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I' Ii |- Why do we need high energy beams { }

% Resolution of "Matter" Microscopes
= Wavelength of Particles (y, e, p, ...) (de Broglie, 1923)

A= h/p | =12 fm/p[ GeV/c]

= Higher momentum => shorter wavelength => better the resolution

2.
m._cC
% Energy to Matter B e = —2— = ymoc2
= Higher energy produces ’ v
heavier particles - o2

% Penetrate more deeply into matter
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Figures of merit
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n:= High Energy Physics o o B
I ||| Figure of Merit 2: Number of events e

Events= Cross- section x (Collision Rate) x Time
Beam energy: sets scale of physics accessible

N1 x N2x frequency ~ Ni x N2x f
Overlap Area Aox0oy

x Correction factors

Luminosity =

We want large charge/bunch, high collision frequency & small spot size
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I' I- = Matter to energy: i x
I Synchrotron radiation science o, %
Synchrotron light source

% Science with X-rays
» Microscopy
e Spectroscopy

FOM: Brilliance v. A
B = ph/s/mm?/mrad?/0.1%BW
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Special relativity
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|| |i|- Thus we have the Lorentz transformation

/

X

Or In matrix form

(ct')

o X-wt . t—(v/c?)x
= : ' =
V1-v2/c? V1-V2/c?
y'=y, 7=z
(v =y 0) (ct)

3
-
© » O O
o
X
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|||i|- Proper time & length "Rt

% We define the proper time, 7, as the duration measured in
the rest frame

% The length of an object in its rest frame is L
% As seen by an observer moving at v, the duration, T, is

T = T
7

And the length, L, is

=yYT>T

L=L,y
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I§1 Velocity, energy and momentum T4
*®*

% For a particle with 3-velocity v, the 4-velocity is

5 ax“
u” =(yc, W) = dr

* The total energy, E, of a particle is its rest mass, m,, plus
Kinetic energy, T (what is cited as the energy of the beam)

— _ 2
E=mc’+T=ymc® and E2?=p?c?+mi*
% The 4-momentum, p, IS
p" = (Cymy, ymgv)
p*=m,’c?
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Il I| | Doppler shift of frequency * *
* * **
Distinguish between coordinate
. Harvard Yale rows . -
O et | PRt transformations and observations
cone velocity v
/ .
K>1 |/ % Yale sets his signal to flash at a constant
,’ interval, At'
/
- % Harvard sees the interval foreshortened by
/’ K(v) as Yale approaches
Light / .
cone Il K<1 % Harvard see the interval stretched by K(-v)
J as Yale moves away

1/2
K(V) - (1+—V) ~ 2’}/

1-v
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|I|i|- Particle collisions * *
*

% Two particles have equal rest mass m,,.

Laboratory Frame (LF): one particle at rest, total energy is E,,.

> O

P1 — (El/C, pl) P2 — mgc O)

Centre of Momentum Frame (CMF): Velocities are
equal & opposite, total energy is E_,

>

Py = (Eem/(2¢),P) Py = (Eem/(2¢), —p)

Exercise: Relate E to E, E., =+2Mc’E,,
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IHliI" Asimple problem - bending radius

% Compute the bending radius, R, of a non-relativistic
particle particle in a uniform magnetic field, B.

—> Charge = ¢
= Energy = mv?/2

2

\Y v
|:Lorentz = qEB = |:centripital = 0
_mvC _ pC
= 0= =
B 0B

p(m) =3.34 (1 GepV/C) (i) (%)
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Il |i |- Lorentz transformations of E.M. fields { e

B, =B

E,=E, B;=V(B +§ )
. =y(E, -VvB

E),(_Y( - y) B;’:V(By_lz X)
E, =y(E, +VB,) C

, _ V
=>BL—)/?><E

Fields are invariant along the direction of motion, z
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- . . * *
Il ||| The E field gets swept into a thin cone * *
w & **
* We have E, =vyE',, E, =yE',, and E, = F,
% Transforming ” gives r'=+/x?+y?+y%(z-w)? = yR
* Draw r is from the current position of the particle to the
observation point, r = (X, y, Z — vt)
% Then a little algebra gives us
1 g AT
E = 2 3
dre, v°R -
Vv Z
% The charge also generates a B-field
B= %Vx E

C
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I'lil’ Undulator radiation: What is A,,,? HE
- a o x*

An electron in the lab oscillating at frequency, f,
emits dipole radiation of frequency f
A

Magnetic undulator hu”'l
N periods il
N Relativistic
glectron beam, _—=
Ee = YMC2 —==
What about the

relativistic electron?
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Electromagnetism

I IITIITITTImIIImm————————— US Parrticle Accelerator SChool N IIII————



|| |i|- Newton’s law kD =%

% We all know

% The 4-vector form is

dm dp\ dp"
F = , =
(VC at dt) dr

% Differentiate p>=m,°c? with respect to t

dp*
dr

2
of =pMF“=d(r;[C)—FOV=O

% The work is the rate of changing mc?
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|| |i|- Harmonic oscillator o
i

% Motion in the presence of a linear restoring force
= —kx

5'<+£x:0
m

x= A sino,t where o, =,k

* It is worth noting that the simple harmonic oscillator is a
linearized example of the pendulum equation

. ) - 3
X+wsin(X) = X+ w2 (x - X 5)=0

that governs the free electron laser instability
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|| Ii |- Electric displacement & magnetic field x !
®*

In vacuum,

* The electric displacement is D = ¢ E,

* The magnetic field is H = B/p,

Where

¢, = 8.85x10-12 farad/m & p,=4 nx10" henry/m.
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11 Maxwell’s equations (1) ' o

* Electric charge density p is source of the electric field, E
(Gauss’s law)

VeE=p

* Electric current density J = pu Is source of the magnetic
Induction field B (Ampere’s law)

JE
VxB=MOJ+‘quzOE

If we want big magnetic fields, we need large current supplies
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11 Maxwell’s equations (2) _—
w
* Field lines of B are closed,; i.e., no magnetic monopoles.

VeB=0

% Electromotive force around a closed circuit is proportional
to rate of change of B through the circuit (Faraday’s law).

VxE:—@

ot
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- , | ) 3 ~
||||| Maxwell’s equations: integral form * *
** **

VeFE= P => 35137 e di= Cenclosed Gauss' Law

€0 g €0
- - OB 3
VXE=—— => 5f> = if)—-da Faraday's Law
ot -
T n e T T
= = oE e
VX B=uyJ + Upeyg — |=> Displacement current

.—|.

SEB' dl = 1oL, 10sed + Ho€o §7 e da Ampere's Law
C S
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*
I| I' = We computed the B-field from current 100p:* *:
Il with I = constant A

* *

* By the Biot-Savart law we found that on the z-axis

2 2
BZI—ZRSin9fd¢2 =R
cr 0 c(R2 + z2) 906
* What happens if we drive the current to 9"
have a time variation? r
P —

Yo
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II I- = (Question to ponder: o o Tl
| What is the field from this situation? ', %
90-0
2"
0.
C R >
== —

We expect this situation to lead to radiation
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I' I. = Boundary conditions for P *
| I perfect conductor, o = ko w

1. If electric field lines terminate on a surface, they do so
normal to the surface

a) any tangential component would quickly be neutralized by lateral
motion of charge within the surface.

b) The E-field must be normal to a conducting surface

2. Magnetic field lines avoid surfaces

a) otherwise they would terminate, since the magnetic field is zero
within the conductor

I.  The normal component of B must be continuous across the
boundary for 0 #
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Properties of beams
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|| Ii |- Brightness of a beam source * *
*

* A figure of merit for the performance of a beam source is
the brightness

B - Beam current _ Emissivity (J)
Beam areao Beam Divergence -/ Temperature/mass

_ Je _Jy

) (g

Typically the normalized brightness is quoted for y =1
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Ilj]" Beams have directed energy T
w

% The beam momentum refers to the average value of p, of
the particles

pbeam - <pz>

% The beam energy refers to the mean value of

2.4

1/2
Ebeam [<pz> C +m-C ]

% For highly relativistic beams pc>>mc?, therefore

Ebeam < pz>
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|I |i |- Beams have internal (self-forces) * *

% Space charge forces
— Like charges repel
—> Like currents attract

% For a long thin beam

60 1 peem (A)
E_(V/cm)=
oI =R e
B, (gauss) = e ()

S Ryeam(CM)
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|I |i|- Envelope equation: Last steps *im o=
w

% Angular momentum conservation implies

R2
P, =yL + yw.— = constant
C

% The energy & virial equations combine to yield

2 2 2
R+VR+LFJ2 w4R E == — 3fdt(zyR )
Y YR 7R m

where

and
E2= )/ZRZ(VZ _ (R)Z) + Pﬁz
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II l- = Emittance describes the area in phase :*
1 space of the ensemble of beam particles

Emittance - Phase space volume of beam

Phase space of an
harmonic oscillator

......
Y o

ks (X) - frequency of

rotation of a phase
volume

RMS emittance

82 — RZ(VZ _ (R/)Z)/CZ
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N N . . i
Il I" Force-free expansion of a beam * *
w * **
Py D,
Drift distance L
—
X X

Notice: The phase space area is conserved

B

(1L
_(01

Xo
=

US Particle Accelerator School
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|| |i|- Matrix representation of a drift S
** **

% From the diagram we can write by inspection

X 1 L\/X, X =X, + LX,
= =
') {0 1)x X' =X,

* Now write these last equations in terms of S;, y and a5
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= o _
o @t, 1) Liouville: Under conservative forces phase space
o evolves like an incompressible fluid ==>
/
/
4> oy
2) Under linear forces macroscopic
X’ (such as focusing magnets) &
Tl Z=wM4 y =constant
Z=MN8 : : : : .
emittance is an invariant of motion
Z=nN12/
Z=0 e é\\ X
iy S

% 3) Under acceleration
> YE = g

I us Particle Accelerator SChOOI
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N - 1 o . w w
I| Il I Emittance during acceleration * *
w * **

* When the beam is accelerated, S & y change

= x and x’ are no longer canonical
= Liouville theorem does not apply & emittance is not invariant

Accelerate by E;

T = kinetic energy

I US Particle Accelerator School [ —
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N - w *
||||| Then... g X
** **
Yo =tanf, = Pro - Pyo y' =tan6 = Py = Pyo y' — Bo Yo
Pro  Bo¥oMyC p, pPymyC Vo By
In thi & _Y —— —
nthiscase =2 ==> Bye, =ByYot
8y0 yO

% Therefore, the quantity g y € is invariant during acceleration.
% Define a conserved normalized emittance

8ni:ﬁ’y‘gi i:X’y

Acceleration couples the longitudinal plane with the transverse planes
The 6D emittance is still conserved but the transverse ones are not
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N . * *
IliI" The Concept of Acceptance e

Example: Acceptance of a slit

y\\
NN

Matched beam

Unmatched beam .
emittance

emittance

/

Electron /

Trajectories \ h
\

X

X

N

-h/d

/

Acceptance at
the slit entrance

£\

QN

us Particle Accelerator SChOOI [ —
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|| Ii |- Measuring the emittance of the beam x *
®

82 — RZ(VZ _ (R/)Z)/CZ
* RMS emittance

— Determine rms values of velocity & spatial distribution

* ldeally determine distribution functions & compute rms
values

% Destructive and non-destructive diagnostics
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|| |i |" Example of pepperpot diagnostic . }

phosphorous screen

pepperpot screen

| 4
incident ™ g'
beam - | 2
I 4d:
L L -

* Size of image ==>R

% Spread in overall image ==> R’

* Spread in beamlets ==>V

* Intensity of beamlets ==> current density
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11 Maxwell forbids this! £

VxE:—d—B

dt

or in integral form

E-ds=-2 (B-nda
0l —J

. There Is no acceleration
without time-varying magnetic flux

]
+V -

I us Particle Accelerator SChOOI
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Non-resonant accelerators
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pa— _ ) * ®
|I |" Characteristics of DC accelerators - *
** **

* Voltage limited by electrical breakdown (~10 kV/cm)

- High VOItage 20~ T T T SRR L] ™TTT IIT-I—
==> Large size (25 m for 25 MV) e 300 MHz -
— Exposed high voltage terminal i lgf;\ggz i
==> Safety envelope 15 [ bl
. [ 12 MHz i
* High impedance structures = | + Operaion 100 MHz ]
= Low beam currents E‘ ol b
* Generates continuous beams & | i
5 —
Sparking electric field limits in the Kilpatrick [ I
model, including electrode gap dependence . .
O I 1 gl_Pl- g AlLll L LLllll L | - Jll:

0.1 1 10 100

GAP (cm)
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11" Synchronism in the Microtron

1 eB _ eB
rorbit pC mc2/3y
T — 2‘lerorbit — ZJT’rorbit — 27[ mc Y
. Vv Bc e B
Synchronism condition: At,,, = N/f ¢

N 2nmc Ay Ay
fe e B f;

At =

If N =1 for the firsttumm @y~ 1
Or Ay=1==>E;=mc?

Possible for electrons but not for 1ons
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II I. = Butlongasy=1,rt,, = constant! *
Il Let’s curl up the Wiederoe linac *
Bend the drift tubes Connect equipotentials Eliminate excess Cu

\\JJ

D @& ()
& U

Supply magnetic field to bend beam

1 _2Znmcy 2nme

Trev =~
1:rf eZ B eZionB

1on

= Cconst.
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Ill.- Transformers are highly efficient and can :* *:

*

Il drive large currents S

* *

Large units can transfer > 99% of input power to the output

Primary
winding
Np turns

Primary
current

Primary
voltage
Ve

— Secondary

y

winding
Ng turns

Secondary
ls current
—

£

Secondary
voltage
Y
== “'a"éfo'ﬂ'her i
Ore
Ve _ Np _ g
Ve Ng 1,

Image of step-down transformer from Wikipedia
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I|I-— Recall the ray transformer realized as * *
Il the Betatron (D. Kerst, 1940) D
e®

_7§—; 5
==
BS ot

The beam acts as a 1-turn secondary winding of the transformer
Magnetic field energy is transferred directly to the electrons
For the orbit size to remain invariant

® = 2nR°B

This was good for up to 300 MeV electrons. What about electrons or ions?
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. : i i i ) i * *
IH§I" Principle of inductive isolation *im
** **

- b

v‘—

J \

I
y
.

_
N

I IITIITITTImIIImm————————— US Parrticle Accelerator SChool N IIII————



**t
| -
o
)
G
| -
D
D
S O
UA
=
oS
m o
=
< O
o <
£ =
J g
(ab)]
c £
=
-l
| b

. Christofilos
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Synchrotrons & phase stability
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II I- = The synchrotron introduces two new ideas: * %
& change o, « o,

change Bdlpole

* For low energy ions, f.,,
Increases as E, , Increases

% ==> Increase w,; to maintain
synchronism

* For any E,; , circumference
must be an integral number
of rf wavelengths

L=hA,
* h is the harmonic number

US Particle Accelerator School
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|| |i|- Ideal closed orbit in the synchrotron . }
** *

% Beam particles will not have
Identical orbital positions &
velocities

* In practice, they will have
transverse oscillatory
motion (betatron
oscillations) set by radial
restoring forces

% An ideal particle has zero
amplitude motion on a

closed orbit along the axis \\,g\( "
g ™

of the synchrotron
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11 Energy gain -1l o2 =
'** **

% The synchronism conditions for the synchronous particle
= condition on rf- frequency,
= relation between rf voltage & field ramp rate

% The rate of energy gain for the synchronous particle is

dE, _ AL evVsing, = LeVsingpS
dt L hA,

* Its rate of change of momentum is

dp . eV .
>=ek_dgngp.=—9n
dt 0] (pS L (pS
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II I- = What do we mean by phase? * e *
'l Let’s consider non-relativistic ions ', %
Synchrotron
e A AE

_ gging

. ; Synhronous
b —
. \
A.ép B '....\
/| i 3
'.\.. J,\I” ! I ..\-.." e t
\'-\ ‘.4'.'. ¢5 ‘."- q)
. g
N

From E. J. N. Wilson CAS lecture

US Particle Accelerator School
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further behind A?




II I.- How does the ellipse change as * P *
B lags further behind A? kL

N

R

How does the size
of the bucket

R \ h h
/ / change with ¢, ?

US Particle Accelerator School
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Il I- = [WO first order equations ==> b o el
"I one second order pendulum equation o
. T
do - M7 \E
dn B E,
and
dA—E=eV(Sinqo—Sinqps)
dn
yield
dch nwrfT . .
= eV(shp-9n i
dn? ﬁzEs (Sng @) (Pendulum equation)
If

V =constant and ddEnS Is sufficiently small
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IliI’ For ¢,=0 we have AES
NI NN
NN =T

We’ve seen this behavior for the pendulum

0/2n
Now [et’s return to the question ot frequency
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«== FOr small phase differences, A -, , *
I'lii ; Y R
we can linearize our equatlons o
d? d°A nwr’v
d—n(g - dn—z(p =~ &V(Eng-sing,)
Nw; T _ :
= e eV(sn(p,+ Ag)-sin,)
4 Nw,T
~ 47 4n?p°E. eV cosg, [Ap
(harmonic oscillator in A¢) \ j
\

- V52 Synchrotron tune

_ S — na)rf _
Q. = = = eV cosp, | = synchrotron angular frequency

S
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|| |i |" Choice of stable phase depends onn *

Q. = |- m;)” eV cosp,
T6°E,

% Below transition (y <vy,),
=> 1 <0, therefore cos ¢, must be >0

% Above transition (y >1,),
=> 1 > 0, therefore cos ¢, must be <0

* At transition Q = 0; there is no phase stability

% Circular accelerators that must cross transition shift the
synchronous phase at y >y,

% Linacs have no path length difference, n = 1/y2; particles
stay locked in phase and Q. =0
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I| Ii |- Bunch length { }

* In electron storage rings, statistical emission of synchrotron radiation photons
generates gaussian bunches

% The over voltage Q is usually large
= Bunch “lives” in the small oscillation region of the bucket.

= Motion in the phase space is elliptical

2 2
Cf_z_l_éz hajogglc —1 @Zhwonc 5A=>AS:CT]C&
@ ' Q2 Q
* For o,/p, = rms relative momentum spread, the rms bunch length is Po
o = C1c 9p _ c’ PoBoNc 9
® Q@ p, V2w hf2Vcos(ps) P

US Particle Accelerator School




IHiI” Matching the beam on injection o2
'k* **

% Beam injection from another rf-accelerator is typically
“bucket-to-bucket”
= rf systems of machines are phase-locked

= pbunches are transferred directly from the buckets of one machine
Into the buckets of the other

* This process Is efficient for matched beams
= [njected beam hits the middle of the receiving rf-bucket

= Two machines are longitudinally matched.
» They have the same aspect ratio of the longitudinal phase ellipse

I US Particle Accelerator School [ —
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Key concepts - 2

William A. Barletta

Director, United States Particle Accelerator School
Dept. of Physics, MIT
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General Envelope Equation
for
Cylindrically Symmetric Beams

Can be generalized for sheet beams and beams
with quadrupole focusing

I US Particle Accelerator School [ —



|I |i|- Without scattering & in equilibrium

=0

U a)ZR E° R’
2R3 y2R3 fdt m

U % 2R2 E2 0
y2R3

Self-forces Focusing Emittance

U +<wER2>— E” =0
R v’R®

More generally,

US Particle Accelerator School
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* *

RF Cavities

I IITIITITTImIIImm————————— US Parrticle Accelerator SChool N IIII————



Il§1 Basic principles and concepts £

% Superposition
* Energy conservation
* Orthogonality (of cavity modes)

* Causality
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*
UM Translate circuit model to a cavity model: " ™

w

Directly driven, re-entrant RF cavity 0y

* *

Outer region: Large single turn Inductor Expanding outer region

__Moma” raises Q
2n(R+ a)
7/ Wall current
Central region: Large plate Capacitor — :
. ﬁ X - Displacement current
d \ _*
o = }/ . 2(R+a)d %2 T 1, DBeam (Load) current
°"/ALlC | aR%?
f d | R Narrowing gap
S raises shunt impedance

Q — set by resistance in outer region

I/
Q=V/¢C
R X
Source: Humphries, Charged Particle

Accelerators
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N . ) ) ) . ~
||||| Properties of the RF pillbox cavity * *
t* **
<« d > * We want lowest mode: with only E, & B,
% Maxwell’s equations are:
14 1 4 Jd_ 0
ror (rBH) CzﬁtEZ and o yi P 9

_______ _ % Take derivatives

2
i[li(ng) _ a[aBg +58]= 1 J°E,
atlr or ol o r| c? a®

o JE, 3 B,
o o o ot
2
~ | 9E 10, _ 1%,
O walls — % a2 oo c? a?

US Particle Accelerator SChoo | | mmmm—



H - w 1
|I |" For a mode with frequency o kL w
** **
* E,(r,t) = E,(r) €
E ?
* Therefore, El +—= +(£) E,=0
I C

— (Bessel’s equation, 0 order)

% Hence, E (N =E, Jo(gr)
C

* For conducting walls, E,(R) = 0, therefore

2l b=2.405

C
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) i *
I§I” Simple consequences of pillbox model *

% Increasing R lowers frequency

1 ==> Stored Energy, E ~ o
R * E ~ E-
* Beam loading lowers E, for the
next bunch

* Lowering o lowers the fractional
beam loading

% Raising o lowers Q ~ w 12

* If time between beam pulses,
T, ~ Qlw
almost all E is lost in the walls

IIIIIITImTIIImmmmmm——  JSs Particle Accelerator School




I"hir i 4%
* *

Cavity figures of merit
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N . . . . % -
ll I" Figure of Merit: Accelerating voltage * 3 *:

% The voltage varies during time that bunch takes to cross gap
= reduction of the peak voltage by I" (transt time factor)

r-5%2)

2
i

where O = W%,C

. : T
For maximum acceleration Zcav =—= -4 ==>T=2/n
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|| |i|- Figure of merit from circuits - Q x N
* *

w,0 Energystored _  2mo Energy stored
Time average power loss  Energy lost per cycle

1, .
E =% [|H[dv= ZL1,
2‘{‘ ‘ V 2 0o o0

r 2 1 ..
P )= St e = SR,

R, = 1 PETE:
" Conductivity 0 Skin depth
\/ /C _ (Aa))
Rs.:rf 0)0
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[ i | ) 3 -
ll ||| Compute the voltage gain correctly * *
** **
A
EON f’-’(=d/c
AN ZCMF  (arwce)
0 \\é' "
7\ ' > Z
’ .
'F‘O‘ﬁ’, ~ =t =)

The voltage gain seen by the beam can computed in the co-moving frame,
or we can use the transit-time factor, I' & compute V at fixed time

VZ=T [“E(2)dz
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Il lil- Keeping energy out of higher order modes by 3

10
TE,;; mode
End view
5
wb/c
Side view
e

1
j L,

Dependence of mode frequency
on cavity geometry

-\

- \\&

IV T TMyy
\ S~

B N @ TooEs S E TEOll

B ~

» — — —_— —

Choose cavity dimensions to stay far from crossovers
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x ¥ %

I| I- = Figure of merit for accelerating cavity: ~ *
1 power to produce the accelerating field o

w
w
***

Resistive input (shunt) impedance at w, relates power dissipated in walls to
accelerating voltage

Linac literature commonly defines “shunt impedance” without the “2”
2
R. vV, 1
P Rwrf

Typical values 25 - 50 MQ

us Particle Accelerator SChOOI [ —



- * =
|'|II Y
* *

Unit 4 - Lecture 10

RF-accelerators: Standing wave linacs

William A. Barletta

Director, United States Particle Accelerator School
Dept. of Physics, MIT
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l (N ) | B = i
| ||| L_inacs cells are linked to minimize cost * *

==> coupled oscillators ==>multiple modes

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu
ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ, m”ﬂﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬂ
e R e o e  a a a
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. - w *
Example of 3 coupled cavities * *
** **

e —— p—— ———
Io 1 I2
Lo Lo Lo Lo
2Co Co 2Co

2
xo(l —g-g) +x1k=0 oscillator n = 0

2 k
x1(1 -—0) + (xo +x2)5=0 oscillator n = 1

2
xz(l —g—%) +x1k=0 oscillator n = 2

X; =l;4/2L, and €2 =norma mode frequency
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* X ¥
I I-- Lumped circuit of a transmission line ol o Tk
coupled cavity without beam K,
O L\
ot = L resonance frequency wup h C R;s‘
’ LC  ofRF-structure from transmitter :, i i
fo =5S0MHz -3GH:z 4
O P,
ks "”\/?Zc
I, 41
z, ° U, ioL R
Z, = i = %, = &, —LzR\.wOC

. dXg -1 Yo —0 y
1+ ( S —1] 1+i0, — = [w_ ) H”Q()[ ] unloaded quality

0 () @ . ~ .
factor of cavity

norm. detuning g
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II I.- At resonance, the rf source & the beam * *
have the following effects a« S

% The accelerating voltage is the sum of these effects

2b (1f) = [ RoPr

Vaccel = \/ I:\)shunt I:)gen

where K :%\/ &*% Is the "loading factor"
gen

* ==>V, decreases linearly with increasing beam current

‘ I l ‘ I ‘ ‘ :  bunch train
o L. 1 o ¢
AU,

........... /\/\/\/\/\/\/\-""'..”.“. l{l“‘k‘]]\ L‘l()l‘I‘C

» L
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" = i ] i * *
II |" Power flow in standing wave linac XL w
** **

=T |
LT Equilibrium value with I,...

PO | / /

1

1

i

i

A i

0.25 I
1

1

1

1

0
0.5
1
1.5
2
25
3
3.5
4
45
5

Inject beam Time
at this time
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i1’ Comparison of SC and NC RF "
w * **
Superconducting RF Normal Conductivity RF
* High gradient * High gradient
==>1 GHz, meticulous care ==> high frequency (5 - 17 GHz)
% Mid-frequencies * High frequency
==> Large stored energy, E ==> |ow stored energy
* Large E * Low E,
==> very small AE/E ==> ~10x larger AE/E
* Large Q * Low Q

==> high efficiency ==> reduced efficiency
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