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Classical Microtron: Veksler (1945) Mlidg
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Synchrotron Phase Stability 3922
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Veksler and used the idea to design first large electron synchrotron.

Edwin McMillan discovered phase stability independently of
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Beam energy where speed increment effect balances path length
change effect on accelerator revolution frequency. Revolution
frequency independent of beam energy to linear order. We will
calculate in a few weeks

Transition Energy

e Below Transistion Energy: Particles arriving EARLY get less acceleration
and speed increment, and arrive later, with repect to the center of the bunch,
on the next pass. Applies to heavy particle synchrotrons during first part of
acceleration when the beam is non-relativistic and accelerations still

produce velocity changes.

® Above Transistion Energy: Particles arriving EARLY get more energy, have
a longer path, and arrive later on the next pass. Applies for electron
synchrotrons and heavy particle synchrotrons when approach relativistic
velocities. As seen before, Microtrons operate here.
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Phase Stability Condition

“Synchronous” electron has
Phase = ¢, E =FE +leV, cosg,

Difference equation for differences after passing through cavity pass / + 1:

,
ALY (1 o)1 Z”Mﬂ A,
AE,, ] \—eV. sing 1 0 ’11Ef )AEZ

Because for an electron passing the cavity

AE — AE1Z9ef0re Te I/c (COS(¢S T A¢) o COS¢S )
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g Thomas Jefferson National Accelerator Facili N
.!effer%on Lab o @ @J‘C‘A

USPAS Accelerator Physics Jan. 2011



W

Phase Stability Condition

I
o, (L+AEIE) K =1/ p? ODU
D, o=p (1—COS(S/,OZ.)) 0<s<27p,
D 27p)
LM = j;ds = ! (1-coss/ p, s
= 27p,
( 1 47° p, )
(A¢l+lJ - /1El |[A¢lj
~ 2
AL —el sing, 1- A piel, sin @, AL,
\ AE, )

g Thomas Jefferson National Accelerator Facili
J)effer%on Lab o @ @JSA

USPAS Accelerator Physics Jan. 2011



W
ODU

Phase Stability Condition

Have Phase Stability if

2
—1<(Tr2Mj<1—> 1= 2P Gin g <1

AE,
27° .
7_Piele sin b, = ﬂfRFeZC Cos¢, tan g, = T Ixr 87 tan &,
AE, f.mc f.
e,

O<vrtang <2
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Phase Stability Condition

Have Phase Stability if
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Synchrotrons
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Two basic generalizations needed

« Acceleration of non-relativistic

particles

« Difference equation describing []
per turn dynamics becomes a

differential equation with solution

Involving a new frequency, the

synchrotron frequency

g Thomas Jefferson National Accelerator Facili N
.!effer%on Lab o @ @J‘C‘A

USPAS Accelerator Physics Jan. 2011



Wi”

Acceleration of non-relativistic particleS

For microtron, racetrack microtron and other polytrons,
electron speed is at the speed of light. For non-relativistic
particles the recirculation time also depends on the longitudinal
velocity v, = S.c.
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At Ap 1
T _770 T % 770 — 2 o
ZLrecirc p ?/
ZpApc’z:ZEAE—)Ap: L AE—) Al — e AE

p ﬂ 22 E trecirc IB 22 E

Transition Energy: Energy at which the change in the once
around time becomes independent of momentum (energy)

No Phase Focusing at this energy!
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Equation for Synchrotron Oscillations \hlidg

A¢l+1 _ 1 O 1 o ﬁﬂzE A¢l
AE, ) |—eV.sing 1 L AE,
0 1
( 1 _2zLny,
. ﬂ’IBZZEl (A¢lj
—eV_ sing, 1+ 2”6770 eV, sin g, AE)
\ APZE, )

Assume momentum slowly changing (adiabatic acceleration)
Phase advance per turn is

wLln,
ABZE,

2rln,

eV sing. — Au’ ~ — FE
z 1

COSAu =1+

eV sing,
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So change in phase per unit time Is

A .
N L |_2zin, eV sin g,
1, 1, AP.pc

yielding synchrotron oscillations with frequency

h .
o, = a)rev\/_ 7 eVC SN ¢S

21w pc

where the harmonic number h = L/ S_/, gives the integer
number of RF oscillations in one turn
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Phase Stable Acceleration

At energies below transition, #,.> 0. To achieve acceleration
with phase stability need ¢, <0

LW, = a)m\/}mc Ve sin (—¢,)

21w pc

At energies above transition, 7. < 0, which corresponds to the
case we’re used to from electrons. To achieve acceleration with
phase stability need ¢ >0

Lo, = a)m\/h(_m) dé Sin @,

2w pc
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LLarge Amplitude Effects

I
Can no longer linearize the energy error equation. ODU
2rln,
A¢l+1 = A¢Z o ﬂ,ﬁzzEl AEI

AE,, =AE, +eV,(cos(¢, +Ad)—cos g )

dA¢ ~ A¢l+1_A¢l - 272-770 AE

dt 1, Ap
dAE AE,,-AE, eV, (cos(g, + Ag,)—cosg, )
di T, T,
d°A¢ 27,

7= ol eV, (cos(g, + Ap)—cosg,)
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Constant of Motion (Longitudinal qqepp
“Hamiltonian) ODU

2
dag d’Ag 2, eVCM(C%@S +Ag)-cosg, )
dt dt ApT, dt

1(dAg\ — 2zpy .
|| =— < eV (sIn +Ap)—A¢pcCOoS +C
1 27nn,

H(A$,T,AE) = > (TOAE)2 +eV, (sin(g, +Ag)—Ag cos¢s)

ﬁpTo
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Equations of Motion

If neglect the slow (adiabatic) variation of p and 7, with time,
the equations of motion approximately Hamiltonian

d\p  OH d(I,AE)  oH

dt  O(T,AE) dt OA¢

In particular, the Hamiltonian is a constant of the motion

Kinetic Energy Term
_ 1271,

T =
2 Ap

(AE)
Potential Energy Term
V =eV.(sin(p +Ap)-Agcosg, )
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No Acceleration
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g =xml?2 V =el cosA¢

d°Ap .
=w-SINA
dt? g ?

Better known as the real pendulum.
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With Acceleration ﬁ
d;ff = siarijﬁs (cos(g, + Ap)—cosg,)

1(dAg 2: o’ .
2( dt j Sin¢s (Sm(¢s+A¢) A¢COS¢S)-|—C

Equation for separatrix yields “fish”” diagrams in phase space.
Fixed points at

cos(¢, +Ag)=cosg, ~ Ap=0,-24
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