LECTURE 11

Linear Accelerator Dynamics:

Electron Linacs
Prebunching

Longitudinal dynamics in synchrotrons
Acceleration
Matching and filamentation
Longitudinal “gymnastics’:
Debunching and Bunch rotation

Synchrotron radiation: introduction
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Linear Accelerator Dynamics:
Electron Linacs

In electron linacs, Y, gets very large rapidly. From the adiabatic
damping relations, it would appear that AE would get very large,

and At would get very small. This does not happen, because the
synchrotron frequency goes to zero for large y.. In electron linacs,

the synchrotron motion becomes “frozen” very rapidly as the beam
is accelerated. Particles remain at the same values of phase and
energy. The time spread At and energy spread AE remain

essentially constant, and the relative energy spread AE/E decreases
as 1/E.
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What happens in the regime before the beam becomes relativistic?
To address this question, we must go back to the original equations
of motion: we can no longer treat AE as a small quantity, sincea

particle’ s energy will be changing by large fractions of itself in this
regime. We'll consider the case of an electron travelling wave
linac, and write the equations in terms of the continuous variable s,
corresponding to the continuous acceleration in atravelling wave
linac.

Return to Lecture 10, p. 8:

dt
tn+1 _tn = LES =T(S) _Tp(S)

0 0
T(s) = L :>7dt(s) :} 1 _i

pc ds cHB B,
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In this equation, T(s) isthe transit time, and 3, isthe (constant)
phase velocity, of the travelling electromagnetic wave.

The energy equation, from Lecture 10, p. 7, becomes

dE(s) _ .
“ds eEysinat(s)

We'd liketo get arelation between E and ¢= ax, which will
represent the motion in longitudinal phase space.

Using the chain rule

dE_dEdsdt
dp dsdtdg
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we get
dE ceEO
v n -
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dE =
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This can be written in terms of perfect differentials as
d BEEB % ek d[-cosg]

WhICh integrates to
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in which ¢, isthe phase for which 3=[3,. For an electron linac, the

phase velocity of the travelling wave is chosen to be v,=c, so §,=1
and we have

E E(B-1) = cos@, —cos¢

as the equation of the trajectoriesin longitudinal phase space.
¢ has been renamed @,,, the asymptotic phase. In terms of the

particle momentum p, and the rf wavelength A = ZcT we have

\m?c? + p? - p) COS@ — COS @,

el
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The following figure shows the phase space trajectories for the

case of the CESR Linac, for which A=10.5 cm, E; =11 MV/m

trajectqries

phi (rad)

-4 -2 2 4
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The separatrix corresponds to the trgjectory with cos@,, = £1. The
minimum injection energy on thistrajectory isfor ¢=0, for which

52 _eEgA
ymec +pmrn Pmin = .

For the CESR linac case, p,;,=164 keV/c (kinetic energy about 26
keV). Idedlly, injection should occur at ¢=0, but at an energy well
above the minimum, close to the trgjectory with an asymptotic
phase of 90°.

This provides maximum accel eration and minimum phase spread
at the output.

The figures below show the evolution of a series of pointsin phase
space in the beginning of the CESR linac. The points are at
successive values of s, from 0to 3 m, in steps of 0.1 m. The input
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phase space is a uniform distribution in ¢ from —34°to 34° (full
time spread 66 ps) and in kinetic energy from 225 to 275 keV.
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Note that the phase spread about ¢=0 at injection is manifested as

an energy spread at the output. Consequently, it’s important to
have a minimum phase spread at injection. Very short pulses can
be obtained from photoinjectors, but thermionic DC guns with
pulsed grids give nanosecond time scale pulses. A prebuncher is
usually required to reduce the time spread further.

Prebuncher rf The beam from the
gun isinjected into
A the prebuncher
AN cavity so that the

Beam from gun

early particles are
decelerated, and the

The output phase space has a full energy spread of about 1 MeV, gt —
and afull phase spread of about 15° (14 ps). Gun Linac late ones
Prebuncher cavity accelerated.
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Lonqitudina dynamics in synchrotrons

The longitudina dynamics discussion in lecture 11, which was
given for (non-relativistic) linacs, applies directly, aslong as the
appropriate value for ncisused. For a synchrotron, we must use

the result from Iecture6 p. 32:
1 1

Nc=0ac -~ yz V2
1

where ac = fn(s)ds = |sthe momentum compaction factor.
Yt
In contrast to Ilnacs, N can be positive, and in fact it can change

from negative to positive during acceleration if the machine
crosses transition, i.e., the yof the beam goes from below y; to
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above y;, What happens at transition crossing is a special topic to

be discussed later.
Above transition, the condition on ¢ for phase stability changes:

Since we always need to have
2 _ _eVhnc cosgpg
Q=2 >0

2 &
3

if neispositive, cos @ must be negative, i.e., g<%<?

Note that above transition, higher energy particle take more time to
go around the machine than lower energy particles. Thisis
sometimes referred to as the “negative mass’ effect: the revolution
time increases for faster particles. We will see later that this can, in
some cases, lead to aform of unstable motion.
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Typically morethan 1 rf cavity is present in a synchrotron.
Nevertheless, the harmonic number hin a synchrotron is taken to
be the number of rf cycles per revolution (rather than per cavity).

Hence, for example, in our matrix equation

At _D 01032nQSn B SN2 70N
E n_%ﬁl_sinZnQSn cos2 1N EC,

n refers to the turn number, and the V in
2 _ _€Vhne cosgg

Qs = ZTES@

total voltage per turn (summed over all cavities).

, and in the expression for 3, refersto the
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The shape of the rf buckets are “reversed” above transition (the
pointy end is at small values of ¢):

Bucket

Separatrix

?

0,max (gmax

There are h such buckets around the machine, and there may be h
synchronous particles at the center of each one. Thus the machine
can contain at most h bunches.
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RF Waveform \

The rf bucket corresponding to @=rt for which thereisno
acceleration, is called a stationary bucket.
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Acceleration
In asynchrotron, the magnetic field is ramped as the beam energy
increases, to maintain a constant orbit radius. The synchronism
conditions for the synchronous particle are a condition on the rf
frequency, and arelation between the rf voltage and the field ramp
rate.
The rate of energy gain for the synchronous particleis

dEg .
— = f.eVsn
it s 3

inwhich fg = %C = % is the revolution frequency of the

synchronous particle, and C is the machine circumference. The rf
wavel ength must satisfy the condition

A= C
hfs
The rate of momentum change for the synchronous particle is
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dps . ev .
—>=eEysing, =—sin
dt Eosings C ®@
Using ps = epBy, we get

dE:VQn%
dt pC

This stipulates how V sing must change during acceleration. If the
magnetic field has a uniform ramp rate, with dio = constant, then

Vsingy can remain constant during accel eration.
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If (asistypically the casein rapid cycling synchrotrons with
resonant magnet systems, like the Cornell synchrotron and the
Fermilab Booster), the magnetic field variesin time like

Bo ) = By + 1~ Bhin) 5 Biin) (1 cos2rt)
in which f, is the machine cycle frequency (e.g., 60 Hz), then
synchronism requires that V sin gy have a sinusoidal time
dependence. Specifically, we have
eVsings = Cfc(Pmax — Pin)Sin2 7t

in which p,,,, and p,;, are the maximum and minimum values of
the synchronous momentum during acceleration.

12/4/01 USPAS Lecture 11 20




Example: the Cornell synchrotron
This machine accelerates a 300 MeV electron beam to 5200 MeV
in about 8 msec, corresponding to a cycle frequency of 60 Hz. It
uses afixed-frequency 714 MHz rf system, operating at a
harmonic number of h=1800, corresponding to a circumference of
about 756 m. The momentum compaction factor is a. =0.0096.

The synchronous phase is roughly constant during acceleration, at
about 150°. The rf voltage per turn has a roughly sinusoidal
dependence on time, with V=1 MV at the beginning and end of the
cycle. In mid-cycle, at the maximum value of dp/dt, the required
voltage, from the above equation, works out to about 4.7 MV. The
injected longitudinal emittanceisg, = 6.6 eV-us. Synchrotron

radiation does not play much of arole in the dynamics. Using these
numbers, we find the following table for the parameters of the
longitudinal motion:
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Parameter 300 2500 5200 Units
MeV MeV MeV
V 1 4.7 1 MeV
Vs 588 4893 9785
Qs 0.089 .0666 .021
Q. 11.25 15.1 45.8
B, 144 23 35 |psMeVv
Og 0.214 0.534 0.432 MeV
o /E 713 213 86 x10°
o, 30 12.3 15 ps
o, 9.3 3.7 4.6 mm
AE, 1.9 12.1 7.9 MeV
AJm 702 4376 2867 us-ev
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Matching and filamentation

Beam transfer from one synchrotron to another, or from alinac
into a synchrotron, is often done “bucket-to-bucket”: the rf systems
of the two machines are phase-locked, and the bunches are
transferred directly from the buckets of one machine into the
buckets of the other.

This process can be quite efficient. However, growth of the
longitudinal emittance will occur unless (i) the injected beam hits
the middle of the bucket in the receiving machine, and (ii) the two
machines are longitudinally matched. By this, it is meant that they
have the same value of the longitudinal betafunction 3, which

determines the aspect ratio of the longitudinal ellipse in phase
space.
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If the injected beam misses the bucket center, or the values of 3

are unequal, then the injected beam will rotate in the bucket after
injection. This rotation, coupled with the nonlinear phase space
trajectories, resultsin filamentation and an effective growth in the
emittance.
The following plotsillustrate this. They were made by solving
numerically the exact differential equations of motion in the form:

do

— =2 AE
o = 2B
;}(AE) =eV(sing-sin @)
with the longitudinal parameters for the Cornell synchrotron at

injection, and for abeam with g = 100 eV-psec.
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- amatched transfer, first hundred turns

'zAfter this matched trénsfer, the emittance dé)es not grow.
Mismatched transfers: phase error of 60°, first hundred turns (next
page); No phase error, 3, error of factor of 3 (following page):

12/4/01 USPAS Lecture 11 25

2
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2
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Longitudinal “gymnastics’: Debunching and Bunch rotation
These are processes by which the time spread and energy spread of
a bunch can be manipulated.

They areillustrated in the following series of figures.

We start with a matched bunch in a stationary bucket. The rf
voltage is'V,,.
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Therf voltage is adiabatically reduced to asmall value V,,,,, over
many synchrotron oscillation periods. The bunch remains matched
to the bucket; the energy spread goes down like V0% and the time
spread (bunch length) goes up like V2 The product must
remain the same by Liouvill€' s theorem.

E (V)
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If this processis continued, with the rf voltage eventually being
turned off, the beam is said to be debunched. The beam is then
distributed around the whol e circumference, rather than being
contained in bunches by rf buckets. The energy spread is reduced
in the debunching process: if the processistruly adiabatic, the
longitudinal emittance is conserved, and the final (full) energy
spread isjust

AEgenunched, full = fs€L (per bunch)

where f, isthe revolution frequency of the synchronous particle.
In the debunched state, no rf voltage is applied to the beam. At any
significant energy, it isimpossible to debunch an electron beam, as
energy must be always be supplied to make for the synchrotron
radiation.
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Suppose that, after the rf voltage is reduced substantially but not
brought to zero, the rf voltage is suddenly snapped back up to the
origina value, in atime much shorter than a synchrotron
oscillation. The mismatched bunch rotates in the bucket:

6|
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After aquarter of a synchrotron period, the bunch is very narrow,
although with alarge energy spread. If it is extracted from the
machine at this point, a beam with a very narrow time spread can
be provided.

Thetypical use of such abeam isfor high intensity production of
secondary particles. The narrow time spread is carried over to the
time distribution of the secondary particles, and enhances the
longitudinal density of the secondary beam.

Exercise: show that the ideal overall bunch length reduction factor
25

. Dy
th min
in this processis ETO E
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Synchrotron radiation

Up to this point, we have not considered the fact that charged
particles radiate energy when they are accelerated. Thiswill turn
out not to be very important for linacs at any energy, or for
synchrotrons in which yisnot >>1.

However, when y>>1 in asynchrotron, (such asin virtually all

electron synchrotrons, and in very high-energy proton
synchrotrons), there will be considerable radiation, which will play
avery important role in the particle dynamics.
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Two results from classical E&M will form the starting point of our
discussion:
1. The Lienard formulafor the total power radiated by an
accelerated charged particle of charge e, having acceleration &,

velocity fc, and energy moyc?

2 —
“on et B 1P

2. The acceleration experienced by such a particle in the fields
E and B

a:n;/[é—ﬁ(B-E)waB]
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Let us apply these equations to the reference particle in an
accelerator.
On the reference orbit, E and S are always pardlel, so the
accel eration becomes

e DE - .0
a=— +cB xBp
myy B2 H

L et us consider first the acceleration due to E, and the resulting
radiation power:

eE .
aEzis; BxaE =0
Moy
Rz L e® sUeE D2: 1 e'E?
67gy 0 oy ®H ~ 61 e’
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For linacs, in which the magnetic field on the reference orbit is
zero, thiswill give the radiated power. Note that the power is
independent of the energy. In terms of the classical radius
2 2
fp=——— ., the power is R = EE@.
ATTgMYC 3o mye
electrons, r, = 2.82x10*> m, and we have, for alarge field E=100
MV/m, P- = 1.7 10 W. For abeam of 10* electrons, thisisonly
about 1.7 mW.

For example, for

Now consider the acceleration due to B (the centripetal
acceleration in synchrotrons). We have
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_ €C[5._ ] _€eclB.
3B—W[BXB]—WaB
Bxag = Pag

since, on the reference orbit, B and B are perpendicular. So

6118,
1 € 40 1 €8,
_671% c3y B_67TF0 mgc (,By)

For synchrotrons, thiswill give the radiated power: that due to the
electric fieldsis negligible, as we' ve seen above. Thistype of
radiation, associated with the centripetal acceleration a charged
particle, is called synchrotron radiation. Note that the power
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depends quadratically on the energy for relativistic particles. In
terms of the classical radius, it is

2
P, = gc(eBcroz)( By)?
To MpC
In practical units, for electrons, we have
Ps =1.59 x10~*4(B[T])?(By)* W
radiated per electron.
Note the strong energy dependence of this power.

For a5 GeV beam of 10* electronsina 1 T field, the power
radiated is 1.59 MW. In addition to being a dominant concern for
the rf system, which must supply this power, the radiation has a
substantial impact on the beam dynamics, which we'll discuss
next.
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