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Outline

= Beam dynamics with synchrotron radiation:

= Discuss the effect of synchrotron radiation on the (linear) motion
of particles in storage rings.

= Define action-angle variables for describing symplectic motion of
a particle along a beam line.

= Derive expressions for the damping times of the vertical,
horizontal and longitudinal emittances.

= |ntroduce the synchrotron radiation integrals (Sand’ s Integrals).

= Discuss the effects of quantum excitation, and derive
expressions for the equilibrium horizontal and longitudinal beam
emittances in an electron storage ring.

= M. Sands, “The physics of electron storage rings, an introduction” SLAC-121. 1970
= A. Wolski, University of Liverpool and the Cockcroft Institute, CAS 2009,
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Coordinate System

_L
Py = M
L dx
y =M,
X

reference trajectory

P, = reference momentum
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Longitudinal Coordinate

yn

X

A J

O )
reference particle

The reference particle is a particle travelling along the reference trajectory
with momentum P, and velocity gc.

If a particle is time 7 ahead of the reference particle, then the longitudinal
coordinate z is defined by:

Z=CT
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Energy Deviation

yn

X

If the particle has total energy E, then the energy deviation Sis defined by:
E-E
Fc

—~

For ultra-relativistic particles (= £, ~ 1), we have: ¢ = %
0
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Canonical Variables

With the definitions in the previous slides, the coordinates and momenta
form canonical conjugate pairs:

(x.p)  (np)  (29)

What this means, is that if M represents the linear transfer matrix for a beam

line consisting of some sequence of drifts, solenoids, dipoles, quadrupoles,
or RF cavities, i.e.:

X X
Py Py
V V
=M (S 1550 ) '
p, P,
z V4
o o
§=8 S=8q

then, neglecting radiation from the particle, the matrix A1 is symplectic.
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Symplectic Matrices

Mathematically, a matrix M/ is symplectic if it satisfies the relation:

MU M= U
where U is the antisymmetric matrix:
0 1 0 0 0
-1 0 0 0 0
0 0 1 0 0
U =
0 0 -1 0 0 0
0 0 0 0 1
0 0 0 -1 0

Physically, symplectic matrices preserve areas in phase space.

For example, in one degree of freedom:
.ﬂpx \px
area = A
area ZA//) M r\
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Twiss Parameters and the Particle Action

Ipmg\

4P In an uncoupled periodic beam line,
oy e I slope = =37 particles trace out ellipses in phase
space with each pass through the

e slope = =37 periodic cell. The shape of the ellipse
. ' defines the Twiss parameters at the
51 ! observation point.
: T > L The area of the ellipse defines the
52 o action J_ of the particle.

2.J,
%0 \/7 The action is the amplitude of the
motion of the particle as it moves

Area of the ellipse = 27/, along the beam line.

— 49ff21€0n Lab === Thomas Jefferson National Accelerator Facility — ——

Operated by JSA for the U.S. Department of Energy Lecture 12 - Radiation Damping USPAS,Texas A&M, Jan. 24 - Feb 18, 2022 8



Cartesian Variables and Action-angle Variables

Applying simple geometry to the phase space ellipse, we find that the action
(for uncoupled motion) is related to the Cartesian variables for the particle by:

2J, =y X" +2a.xp, + f.p;

We also define the angle ¢_as follows:

tan g, = —ﬁx&—%
X

The action-angle variables provide an alternative to Cartesian variables for
describing the dynamics of a particle moving along a beam line. The
advantage of action-angle variables is that, under symplectic transport, the
action of a particle is constant.

It turns out that the action-angle variables are canonically conjugate.

Note: if the beam line is coupled, then we need to make a coordinate transformation to
the "normal mode" coordinates, in which the motion in one mode is independent of the
motion in the other modes. Then we can apply the equations as above.
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Action and Emittance

LBS 4
‘& ®

)
Bendl

Ipmg\

The action J_is a variable used to describe the amplitude of the motion of an
individual particle. In terms of the action-angle variables, the Cartesian
coordinate and momentum can be written:

x=,/2p.J cose,

Py

2J .

X

X

The emittance ¢_is the average amplitude of all particles in a bunch:

g, = (Jx>

With this relationship between the emittance and the average action, we can
obtain the following familiar relationships for the second-order moments of

the bunch:

<x2 > =p e,

(xp,)=-a.&,

(Pi)=7.,

Again, this is true for uncoupled motion.
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Action and Radiation

So far, we have considered only symplectic transport, i.e. motion of a
particle in the electromagnetic fields of drifts, dipoles, quadrupoles etc.
without any radiation.

However, we know that a charged particle moving through an
electromagnetic field will (in general) undergo acceleration, and a charged
particle undergoing acceleration will radiate electromagnetic waves.

What impact will the radiation have on the motion of the particle?

In answering this question, we will consider first the case of uncoupled
vertical motion — for a particle in a storage ring, this turns out to be the
simplest case.
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Radiation Damping of Vertical Emittance

Ipmg\

A J

A relativistic particle will emit radiation with an opening angle of 1/ywith

respect to its instantaneous direction of motion, where yis the relativistic
factor.

For an ultra-relativistic particle, y>> 1, we can assume that the radiation is
emitted directly along the instantaneous direction of motion of the particle.
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A J

The change in momentum of the particle is given by:

- dp
f: —d o~ —_——
p=p—ap P( P}

0

where dp is the momentum carried by the radiation, and we assume that:
prL
Since there is no change in direction of the particle, we must have:

, . dp
pvl. ) p1( P ]

0
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Radiation Damping of Vertical Emittance

Ipmg\

After emission of radiation, the vertical momentum of the particle is:

Now we substitute this into the expression for the vertical betatron action
(valid for uncoupled motion):

2‘]}’ - ;V},_}"— + zaj.}}f)} + ﬂ}p;

to find the change in the action resulting from the emission of radiation:

d .
dj.v - —(ny P, s wP f )Fp
0

We average over all particles in the beam, to find:

d.
<dJJ_,> = dgj_, =, ?i)
where we have used: (yp,)=-a,5, (pi)=7,6, and By -al=
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Radiation Damping of Vertical Emittance

For a particle moving round a storage ring, we can integrate the loss in
momentum around the ring. The emittance is conserved under symplectic
transport; so if the non-symplectic (radiation) effects are slow, we can write:

d
de :_gvd_p i:_i§
J TO

dp U,
P

: &g
P di > ET, "

0

where T, is the revolution period, and U, is the energy loss in one turn. The
approximation is valid for an ultra-relativistic particle, which has £ ~ pc.

We define the damping time z:

so the evolution of the emittance is:

e,(t)=¢, (O)exp( 2 TL]

y

Typically, the damping time in a synchrotron storage ring is measured in tens of
milliseconds, whereas the revolution period is measured in microseconds; so the
radiation effects really are "slow".
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Radiation Damping of Vertical Emittance

Note that we made the assumption that the momentum of the particle was
close to the reference momentum:

p~1

If the particle continues to radiate without any restoration of energy, we will
reach a point where this assumption is no longer valid. However, electron
storage rings contain RF cavities to restore the energy lost by synchrotron
radiation. But then, we have to consider the change in momentum of a
particle as it moves through an RF cavity.

RF cavity / \ = _pg-—a

Fortunately, RF cavities are usually designed with a longitudinal electric
field, so that particles experience a change in longitudinal momentum as
they pass through, without any change in transverse momentum.
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Synchrotron Radiation Energy Loss

Ipmg\

To complete our calculation of the vertical damping time, we need to find the
energy lost by a particle through synchrotron radiation on each turn through
the storage ring. We quote the (classical) result that the power radiated by a
particle of charge e and energy E in a magnetic field B is given by:

C )
P; —_7 C3e2B2E_
B | 2
C,is a constant, given by:
C =— 2 _~8846x10”° m/GeV*

4 2
3e, (mc )4

A charged particle with energy £ in a magnetic field B follows a circular
trajectory with radius p, given by:

Bp :£
ec

Hence the synchrotron radiation power can be written:
C E*

—cC
27 p’

P =
,
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Synchrotron Radiation Energy Loss

For a particle with the nominal energy, and traveling at (close to) the speed
of light around the closed orbit, we can find the energy loss simply by
integrating the radiation power around the ring:

U,={F, dr:@%

Using the previous expression for P, we find:

C 1
:2—}'E;r —EdS
T p

U

0

Conventionally, we define the second synchrotron radiation integral, 1,:

¥

I, :§;,, ds

In terms of 7,, the energy loss per turn U, is written:

. C o,
Uy=5EE,
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The First Synchrotron Radiation Integral

Ipmg\

Note that 7, is a property of the lattice (actually, of the reference trajectory),
and does not depend on the properties of the beam.

Conventionally, there are five synchrotron radiation integrals defined, which
are used to express in convenient form the dynamics of a beam emitting

radiation.

The first synchrotron radiation integral is not, however, directly related to the
radiation effects. It is defined as:

]1:§%ds

where 7, is the horizontal dispersion.

The momentum compaction factor, a,, can be written:

1 dC

o =1 dC 1 n 1
P, do

s
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Damping of Horizontal Emittance

Analysis of the radiation effects on the vertical emittance was relatively
straightforward. When we consider the horizontal emittance, there are three
complications that we need to address:

— The horizontal motion of a particle is often strongly coupled to the
longitudinal motion.

— Where the reference trajectory is curved (usually, in dipoles), the path

length taken by a particle depends on the horizontal coordinate with
respect to the reference trajectory.

— Dipole magnets are sometimes built with a gradient, so that the

vertical field seen by a particle in a dipole depends on the horizontal
coordinate of the particle.
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Horizontal — Longitudinal Coupling

Ipmg\

Coupling between transverse and longitudinal planes in a beam line is
usually represented by the dispersion, 7. So, in terms of the horizontal
dispersion, the horizontal coordinate and momentum of a particle are given
by:

27, 5
Py =~ ﬂ (Slﬂgl)_\_ + o, COSQ, )+ npx

X

When a particle emits radiation, we have to take into account:

— the change in momentum of the particle (because of the momentum
carried by the radiation);

— the change in coordinate x and momentum p_resulting from the
change in energy deviation 6.

When we analysed the vertical motion, we ignored the second effect,
because we assumed that the vertical dispersion was zero.
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Radiation Damping of Horizontal Emittance

Taking all the above effects into account, we can proceed along the same
lines as for the analysis of the vertical emittance. That is:

+ Write down the changes in coordinate x and momentum p_ resulting
from an emission of radiation with momentum dp (taking into account
the additional effects of dispersion).

* Substitute expressions for the new coordinate and momentum into the
expression for the horizontal betatron action, to find the change in
action resulting from the radiation emission.

» Average over all particles in the beam, to find the change in the
emittance resulting from radiation emission from each particle.

« Integrate around the ring (taking account of changes in path length
and field strength with x in the bends) to find the change in emittance
over one turn.

The algebra gets somewhat cumbersome, and is not especially
enlightening: see Appendix A for more details. Here, we just quote the
result...
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Radiation Damping of Horizontal Emittance

The horizontal emittance decays exponentially:

de. 2
Y

dt T

X

where the horizontal damping time is given by:

The horizontal damping partition number ;_is give

_2 L
jx LITO

T

X

0

n by:

I
.].l 17

-

where the fourth synchrotron radiation integral 7, is given by:

I,={2

plp

{;%+2@}ds k=

e 0B,
P ox
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Appendix A: Horizontal Emittance Damping
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In this Appendix, we derive the expression for radiation damping of the
horizontal emittance:

de. 2
—=——g_
dt T
where:
2 F I
T‘c:__ro 0 ‘]‘T:l__ﬁr
7. U, ' I

To do this, we proceed as follows:

1. We find an expression for the change of horizontal action of a single
particle when emitting radiation with momentum dp.

2. We integrate around the ring to find the change in action per
revolution period.

3. We average the action over all particles in the bunch, to find the
change in emittance per revolution period.
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Appendix A: Horizontal Emittance Damping
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To begin, we note that, in the presence of dispersion, the action J_is written:
2'].7( = ;J/J(':{:z +2arfﬁr +ﬁl:i53

where:

T

X=X=1,0 P, =pP,~1,0
After emission of radiation carrying momentum dp, the variables change by:

. dp - dp ~ -, dp _ dp
O 0—— X Xx+n — B ll-—|+ 1-0)—
P P pl( P} 7,.(1-0) 5

0 0 0

The resulting change in the action is:

J. = J +dJ.
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Appendix A: Horizontal Emittance Damping
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The change in the horizontal action is:

d ) dJ ldp dpd
dJ_=-w, n w, 4 — = —W, —£, W, _I;_P (A1)
| " p dt P dt Pt
where, in the limit & — O:
wo=axp, +fpi—nrx+ap)-n,lax+pp,) (A2)

and:

2

W, = % (2 +2a.01,0 + B )~ (@, + B, o, + % p.p;  (A3)

Treating radiation as a classical phenomenon, we can take the limit dp — 0
in the limit of small time interval, dr — 0. In this approximation:

dJ 1 dp P

R W, ——— &~ —

d P dt Pc

where P, is the rate of energy loss of the particle through radiation.
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Appendix A: Horizontal Emittance Damping
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To find the average rate of change of horizontal action, we integrate over
one revolution period:

df Z] | PE]C' dC

— T
ds

T.--.-'-,_.__.__._-__|____‘_‘-.~-I ref_erence
1

| trajectory

We have to be careful changing the variable of x
integration where the reference trajectory is curved:

dz‘—d—C—[HiJ@

c p)c

So:

d/. 1 ):leRw 1+ | ds (A4)
dr— Tfer s L p

where the rate of energy loss is:

C, 5,
P =—Lc%e*B*E’ (A5)
T2z
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Appendix A: Horizontal Emittance Damping
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We have to take into account the fact that the field strength in a dipole can
vary with position. To first order in x we can write:

0B,
B=B,+x— (AB)

ox

Substituting equation (A6) into (AS), and with the use of (A2), we find (after
some algebral) that, averaging over all particles in the beam:

{ <n-lf;(1+iJ> ds = CUU[I —5]33 (A7)
p 8

C 1 1
Uy=—fcEl,  L=f—ds I, =§i(—2+2kljds
plp

where:

and k, is the quadrupole gradient in the dipole field:
OB,
k = At
P, ox

— .!Effe’?SOn Lab === Thomas Jefferson National Accelerator Facility — ——

Operated by JSA for the U.S. Department of Energy Lecture 12 - Radiation Damping USPAS,Texas A&M, Jan. 24 - Feb 18, 2022 28



S 4
B €)

Appendix A: Horizontal Emittance Damping
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Combining equations (A4) and (A7) we have:

de, __L1Uo[) L £,
di T E\ 1)

2

Defining the horizontal damping time, 7.:
2k,
jx LITO

T

X

0 Ji.le__

the evolution of the horizontal emittance can be written:

The quantity ;_is called the horizontal damping partition number. For most
lattices, if there is no gradient in the dipoles, then ;_is very close to 1.
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Damping of Synchrotron Osclillations

So far, we have considered the effects of synchrotron radiation on the
transverse motion. There are also effects on the longitudinal motion.

Generally, synchrotron oscillations are handled differently from betatron
oscillations, because the synchrotron tune in a storage ring is usually much
less than 1, whereas the betatron tunes are much greater than 1.

To find the effects of radiation on synchrotron motion, we proceed as
follows:

— We write down the equations of motion (for the variables z and o) for a
particle performing synchrotron motion, including the radiation energy
loss.

— We express the energy loss per turn as a function of the energy
deviation of the particle. This introduces a "damping term" into the
equations of motion.

— Solving the equations of motion gives synchrotron oscillations (as
expected) with amplitude that decays exponentially.
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Damping of Synchrotron Oscillations

Ipmg\

The change in energy deviation 6 and longitudinal coordinate z for a particle
in one turn around a storage ring are given by:

OppZ ] U
c E,

eVer

AO =

sin{ Q, —

0

Az = —apCOCS‘

where 17, is the RF voltage and o, the RF frequency, E, is the reference
energy of the beam, ¢, is the nominal RF phase, and U is the energy lost by
the particle through synchrotron radiation.

If the revolution period is 7, then we can write the longitudinal equations of
motion for the particle:

do _ QVRF Siﬂ(@s B @RFZ] ) U
dt E{}T{} c EOTO
dz

—=—a cO

dt y
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Damping of Synchrotron Oscillations
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Let us assume that z is small compared to the RF wavelength, i.e. @,.z/c <<1.

Also, the energy loss per turn is a function of the energy of the particle
(particles with higher energy radiate higher synchrotron radiation power), so
we can write (to first order in the energy deviation):

dU dU
~U,+E,8

U= L'TU +AFE

E=E, E=E,

Further, we assume that the RF phase ¢, is set so that forz=6=0, the RF
cavity restores exactly the amount of energy lost by synchrotron radiation.

The equations of motion then become:

S %
dc __eIRF cosg, o z—iad[’
dz
—=—a . co
dt d
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Damping of Synchrotron Osclillations

Combining these equations gives:

d’s as .
Z +2a5_(+@§f5 =0
dt dt

This is the equation for a damped harmonic oscillator, with frequency o, and
damping constant a, given by:

e
o = RFcosqoSwﬂap
EO 0
1 dU
Ay =—————
2T, dE |,
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Damping of Synchrotron Osclillations

If o << w,, the energy deviation and longitudinal coordinate damp as:

5(t)= S exp(—a,t)sin(@.t —6,)

a.c
Sexp(—ayt)cos(at—6,)

z(1) =

P
0

5

To find the damping constant «,, we need to know how the energy loss per
turn U depends on the energy deviation 6...
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Damping of Synchrotron Oscillations [

We can find the total energy lost by integrating over one revolution period:
U=§Pp,di

To convert this to an integral over the circumference, we should recall that
the path length depends on the energy deviation; so a particle with a higher
energy takes longer to travel round the lattice.

dC

_...-"‘_'-.-_—___-'_"‘—-.__
: ds dC
£ .
_--"""'____-_—_"""'--J reference df = —
v | trajectory C

dc[ st[ ”a]ds
P P

U /A S
- 7= fp (122 o

—— .geffelfon Lab s
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Damping of Synchrotron Osclillations

With the energy loss per turn given by:

1
[,’—§P,(l+i§]ds
c? U p

and the synchrotron radiation power given by:
R p— C‘ E4

v 3 222
P=—L¢c¢eBE-=—L¢—

T2 27 p°
we find, after some algebra:
dU U,
_ —JE
dE E=E, Eo
where: c
T "‘v ]
["foz_‘Egjz jE:2+_4
2r I,
1, and I, are the same synchrotron radiation integrals that we saw before:
1 1 | B,
I, ={—ds I, =2 =+ 2k, |ds .
o) p\p B, ox
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Damping of Synchrotron Oscillations

Ipmg\

Finally, we can write the longitudinal damping time:

| 2 E
o4 2hg
a, j.U,

U, is the energy loss per turn for a particle with the reference energy E,,
following the reference trajectory. It is given by:

C
U,=—F E;*]2
2

j. Is the longitudinal damping partition number, given by:

I
jo=2+7

2
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Damping of Synchrotron Oscillations

Ipmg\

The longitudinal emittance is given by a similar expression to the horizontal

and vertical emittances:
£ = \/<22 ><§2> — (zb‘}z

In most storage rings, the correlation (z6) is negligible, so the emittance
becomes:

E. RO O;

Hence, the damping of the longitudinal emittance can be written:

e.(t)=¢.(0) exp(— 2%]
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Summary: Synchrotron Radiation Damping

(A

The energy loss per turn is given by:

The radiation damping times are given by:
2 E 2 E

X y

Jx U, JJ-‘LO

The damping partition numbers are:
1,
I,

Yo,

C? 4 -~ 1 =3 3

U, ——LE'L C. =8.846x10~° m/GeV
2T ’

T — 7, T —T, . =——

Je=1=== Jy =1 .L—Z2+I—4

The second and fourth synchrotron radiation integrals are:

12—§%ds I, §’3’*(—+2de
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Quantum Excitation

Ipmg\

If radiation were a purely classical process, the emittances would damp to
nearly zero. However radiation is emitted in discrete units (photons), which
induces some “noise” on the beam. The effect of the noise is to increase
the emittance. The beam eventually reaches an equilibrium determined by
a balance between the radiation damping and the quantum excitation.

emitted

photon _
on-energy closed orbit

/ \ off-energy closed orbit
\ particle

trajectory

bending
magnet
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Quantum Excitation of Horizontal Emittance

Ipmg\

By considering the change in the phase-space variables when a particle
emits radiation carrying momentum dp, we find that the associated change

in the betatron action is:
dJ_ =-w, dp +w, dp
| P P

0 0

where w, and w, are functions of the Twiss parameters, the dispersion, and
the phase-space variables (see Appendix A).

The time evolution of the action can then be written:

A, __, Lo, dpdp
dt P dr P! dt

In the classical approximation, we can take dp — 0 in the limit of small time
interval, dr — 0. In this approximation, the second term on the right hand
side in the above equation vanishes, and we are left only with damping. But
since radiation is quantized, it makes no real sense to take dp — 0...
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Quantum Excitation of Horizontal Emittance

Ipmg\

To take account of the quantization of synchrotron radiation, we write the
time-evolution of the action as:

daJ . 1 d dp d dJ (1 {u?
= =—W — Ly W, Ij e s ——=-wN @ +w,N —< - >j
dt R, dt B dt dt Rc ° PFc

where u is the photon energy, and Nis the number of photons emitted per
unit time.

In Appendix B, we show that this leads to the equation for the evolution of
the emittance, including both radiation damping and quantum excitation:

dgx _ _igr n 2 C yg I_.;
dt T jr. U1

X

where the fifth synchrotron radiation integral Z; is given by:

1. Efi;"ds

and the "quantum constant” C, is given by: C, :ii ~3832x107% m

32@ mc

S— .!effergon Lab ===  Thomas Jefferson National Accelerator Facility

Operated by JSA for the U.S. Department of Energy Lecture 12 - Radiation Damping USPAS, Texas A&M, Jan. 24 - Feb 18, 2022 42



@s 4¢

Quantum Excitation of Horizontal Emittance

Ipmg\

In deriving the equation of motion (A4) for the action of a particle emitting
synchrotron radiation, we made the classical approximation that in a time
interval dr, the momentum of the radiation emitted dp goes to zero as dr goes
to zero.

In reality, emission of radiation is quantized, so writing "dp — 0" actually
makes no sense.

Taking into account the quantization of radiation, the equation of motion for
the action (A1) should be written:

d dp) dJ. )
O 0 dt Fyc Iye

where N is the number of photons emitted per unit time.

The first term on the right hand side of (B1) just gives the same radiation
damping as in the classical approximation. The second term on the right
hand side of (B1) is an excitation term that we previously neglected...
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Quantum Excitation of Horizontal Emittance

Averaging around the circumference of the ring, the quantum excitation term
can be written:

Using equation (A3) for w,, we find that (for x << 7 and p_<< ) the
excitation term can be written:

) p
w,N ]<302c3>2 ~ 2EEC, :fj'{ N <H > ds

where the "curly-H" function % is given by:

H,=yn +2an.0, + B,
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Quantum Excitation of Horizontal Emittance

Ipmg\

Including both (classical) damping and (quantum) excitation terms, and
averaging over all particles in the bunch, we find that the horizontal
emittance evolves as:

de, 2 1
L= —— s +——
dr r. = 2E;C,

§f\.7<f.{2>?{x ds (B2)

We quote the result (from quantum radiation theory):

] 5 S
N{(u*)=2C,y Eo;’ (B3)

where the "quantum constant” C_is:

c =2 T 3839%10% m

q 32\5 mc
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Quantum Excitation of Horizontal Emittance

Ipmg\

Using equation (B3), and equation (A3) for P, and the results:
EU

T
I

‘0

| S
jr.=2—="T, U,=—=cE,I,
o 27

we find that equation (B2) for the evolution of the emittance can be written:

ds. 2 2 L
di R I S |

where the fifth synchrotron radiation integral Z; is given by:

I, =§"Z; ds

Note that the excitation term is independent of the emittance: it does not
simply modify the damping time, but leads to a non-zero equilibrium
emittance.
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Quantum Excitation of Horizontal Emittance

Ipmg\

The equilibrium horizontal emittance is found from:

de. 2 2 I
g,\ — 0 - = SO — qu,.l 2 -5
dt |, _ T j.T. 1

£y X ST x 2

The equilibrium horizontal emittance is given by:

Vi
-y 42 5
80—(.@,"/ -

J? x IE

Note that ¢, is determined by the beam energy, the lattice functions (Twiss
parameters and dispersion) in the dipoles, and the bending radius in the
dipoles.

&, Is sometimes called the “natural emittance” of the lattice, since it is the
horizontal emittance that will be achieved in the limit of zero bunch charge:
as the current is increased, interactions betweens particles in a bunch can
increase the emittance above the equilibrium determined by radiation
effects.
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Quantum Excitation of Vertical Emittance

Ipmg\

In many storage rings, the vertical dispersion in the absence of alignment,
steering and coupling errors is zero, so #, = 0. However, the equilibrium

vertical emittance is larger than zero, because the vertical opening angle of
the radiation excites some vertical betatron oscillations.

The fundamental lower limit on the vertical emittance, from the opening
angle of the synchrotron radiation, is given by(":

13 C,
55}I§|p|

In most storage rings, this is an extremely small value, typically four orders
of magnitude smaller than the natural (horizontal) emittance.

In practice, the vertical emittance is dominated by magnet alignment errors.
Storage rings typically operate with a vertical emittance that is of order 1%
of the horizontal emittance, but many can achieve emittance ratios
somewhat smaller than this.

() T. Raubenheimer, SLAC Report 387, p.19 (1991).
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Quantum Excitation of Synchrotron Oscillations

Quantum effects excite longitudinal emittance as well as transverse
emittance. Consider a particle with longitudinal coordinate z and energy
deviation &, which emits a photon of energy u.

A tilted ellipse equation 4
///’ \\
vz2? 4+ 2020 + B62 =€ R Y
/ K
1/ / -
, 7 7 > Z
- . I
can be parametrized via angle # | ;—'»’
\
\ , ’
N /’/
f O‘.'pc' ~ RPN -7
zZ = ——dJ&cosl
o,
) Tilted L dinal Ell
a.c -~ . ilted Longitudina ipse
az + ) =5 sinf) s P
@

5

S— .QEff;ZOI'I Lab ===  Thomas Jefferson National Accelerator Facility

Operated by JSA for the U.S. Department of Energy Lecture 12 - Radiation Damping USPAS,Texas A&M, Jan. 24 - Feb 18, 2022 49



Quantum Excitation of Synchrotron Oscillations

Quantum effects excite longitudinal emittance as well as transverse
emittance. Consider a particle with longitudinal coordinate z and energy

deviation &, which emits a photon of energy u.

o
A
Or equivalently as PP R
/// \\
7/ \
// :
¢ &,C A , II
z = o cos@ - ~— > 7
a, | ' //
| .
$ \ E,
- -~ - \ 7
0= ¢ (sinfl — acosfb) N PP
\ \\ ______ ’/

Tilted Longitudinal Ellipse
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Quantum Excitation of Synchrotron Oscillations

Quantum effects excite longitudinal emittance as well as transverse

emittance. Consider a particle with longitudinal coordinate z and energy
deviation &, which emits a photon of energy u.

After a photon emission ?.
o/ Sy ’ Al YR _ U P RN
0 =0/(sinf —acosl) =0d(sinf) —acosll) — 4 .- N
o 7 \
Ve \
o C ~ a . C -~ // |
z'=—+t-5"cosf' =—L-S5cosb K , ‘
@, @, 7 7 7 > Z
I w
: u
\ EO
\ s
- 2 . . \\ ///
(6/")[sin® @' — asin 20’ + a? cos? 0] = DTS -7

(52)[5'1112 0 — asin26 + a? cos? 0] - 2, (sinf — arcos0) ot HE

0
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Quantum Excitation of Synchrotron Oscillations

(5’2)[51112 0 — Er?sin gﬁ’ +a?cos? ] =

9

u-
2

E

0

(52)[‘51112 6 —\Q*Sin 260 + o cos? 9] - 24 (;iﬁﬁ_ o?{:b&fﬁ' 5l+
p L e “FEy N ‘ ‘2

Let us calculate: { (5,2) i (52)>
Averaging over the bunch gives

< 02>

b | =t

2
2 _ <u’> 2\ wher 2 _
Aoy = SET (1 4+ a®) where o5 =
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Quantum Excitation of Synchrotron Oscillations

Including the effects of radiation damping, the evolution of the energy
spread is:

do: (1+a?) -'--’<zf> 2

= Nds——o;
dr  2EXC, r. °

Using equation (B3) from Appendix B for N (2}, we find:

do; ., 5 2 I
dr .q jo: I2 rZ

We find the equilibrium energy spread from do¢/dt = 0:

R | 4
O'éﬂ :Cq}"'j_—} (1 + &'2)

The third synchrotron radiation integral 7, is given by:

|
13 :§m ds

Which 1s a more general case of the equilibrium energy spread.
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Natural Energy Spread

Ipmg\

The equilibrium energy spread determined by radiation effects is:

jo =C y* L
i/ .
! I

J:

(1+ 0-2)

2

This is often referred to as the “natural” energy spread, since collective
effects can often lead to an increase in the energy spread with increasing
bunch charge.

The natural energy spread is determined essentially by the beam energy
and by the bending radii of the dipoles. Note that the natural energy spread
does not depend on the RF parameters (either voltage or frequency).

The corresponding equilibrium bunch length is:

a,c
__F
o.=——0;
@

5

We can increase the synchrotron frequency @,, and hence reduce the bunch
length, by increasing the RF voltage, or by increasing the RF frequency.
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Summary: Radiation Damping

Ipmg\

Including the effects of radiation damping and quantum excitation, the
emittances vary as:

e(r)=em)exp[-%}g(m){l_exp[_%ﬂ

The damping times are given by:

_ _ _ E
.}xrx :.}y ¥ :jzrz - 2[)_70170

0
The damping partition numbers are given by:

jx:l_I_dl jy:l .].z:2+1_4

2 12
The energy loss per turn is given by:

-

| S (';V 4 . 103 3
U, ——LE'1 C. =8.846x10°° m/GeV
27 !
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Summary: Synchrotron Radiation Integrals

The natural emittance is:

, 1
g =Cy j}

C,=3.832x10" m

The natural energy spread and bunch length are given by:

* a,c
L (1+ a?) o.=——0;
j3]2 _ @

5

2 2
c; =C,r

The momentum compaction factor is:
1

o = —

P CU
The synchrotron frequency and synchronous phase are given by:

5 el,. @ . U
. =——L E o cosp sin @, = —
ko E T P Ay Ay I/r

o Lo €V rr
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Summary: Sand’s Integrals

The synchrotron radiation integrals are:
[, = ff& ds
o,
1
IE — §F dS
1
]3 =3 dS
P
n (1 e OB,
I, _ifi( : +2k1]d5 by = ——
pLp F, Ox
H 5
1= o ds H = 7005 +200,00,00 0+ Bl
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Summary

= |n this lecture we have:

» Discussed the effect of synchrotron radiation on the
(linear) motion of particles in storage rings;

= Derived expressions for the damping times of the
vertical, horizontal and longitudinal emittances;

» Discussed the effects of quantum excitation, and derive
expressions for the equilibrium horizontal and
longitudinal beam emittances in an electron storage ring.
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