)
j E(0,z)dz j E(0,z)dz
Ly iy >

T is called the Transit-time Factor and £,7 the Accelerating Gradient.



When the change of the particle velocity in the gap 1s small
compared to the initial velocity v, t=z/v and then wt =2nz/p/.

L

fE(o, z)cos( 27z / BA)dz

2
r= % (8)
j E(0,z)dz
_% Lk

In the simple case that the field isin a
square profile, as shown 1n the plot,

9/2 0 972
T can be analytically expressed as: Fig.5

7 sin(zzg / L)
- 9
(mg/ pA)




Considering the field distribution in the transversal and longitudinal
directions 1n a gap with a bore radius of A, an approximated

expression was obtained as:
._.’, ‘ pans S —

[, ——— Fig.6 E field distribution near tube

T s1n(7z,g /LC)>< 1 (10)
(mg'/L,) )i (@)
L

Here g’=g+0.85Rc, with Rc as the inner corner radius of the tube. Io 1s
zero-order Bessel function of imaginary argument (7 (x) ~ 1+X? ).



- BEAM DYNAMICS

1, Longitudinal dynamics

We need to consider the other particles in a bunch, in reference to

the synchronous particle. Larn
OW —OW_ =qE Lcos¢p—qE Lcosg, =1 J,
(E,=E, for TW, E,=E,T for SW). A jtoaat /
[_Eiur’r:yI '
diw —-Ww Particle
) gk, osp-cosd) (11
Z )
d w,1 1 :
—(p—¢)=—(———) 71 r-r oy Fig.7
dz c B B ( B B r-ny: B )
_ 2z 1 (12)
A me® By
Finally, we have: d 27 gE
Y {ﬂﬁxj— }: fq 2-(cos@ —cosg,) (13)



After the first integration:

L [ dADT _ 27 gE, o
Eﬂs%[ dz} == o (sing—gcosg+C)  (14)
Substituting Eq.(12) into Eq.(14) yields:
27(AW)’ o B
25 ame +qE (smg—g¢gcosg +C)=0 (15)

C is a constant which defined by the r
initial condition (AW, ¢;). One C valu@cket

corresponds to a trajectory of a particle
in (AW, @) phase space. In Fig.8, at the
top, the accelerating field as function of
phase, the synchronous energy gain Ws
shown as a broken line. Next, phase-
plane trajectories including the
separatrix, and at bottom the effective
potential well.

Longitudinal focusing requires ¢.<0.



The separatrix intersects the positive side of the ¢-axis at the point
o,..= @, where ¢, <0. At this point, we have from Eq.(15):
C=sin ¢.- ¢.cos ¢, (16)
This C defines the separatrix curve in the Fig. 8. The value ¢, ., where

the separatrix intersects the negative side of the ¢-axis can be found by
numerical method: ¢, ;. ~-2| @, |, when | @, | < 7/3. So the separatric

phase width 4 is:

2| ¢, | <=4d<=| ¢, | (17
Separatrix dependence on synchronous } aw
phase:

é.=0: Ap=0, 3W-max, but rf bucket=0.

b.=-90°: A¢-max:(-3w/2,1/2), but no
acceleration.




When ¢=¢, the AW reaches its maximum on separatrix:

AW, ﬂ[ﬁfﬁimczqizmws cosg, —sinm}% (18)
which is the AW limit for a particle to be captured in an rf bucket.
&.=0: AW =0, acceptance=0.

A ]
¢S:_900: AWmax_max; AW o = 2|:/Bs37/s3 EmCZQEm :|A

@, selection :

d.=-90° gives largest acceptance in longitudinal phase space. But no
acceleration. (It 1s used at the injection section of a linac for a DC

beam).

Usually, ¢~-30° for acceleration regime.



Let’s linearize the motion equation Eq.(13) for the case A¢ <<I.
Making use of the relation cos(p,+Ap)-cosd, ~- A4 ¢psin ¢, , Eq.(13)
becomes:

3,3 d’ 27 (qE,, .
ﬂSV{dng¢}:_ P (mcz Sln¢sjA¢, (19)

or 1n harmonic-oscillator form:

AP | 12pp =0

dz* (20)

RV
with &, = {— 2L, Sin ¢S} ., defined as longitudinal wave-number.

Amc* By

w,=k 1s known as synchronous frequency.

From Eq.(20): A¢ =(Ag), cos(k,z+a) (A¢),, o: on initial conditions
kAB y mc’
2

. . (A (AW
Ellipse equation in AW-4@ phase space : ( + =1
pre™d pphasespace: o T amy

From Eq.(12): AW =(AW), sin(kz+a) (AW), =(A9),




The area of the ellipse=m(4d¢ ). (4AW)_=constant , according to
Liouville’s theorem.

constant
(AD),, = - Ag) - constant
[qumCZBSy;”k sin(—¢,)/ 2“% or (49), [ By % (21)
AW By B, AW
A D A D
Fig. 10

This is called phase damping caused by acceleration.



2, Transverse dynamics

(1)Transverse RF defocusing

There 1s an electric defocusing across the

RF accelerating gap for the reason that E(t) 7
increases with t when ¢, <0. Z
(2) Field analysis near the axis Fig. 11

Maxwell’s Equations

P P 19(1E,) dE, _
for TM mode: S+ =% =0 from (

A

II‘

V-E=0),

3z or ot 0 ‘
9B, 1 OE 1 3E (22)
—_— T - Yr
2~ 5 fom(VxB) o
19(rBg) 1 @E, =\ _ 1 0E
T or LT m(v"ﬂ)z"éf_aﬁ'



Ez is independent of r near axis

\GE

From the 1st one: B, =-—i-j rdr, or Er=_aE:£_ ﬁ?_r=_laﬁz
dz 2 ar 2 oz

From the 3rd 9By __19E _ r 9 0E, or B, =LzaE‘.

one: 2z o 2%z A 2¢? o

Assume the standing-wave field forE, — — — — — — — — — —

near the axis looks like ] (

E,(z,t) = E_(z)cos(wt + ¢) (23) 1° alz)

_~E
Then the field in r direction can be _/\ z

deduced, as Fig.12.
Elr
Focusing ‘ ‘ I
F1 g. 12 YDefocusing




The momentum impulse near the axis is:

Lf2

_ _BcB. )2 a2 f9E;,  BOE, dz
APy 'q-[-u:(Ef HCBE}BC_ 2 ~uzr[—a_z£+c t ][E':c
or qr ¢r/2 | dE 1 PB)oE
Ap, =———[ | =] —-F %2 g
Pr 2Bc -“—L/Z{ dz (Bc cj ot } ‘ (24)
by making use of the relation: dE, 9F, , 19E
dz odz PBc ot
In Eq.(24) 9E:term vanishes when E, extends into the zero-field
dz
regime 1n the tube, and thus we haxre/ B—1, no RF defocusing
_ gre vz oo .
AP, =~ [, @=B"E,(2)sin(wt +¢)dz §25
_ Qro gLz :
or Ap, = e j_L/ZEa(z)sun(mt+¢)dz

Making use of sin(wt+ ¢) =sinmtcos¢+coswtsing , and considering

E.(z) 1s an even function about the gap center where we set t=0, we get



2 Zy c*

Ap, =— qrc;) ~sin ¢j_LI/,2n E,(z)coskzdz
Finally, introducing the definition of E, and T, and substituting

p,=mc[vyr’, we obtain
ngdE,TL sin ¢ .

A ") = — 26

(YBr') me 27‘~B 2'Y2 (26)
This can be written as:

dByx’ _AByx' _  mqE,Tsin ¢ «

dz L mc 27\-B 2y2
o 1 d ki
— —  Byx'- L x =1
5 2P 27)
with k% = - 2nQE,TL SIN ¢ defined as longitudinal wave-number

mc*AB*Y’  in Eq.(20)



(3)Quadrupole focusing in a linac

Ideal quadrupole field has a constant

field gradient:

G - 0B, _ 0B,
oy OX

Lorentz force on a particle
moving 1n z direction at (X,y):

F =-qvGx,

F,=qvGy. -
And the motion equations are: 422 +K

where \qG(z)\

K(2)="——

— (28)

*(z)x=0

Fig.13 Quadrupole magnet

2

d’y k*(z)y=0

dz?



Fl i ol i |F] i |D
Including both Eiap — Eiap G
quadrupole term and RF Fig.14 FD lattice with accelerating gaps
defocusing term,we have:
d’x k2 dy k; (29)
—+k(Z)x——Lx=0 —= -k (2)y——L2y=0
dz’ (2) 2 dz’ (2)y 2 Y
The equation can be expressed in a normalized form as:
2
% + [OSF(r) + A]x =0 (30)
T
Where 6 = qpGA” -- dimensionless quadrupole strength,
ymc
A= M9E,TASING  __dimensionless RF defocusing force.
y’mc*p
T=7/BA

F(1)=1,0, or -1 -- periodic function



Matrix notation 1s more

TN §RHR M pproximation of RF defocusing:
1 AX'"  =mgE,Tsin(-¢)

- - 2 3 2
1, X By mc

STABMLITY
BOUNDARY

The transfer matrix through a period:

P=F,,LGLDLGLF,,

E - cos(x!//2) lsin(1<l/2)]
1/2 — K

| -ksin(k//2)  cos(xl/2)

i 1 .
cosh(x/) =sinh(k!/ 10 1 d
| ksinh(x/)  cosh(x/) /e

Stability condition: Tr|P|= |P;+P,,| <2

and phase advance in one period:

(31)

2 _ [qGEL:r _ 4mqE,Tsin(-¢)L?

® = moB) T mea(r



3, Space charge effect — electromagnetic interaction between

particles in a beam-repulsive

« High intensity linac has space charge effects which may result in
(1) A large beam radius(Fig.16); [

(2) Beam emittance growth(Fig.17);]

(3) Beam halo formation(Fig.18);[B>]

(4) Beam losses.

Usually i1t becomes limitation of beam current for high intensity
machine.

* In the moving frame with the beam, one particle sees only
electrostatic repulsive force from other particles, which can be
expressed by Coulomb formula:

E=—"1_
47, r
While in the lab frame, the moving particle form currents which
are attractive with each other, and thus the Lorentz force 1s:

Fr ZQ(Er_VBQ):q(I_ﬁz)EV :qEr/7/2
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(2) Beam emittance growth-nonlinear space charge force
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So the transversal equation of motion in x-direction 1s:

d’r qE,

dt > a
The field 1s dependent on the particle distribution. For uniform
cylindrical beam with of DC current, as a simple example:

- I

" 27e ,¢fR’
with r<R , the beam radius R. In this case the transversal motion
equation of a particle 1n a linac becomes:

E

r

—+x(z2)r——r——r=90
; dz’ () 2 R’
with K = c — , called as generalized perveance.

27me yme By
For 3D uniform ellipsoidal distribution in bunched beam,the field is:

3D(1-f) «x 3AM(1I-f) vy 3IAf  z
E'FF = ¥ Eﬂ T om
41rEnc(rl +1, )rI T,

Eg=

anec(r, +1,)r, T, 4ME(CT, T, T,

with f: form factor, rx,ry and rz: the beam radius 1n X,y and z.



4, Dynamics codes ( examples)

DRCin/ICCLHIN: 1~ 1la

rDUOuUIl i/ IOUIN. 1011 CALI ClbtlUll DllllLll L1uUl11l 11

-
"§
-
-

0

electrodes. Electrostatic field from electrodes and space charge can be
generated on meshes by numerically solving Poisson equation. Ion
rays are generated from the plasma and then traced through electrode

system of LEBT.
TRAJECTORIES AND EQUIPOTENTIALS
60 KV 0kV 56.9 kV 0EV ; 588 kV E 0EV 0EV

0

I3

B & 8 10 12 14 16 18 20

Z—=axise
PLASMA | = 0.056000 A. TARGET | = 0.0386 A, Perv = 2_601E-00

Source FINE MATRIX RFQ

EQUIFDTENTIALS -
outlet X8 L EMIETTANCE PLOT entrance

W

-
=
=
rad)
1

200-00 10

-

Extraction
Electrode Electrode

-4

R



PARMTEQ: beam dynamics design and multi-particle simulation for

Radio-Frequency Quadrupole linac(RFQ), with 2D space charge

effect (in PIC model).

Parameters design
with CURLI and
RFQUIK codes

Cell design and multi
particle tracking with
space charge, with
PARMTEQ code

Q20
J.dJ

2.5

1.5

0.5

30

x_cm vk cell_number

Manufacture vane

curve generation
with VANES code

4650

— 9 RO [T
0 e P T :
\ S 17 = i
\ 7 16 11 Il ! MR 1.5
W 1e . et “"%:um ‘;'m
N | 1o - .
/ T 11111 11 e i
= d— L VRNV
00 200 0 100 500 734350 4400 4450 4500 4550 4600



PARMILA: an 1on beam-dynamics code that performs two tasks:
generates an SW linac and then transports particles through the linac
with 2D space charge effect (in PIC model).

Beam loss --- lager bore radius

RF field design for
sample cells covering
energy range for inpu
data preparation.

Linac cell generatio
for synchronized

particle in longitudin
dynamics.

Multiparticle track
through all cells with
transversal focus

Power consumption --- tank separation



TRACE3-D: an interactive beam-dynamics program that calculates
the envelopes of a bunched beam, including linear space-change
forces, through a user-defined transport system.

Perform beam match function between different accelerating
structures. s e o, et o o
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TRACE3-D: an interactive beam-dynamics program that calculates
the envelopes of a bunched beam, including linear space-change
forces, through a user-defined transport system.

Perform beam match function between different accelerating
structures. e - tm PEAN AT MELi= 300
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Summery

1, Synchronism condition: | L=vT=pi for 0 mode (or BA/2 for = mode)
2, Energy gain in RF field: _

3, Transit-time factor: -

and stability -




[.inac Structure

Contents

1. Slow-wave structure
2. Figures of merit of a structure
3. Standard linac structures

4. Design codes of linac structures



1, Slow-wave structure

Problem:synchronism condition requires v =v, but in a uniform
cylinder wave guide v, > ¢, according to the dispersion relation:

Ao
@* = (Ke)* +(ke)

Vph »C
where K 1s the cutoff wave-number for o Von=C
the TM,,; mode. o

Q) c
Vp = — \'F = r:-:-=2_—2l =C
K, I-(Ke) /o - -

Solution: periodically loaded wave-guide

Floguet Theorem: one period difference of field is exp(jk,d).

E.(r,z,t) = E,fr, 1}6““'1‘“‘} W
where E4(1,z) 1s a periodic function of d, and
can be expended 1n Fourier series: I I' |I H i

Ey(r,z)= ian (r)e~Jemz/d
n=—ss —



a (rn=E_J,(X,r)
K2 =(w/c)* ~(kq + 270/ d)*

E,(r,z,t)= ZEHJO(Knr)cﬁ‘“‘““ﬂz) . Space harmonics

n==—oco

We define the wave-number for the nth space harmonic as k_=k, +.2_’a':ﬂ

The phase velocity for the nth space harmonic 1s

o0 By
n — —
k.c 1+(nPA/d)
Pass band: wy-w
i
A w
W p r C
i
Cidopy ﬁ_;’ .
. _,_,--"""' e [ —= - . -
W {_] - 1 “"-,_H ~ | - N - I "‘Hx
' - n \ | ~ . _
n=1 = —1 . n=0 A n=0 . on=—1 n=1 1 s n=—2
\._\ --\..___\___\-- ] "’--k \-'\. | .\x
- . - H'”'“L.h Vph W - : . T B - TS
T’f L Al ! . ph— T Vg -
I - Gy —
'\-\._\_\__ ______— .-(:
| ! ~ /T | n
1 | i | -
2T i ] i i 2T 3T
| I 21 I |

do
Group velocity Vg = dk It becomes zero at the ends of the pass band.



JE k1

177777

N —

=0

Structure mode for n

harmonic:

cell-to-cell phase shift
ko d=0,7/2,27/3



2, Figures of merit of a structure
1) Quality factor: Q=wU/P

2) Shunt impedance: 1, =Vg/P
Peak energy gain: AW .o =qE,LT= q-ﬁr.Tl)P :

Effective shunt impedance:

e AW T 1 [ETL]

T = ‘I":['2 — [ q } ) — P
Shunt impedance per unit length:
7<% Eo 712 = ED [Mom™|
L P/L P/L
3) 1/Q: T _(V,T)
Q oU
4) RF power efficiency

n=P. /P, , with P,=I'AW/q, P =P+P,



Scaling with RF frequency

Let E, fixed, AW fixed, so Loc f°, and thus T ) Eoc fV, B o {0,.

S o -1, Vo« £ 2. Consequently, we have:

-

2 -1/2
p=Rs/B dAoc{f

2

Q

_E,TL _ {f'”2

ZT2 _ {fl

f¥2 normalconducting
f2  superconducting

Ho

normal conducting
f?  superconducting

normal conductung
f'  superconducting

normal conducting
f sup erconducting

normalconducting
f'  superconducting




f =1.643E> exp(SSJ Ek: the maximum surface field.
Ek
45
40
39 /
=30 |
=
—95 //
=20
=15 | /
10 |
5 |
0
0 500 1000 1500 2000 2500

f (MHz)

Design field levels for modern accelerating cavities are
typically in the range from 1.0E, to 2.0E,



3, Standard linac structures

1) Wideroe linac:  a m-mode SW structure. At 20-100 MHz

+V

Jf) )
ﬁ DM O
i !

) W B, T—d T— EJ (V=const)

2) Alvarez DTL:
a 0-mode SW structure. At 200-400MHz

@-’Vré+ e

RF
generator

+

-
.

— __._.':l-l
LI+

B
b+

i

@b



’ ., . o B edA
Faraday’s Law: ng'df—-ng dA. .

/ l +|1F {1 FTHAFTHE F A

LE‘dE=EDB?‘-- _haa_lj.ﬁid}::_jm-
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constant.

The currents flow longitudinally on the outer -— « <
walls and on the DTs, and everywhere 1n wl I e, < B S
5 nlE e +

phase. Conducting current on DTs and

displacement current between DTs. o .




Summary of DTL

Applicable to proton or 1on with 0.05<3<0.4
Advantages:
High ZT? due to open cell end
Strong focusing with Q-magnet in DT
Disadvantages:
T& ZT?decreases as 3 increases
T& ZT? decreases at low 3 when aperture is fixed
Focusing vanishes at low 3 ( no room for Q)



3) Coupled-cavity linacs

For electrons and protons in the velocity range of about 0.3<3<1.0

Side-coupled linac used
at LAMPF, LANL

BEAM
CHANNEL

Operated 1n ©/2 mode for
cell-to-cell field pattern,
but m mode for beam. acceLEnaTING

CAVITY

COUPLING

CAVITY Flg 0

bw zero group velocity

Biperiodic structures-

A coupling
turned for confluence : \ cells
Tuned for
conﬂuence

acceler‘utm

9
7‘(_\1

[

|

|

|

|

|

i
il
L

finite group velocity

So, stabilizing post 1s
added in DTL to form a
biperiodic structure.




Long couplig call
cell longer than A

4) Coupled-Cavity DTL (CCDTL)

A combination of CCL and DTL
structures ==y

The accelerating cavity is a short
0-mode DTL i

1t/2 structure mode

E field is out of phase between
adjacent cavities (m mode for
beam).

Z7T? is higher than DTL

(Q-magnet is out of the cavity




5) Superconducting structure
Why superconducting

B =

SCL Superconducting
Frequency 425 352.2|MHz
Q 2.80E+04| 2.00E+09
beta 0.44 0.50
Beam bore diameter 16.00 94.4|mm
r 38.00] 2.22E+05(MQ/m
r'Q 1357. 110./Q/m
I 30. 30[mA
E 2. 2IMV/m
n 0.24 0.644

The static losses in the cryostats (to be added for the superconducting linac) can be dominating.



5) Superconducting structure

(1)Elliptic cavity

M
\

5 cells cavity Beta=0.38
5 formaggl

Elliptical cavity chain made of
Niobium at 2-4.2 K. Working in
7 mode

45
\ \J j |
2214 2188 200
Niohium
Vent Pipe i Cavity  Quter Helium Vessel
| Level Sensor Port
Adjustable e
Strut Inner Helium
Vessel
i ) runer
,‘_I.’ e 2 .‘
RF Pick-up
Part
RF Drive Port

Titanium Welded
Bellows



5) Superconducting structure

Design Consideration:

1. Esp/Eacc Z/N——PiiEmBURS . IRF B F 153 s

2. Bsp/Eacc B/N— —Pi1k R

3. Cell-to-cell coupling kX ——3H 4\ ) Fa %€ 14 (1-2%0);;

4, WAK———BHRRFIBP K (L2 =20—30);

5. MLBEE E I — — F&{% Lorentz detuning factor K &

F B Microphonic S

(K—16Hz/ (MV/m)2 @ B=0. 5)



5) Superconducting structure

Cell Geometrical Design

« Full parametric model of the
cavity in terms of 7 meaningful
geometrical parameters:

v Ellipse ratio at the equator (R=B/A)

v

Ruled by Mechanics

Ellipse ratio at the ins (r=b/a)
Epeak

Side wall inclination (o)

and positicn (d)

Epeak vs. BEpeak trad=zoff and
coupling k

Cavity irs radius Ry
Coupling k

Cavity Length L

B

Cavity radius D

used for frequency tuning

Behavior of all e.m. and mechanical
properties has been found as a
function of the above parameters

Firi




5) Superconducting structure

(2) Spoke cavity

1&[3 0.17 Coupler Port
5 R LR s _—
JST%#, 350 MHzI1) Spoke JI&# \

B 45 700 MHz (116 368 5
ZZMNZ

ML AE SR R AS , DHHTT
ISR B N AL A 2
VRS e 1) HE S AE 3 7 VEAE Spoke (2X) T~

Vacuum Pump Out

RF Pick-up

P(Kt

Spoke



5) Superconducting structure

Multi-cell spoke cavity and RF focusing spoke cavity

Boam =
Eoo =273 MY/'m
Byivger = 200 mT
Bo,.= 38 mT

Ak mT

Thicker Stem=s

Femodeled Resonator

Elongated beam Ends

aperture reduces peak
surface fields and
cavity capacitance.




6) Radio-Frequency Quadrupole (RFQ)

The RFQ accelerator 1s a very
particular 1on linac because it
accepts an unbunched (continuous)
beam, bunches 1t, focuses 1t and
accelerates 1t. It 1s the best one 1n
the low energy range, from a few
keV to a few MeV per atomic
mass unit.

The operation principle of the RFQ Yt
1s explained with the figures.

It shows an alternating gradient
focusing electric field in transverse
direction.

. . . ; . loaded cavity;
Electric focusing —velocity independent mode TE

hd I +* [
3 sin (wt+y)



Pole-tip modulation Tf" il H‘EHW P
creates a longitudinal it
electric field component ‘

for acceleration. ma 99— 5.,}

rrrrrrrrrrrrrrrrrrrrr

a0 0.1 02 a3 a4 o5

Near axis, only electric
a = minimum distance from axis

ﬁeld Laplace ma= maximum distance from axis
tildﬁ) 1 82U 82U 0 m = modulation factor
4+ — =
o

+ =
roor oot 977

The general solution:

I/ n n [
U(r,0,z) = 5 (> A4, Tl cos2nd+3.> A, L, (lkr) cos2nd} cos lkz]

The lowest order considered:
Ur, 9,2) = g[Am % cos20 + Ay (kr) cos k]

m* —1
mzlo(ka) + [y (mka) ’

with 4, =

|
Ay = 5 [1 = A4jgLy(ka)] = %
a a



AV + Ayl (ka)V =V

x-focusing efficiency A, - accelerating efficiency
U V
E =-— o= 3[2/1{,1 r cos2 9 + kA1, (kr) cos kz|
Ey=- 1 c;f; =V Ay sin29
p
U v AWs = qE,T/ cos ¢, ,where E = 2A,,V/ BA
EZ - — aﬁ - E/{Al“[{](/{r) Sl[l ){{Z .
- BT—E,{, not good for high energy
4-section design: CELL MUMBER
" a T; 119 135
o Radial Matching ~ LIE/ SHAPER GENTLE BUNCHER ! ACCELERATOR
- | 1
T A e A A A ATATAYAVAVAVAVAV AV
i Shaper E ’ T AAAAANNNANNNANNANNN]
y 3 :
* Gentle Bunching ol T e 3% e

VANE LENGTH (CM)

Acceleration



4, Design codes for linac structures

2D code- SUPERFISH 1n x-y or r-z coordinate systems.
It includes several programs for automatically tuning

accelerating cavities.

DTLFISH - DTL tuning code

L2

Drift tube

Beam axis

TITLE

Sample problems for tuning drift-tube linac cells.
Resonant frequency = 425 MHz

ENDTITLE
PLOTTING
PARTICLE
FILEname prefix
SEQuence number
FREQuency
LENGTH
DIAMeter
GAP_Length

EO Normalization
CORNER radius
INNER nose radius
OUTER nose radius
FLAT length

FACE angle
DRIFT TUBE Diameter
BEAD radius
GAP_Change
STEM_Diameter
STEM_Count

BORE radius
PHASE length
DELTA _frequency
MESH _size
INCrement

START

Off
H+
TEST
1

425
6.075783
43

1.1
4.4
0.5
0.325
0.325



4, Design codes for linac structures

MDTFISH-multi cell DTL modeling

"CENG =50, UH1=0.6% BRE=1.1,5RI4%6TE=1.3.% ¥ = 324.06439 Muz
l l l l | l

vl — L
s — _ ]
490 — ] T — asp
g — i — &gp
250 —| i — 310
1M — — — 3D
250 — 7] T — : : — 4D
i — — 2D
150 — — 130
1M — I 100
w0 —| — w0
o

[ | | I | | | [
o 100 200 MR 491 Wi GO0 T QR
E:ADO1ThAUTF RN ARl AN 9-13-2006 17:4R:D4



Examples of SUPERFISH cavity tuning code

Sample Tuning of Radio-Frequency Quadrupole Cavities Freq = 351.008

PLOTting OFF

PARTICLE H+

SUPER Conductor 2 9.2 1.00000E-08
HALF _cavity

FILEname prefix  82B

/

/

/!

/)

)
—
o e

/

SEQuence number 1

FREQuency 700
BETA 0.82
DIAMeter 40.04

EOT Normalization 5
CORNER radius 5.156

WALL_Angle 7
Fig. 18 One quadrant of J
a RFQ cavity DELTA Boney 001
MESH._size 0.2

FTP: PC-AOT-1.ATDIV.LANL.GOV oo

User name: SFUSER
Password: ftpsuperfish



3D code-MAFIA 1n x-y-z or r-d-z coordinate system

maoE 27 BIFARAGL = 18038004 VERATOH[VA 168] | USERSSDRSTCHTIMAELLY DR TRRE 74 BLFIEA0L = 104633 VERSTCNIYA 106] | FUSERS/PROTCH/ TUNERRTGD TRC
+FREGUENCY HE }.3302870400000E+08
SOLTHIN ERRCR GF  GURLAUAL-E b 1661301817341R-01
WA EMOR OF  CURLOURL-E 3 0DL3SETITLONIE-0F

AHALTHIN ERROR OF DIVERGENCE-D L 3LA04EATTAGIR 06 TINE MARMOHIC MAGIETIC FLUX DEMSITY IN WS¢ D PLOT OF THE MATERIAL DISTRIBUTION IN THE KESH

# 3DARROW FVOLUME
COCRDINATES /N COORITHATE S W

FULL RAMGE / WINDOW UL, FAIGE [ WINDOW

2| o 0000,  oouo00) x 0.0000; ©.10000)
| a.ooes, o oooo] T oo, o oo
L & 6008, 0 10806] Tl 00000, ©.10000]
| .o, o o000 [ 00000, 100001
2] =0.0:300, 1.1=83] = 0.pono, 1 1R8N
[ -9.031300, 0.20480] i 00000, 0.43931)
SYMBOL: B_1 EYMBOL: LFILE

TIME. L. 0000 TINE a,.00608
KAE. ARFCH T.3¥E-0B HATERIALS
iTERCIATE.

LOCEOALE. . = 0,00

¥

RFQ end region RFQ cavity with tuner



3D code-HESS for microwave transmission and cavity resonant mode

e

RFQ end region

RFQ input coupler.

The code gives S parameters
and its spectrum, impedance
or in form of the Smith Chart. Web: www.ansoft.com



SUMMERY

1, Floquet Theorem: one period difference of field 1s exp(jk,d) in a
periodic structure.

|3 = @ = B“’
"“kc 1+(aBA7d)

2, Structure mode: k,d=0,7/2,...

2
3, Effective shunt impedance: ZT? =£§% :

4, Alvarez DTL

5, Coupled-cavity linacs

6, Superconducting linac

7, RFQ linac

8, Codes: SUPERFISH, MAFIA, HFSS



[H type structure ( Interdigital H-mode)

[ |
i |
| 1.' |
: t%i—'l-ﬁ}) b
".,l VR, efil:a » I |

a.) b.)
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dm
gl
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The TH strmictire 15 very efficient at low heam energies ([} = 0.02 to (1.08) and low RF frequencies (40
to 100 MHz), and is used primarily for ions with 4/Z = 4. The focusing elements are placed outside
between the accelerator tanks.
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Empty cylindrical cavity:

1.

)
L.

magnetic field along axis;

N ~F oA~~~ fl,

the time variation of magnetic flux
produce electric field transversely ;

Electric field located in the whole
transverse plan;

Interdigital H-Mode (IH)

Cavity loaded with stem and drift tube:

1. By adding stem and drift tube, the
electric field was confined in a
limited space (between drift tube)
(larger shunt impedance, lower
frequency);

2. The transverse electric field was
turned along axis by displacing the
stem 0.5BA along axis ;



