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(ZJ» Undulators

Multipole wigglers are periodic, high field devices, used to
generate enhanced flux levels (proportional to the number of

poles)

Undulators are periodic, relatively low field, devices which
generate radiation at specific harmonics
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(ZJ» Undulators

e Undulator Parameter

K — €B() _ GB())\u
meck,  2mm.c

 Field on axis

2T 2

Au

b = By cos

* is given by the pole tip field By:
By

By =
cosh K—g
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(Z=J» Undulator Emission

Previously we argued that light of the same wavelength was
contained in a narrow angular width
(interference effect)

Assuming that the SR is emitted in angle with a Gaussian
distribution with standard deviation o, then we can \

approximate: From the diffraction limit o, - 0, = o
-

1
. : 0, = — VAL
For a Gaussian we get: o A7 A

Integrating over all angles gives
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(I{j» Undulator Flux

In photons/sec/0.1% bandwidth the flux in this central cone is

1 Where: n is the harmonic number

iy N is the number of periods
RYY |, is the beam current in A
S 04 . F (K) is defined below (J are Bessel functions)
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0.2 5 n‘ZK‘Z >
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1= Plot of Qn(K)
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(Z{}» Undulator Brilliance

* To compute the brilliance of an undulator
Ny

B =
AT20,0,0, 0, (0.17%BW)

... one first has to determine the effective source size o.
* This is given by the electron beam size ox and divergence oy the diffraction limit for photons o, and oy

_ 2 2
O-Cceﬂ. — \/O-C% _|_ 0-% O-:L./eff — \/0-33/ _I_ O-,r,/
e The diffraction limit for an undulator is:
| A
O-fr‘ — AL O-rr/ — —
A7t L

* (exactly the same fory)
* We will come back to this in the lecture on diffraction-limited storage rings!
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= Angular patterns of the radiation emitted on harmonics

Angular spectral flux as a function of frequency for a linear undulator; linear
polarisation solid, vertical polarisation dashed (K = 2)

2
7\‘1= )\vuz(l_l_K_) }\2=ﬁ 2\ _ﬁ
2y 2 2 23
Fundamental | 2nd harmonic, not 3rd harmonic, emitted
wavelength emitted by emitted on-axis ! on-axis !

the undulator
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(ZJ» Undulators

e Bandwidth of the undulator

Ideal on axis angular spectral flux with filament electron beam (zero emittance)
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(Z» Synchrotron Radiation and Storage Ring Dynamics

» Charged particles radiate when accelerated

» Transverse acceleration induces significant radiation (synchrotron radiation)
while longitudinal acceleration generates negligible radiation (1/9?).

dU(): f P, dt energy lost per turn

dU 2cC r, E4 J finite p

dt Fon 3(moc:2)3 o’ \ o 1
[gﬁPSR dt]

Ol = —
T, dE|, 2T, dE

r, = classical electron radius

Oy, Oy damping in all planes

p = trajectory curvature

O
2, equilibrium momentum spread and emittances
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(= RF System Restores Energy Loss

‘ SYNCHRONOQUS
Urf ELECTRONS
Slabla
UO | 7P hos € '
l . )
W o SlpesV [ ___ N __
— T
: UNSteble :
1 Phase
Is
| |
e T -
|
— To -4 -—
I

Particles change energy according to the phase of the field in the RF cavity
AE =el (t)=el sin(w,.t)
For the synchronous particle

AE = UO = eI/O Sln((ps)
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([» Radiation Damping of Energy Fluctuations

Say that the energy loss per turn due to synchrotron radiation loss 1s U,
The synchronous phase 1s such that U, = eV sin(gp,)

But U, depends on energy E ==> Rate of change of the energy will be given

AE eV (t)-U,(E)
TO ) TO

For AE << E and v <<T,, we can expand

dv dU
Uy(0)+e——7 |=[ U, (0 0
de ( O()+edtr) ( O g 8) e dV 14U,

di T, T dt T, dE

E

at g
= -0, —
dt E

A
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(]= Energy Damping

|
No With
damping PPPE by plab L damping . . dU
\' \ The derivative L (> 0)
//, . dE
: C o is responsible for the damping of the
k longitudinal oscillations
\'“-.. ‘. Synchronous
---------- particle

Combine the two equations for (¢, T) in a single 2" order differential equation

d’e 2de ([, a0
—+ +twe=0 —> e=4de"""sin| o] ——t+@
dt TS dt \\ T, )
w° = o el angular synchrotron frequency .. !H[,,' ' i/, i
° TOEO R "lirs,(”/“'/
1 1 dUO . . . . :;‘H | |||l‘““” VUL A AR A A A
= longitudinal damping time o {11k
v, 2T, dE ‘j”l“
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(-{» Damping Coeftficients

dU 2cr, E* 1 dU

=-P o, =
dt ™ 3(me?)? p? Y 2T dE

By performing the calculation one obtains:

Where D depends on the lattice parameters.
For the iso-magnetic separate function case:

kg

1

2T dE

[gﬁPSR dt]

Uy

aD_

2T, E,

Q+D)

D=o, —

L
an

(<< 1)

Damping time ~ time required to replace all the original energy

Analogously, for the transverse plane:

UO
_ 1-D
A 2TOEO( ) and
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(]= Damping Times

* The energy damping time ~ the time for beam to radiate its
original energy

* Typically
4t Rp

C, JE,

7;:

* Where J,=2,J, = 1,J =l and C, =8.9x10" meter - GeV ™

* Note X J. =4 (partition theorem)
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(ZJ» Quantum Nature of Synchrotron Radiation

* Synchrotron radiation induces damping 1n all planes.

—> Collapse of beam to a single point 1s prevented by the quantum
nature of synchrotron radiation

> Photons are randomly emitted in quanta of discrete energy

—> Every time a photon 1s emitted the parent electron “yjumps” 1n
energy and angle

* Radiation perturbs excites oscillations 1n all the planes.

—> Oscillations grow until reaching equilibrium balanced by radiation
damping.

PHOTON

ELECTRON

1632A45
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apPSl=s What Other Quantum Nature Could We Consider?
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* Expected AE

quantum

(-{» Energy Fluctuations

comes from the deviation of <N 7

emitted in one damping time, T

* <N >=n T
==>A<N >=(n, )"

* The mean energy of each quantum ~ ¢

crit

* ==> O, = 8crit(ny Tg )1/2

% Note that n, = Pv/ £

candty =E/ P,

Cri
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(I}m» Therefore, ...

* The quantum nature of synchrotron radiation emission
generates energy fluctuations

AE (E E)N"  Cpy. ¥

E E ) JSPCI/H’VEO p

O

crit

where C, 1s the Compton wavelength of the electron
C,=38x 10" m

* Bunch length 1s set by the momentum compaction & V ;
AE) a RE.
E) eV

* Using a harmonic rf-cavity can produce shorter bunches

0’ = Zn(
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(--{» Emittance and Momentum Spread

» At equilibrium the momentum spread 1s given by:

2

2

/O'p 2 qug §ﬁ1/p3 ds -13 /O_p\ = quo
P . where C, =3.84x10""m D Jqp
\ Do Js ¢1/P ds T S

IS0 — magnetic case

» For the horizontal emittance at equilibrium:

o h bH/pds
"Iy Pl pids
x Pl/p

* In the vertical plane, when no vertical bend 1s present, the synchrotron radiation
contribution to the equilibrium emittance 1s very small

where: H(s)=B,D" +y,D’ + 2a,DD’

* Vertical emittance 1s defined by machine imperfections & nonlinearities that
couple the horizontal & vertical planes:

K 1 . .
&, =——¢ and & =——¢€ with K= coupling factor
K+1 K+1
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(I{}» Equilibrium Emittance and Energy Spread

Quantum fluctuations
or
intra-beam scattering

Emittance | N
or J
AE ]
Equilﬁrium value ~
B 8
Damping times
* Set Amping 1

Growth rate due to fluctuations (linear) = exponential damping rate due to radiation

==> equilibrium value of emittance or AE

. -2t/t, 2ttty
£ £e +88q(1 e )

natural ~—
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(ZHJ» Quantum Lifetime

* At a fixed observation point, transverse particle motion
looks sinusoidal

X, = aﬁsin(a)ﬁnt + (p) I'=x,y

% Tunes are chosen 1n order to avoid resonances.

—> At a fixed azimuth, turn-after-turn a particle sweeps all possible
positions within the envelope

* Photon emission randomly changes the “invariant” a

—> Consequently changes the trajectory envelope as well.

> Cumulative photon emission can bring the envelope
beyond acceptance at some azimuth

—> The particle 1s lost.

This mechanism is called the transverse quantum lifetime
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2
=T &eXpAﬁ/ZO';) I'=x,y

Dy Az
T

Transverse quantum lifetime

To,

2
where O; = [ & +

T, = transverse damping time

T, =T, exp(AEi / 2(72)

Or

Longitudinal quantum lifetime

For an 1so-magnetic ring:

AEj B J, E, /26‘7” _n\
207 achE\ U, )

E =1.08x10° eV

10

lol

9
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(Z» Quantum lifetime was first estimated by Bruck and Sands

|

a
>
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v
‘v

1
4 3 O
Acceptance g

* T, varies very strongly with the ratio

between acceptance & rms size.

Values for this ratio > 6

are usually required.
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(Z» Time Scales in Storage Rings

* Damping: several ms for electrons, ~ infinity for heavier
particles

* Synchrotron oscillations: ~ tens of ms
* Revolution period: ~ hundreds of ns to ms

% Betatron oscillations: ~ tens of ns
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Questions?




