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— Self-Excited L oop - Concept

e A Sef-excited loopis:

cycle determined by a non-linear element

. An oscillator

@(im)

A high-gain, positive feedback loop that is unstable and operates at alimit

J

. Filter
®* Basic elements:
Phase
: @ Shifter
e Band passfilter Amplifier (s,)
e  Phase shifter
[
.. MWV
N Limiter Attenuator —
Limiter
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— Unlocked Self-Excited Loop-Amplitude Stability ~
L oop oscillates at a frequency w given by
6, (w)+ 6 =0(mod 2 n)
¢ — wlU

. w
where 6, (w) = Arctan [2Q ———
[ W, [

c 061

0.5 +

0.4 +

0.3 T+

Amplitude (Norm.)

a)C
or W= w, + tan 4
2Q

0.2 +

0.1+

Detuning (Norm.)
The loop will operate on afixed point on the
resonance curve set by the external phase shifter,
independently of the cavity resonant frequency.

[0 Theamplitude will be stable and unaffected
by the microphonics

Cavity Phase Shift
(radians)

Detuning (Norm.)
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— Unlocked Self-Excited Loop-Amplitude Stability —~

During transient operation (rise time and decay time) the loop frequency
automatically tracts the resonator frequency. Lorentz detuning has no effect andis

automatically compensated
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— Self-Excited Loop-Principle of Stabilization

\—

Controlling the external phase shift 6, can

compensate for the fluctuations in the cavity
frequency . so theloop is phase locked to an

Amplifier

external frequency reference w. .

+

‘:Lal
w=a +—tan § ‘
2Q

Instead of introducing an additional external
controllable phase shifter, thisis usually done

> >

by adding asignal in quadrature

[ The cavity field amplitude is unaffected by the
phase stabilization even in the absence of

Q

Resonator
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amplitude feedback.
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— Ponderomotive Effects — M echanical M odes

\

In addition to electromagnetic modes, a cavity is also a system of mechanical modes of
oscillations of frequency Q, and decay time T, .

®* Theamplitude of a mechanical mode will be represented by its contribution to the

frequency shift Aw, of the electromagnetic mode.

. 2 . 2 _ 2
Ao, + =D&, +Q D, = -Qk,V,” +n(t)
7,

k/J . Lorentz coefficient
n(t) : external noise

Steady state: Aw,, = =KV’

1Yo
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- Ponder omotive Effects— Mechanical M odes (cont.) ~
Aw, =Aw, + 0w

Fluctuations around steady state:
V =V, (1+dV)

Linearized equation of motion for mechanical mode:

. 2 . _ 2
3, t o, +Q og) = 2k V" &
U

The mechanical mode is driven by fluctuations in the electromagnetic mode
amplitude.

Variations in the mechanical mode amplitude causes a variation of the
el ectromagnetic mode frequency, which can cause a variation of its amplitude.

[1 Closed feedback system between el ectromagnetic and mechanical modes,
that can lead to instabilities.
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— Generator-Driven Resonator ~

®* |nagenerator-driven resonator the coupling between the el ectromagnetic and
mechanical modes can lead to two ponderomotive instabilities

®* Monotonic instability

Jump phenomenon where the amplitudes of the electromagnetic and mechanical modes
increase or decrease exponentially until limited by non-linear effects

® Oscillatory instability

The amplitudes of both modes oscillate and increase at an exponential rate until limited
by non-linear effects
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— Generator-Driven Resonator
Approximate stability criteria

i 1
* Monotonic —vk V2 <
Yulo =%
2
(1+79,)

2 2
2, 1 Q,

* Osillaory yk,V, <

instabilities

& o VY VanYan

where y=r1 (a)g - 0%0)3 normalized detuning

The monotonic instability can occur on the low frequency side when the
Lorentz detuning is of the order of an electromagnetic bandwidth.

The oscillatory instability can occur on the high frequency side when the
L orentz detuning is of the order of a mechanical bandwidth.

Amplitude feedback can stabilize system with respect to ponderomotive
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| nput-Output Variables — Self-Excited

® Generator - driven cavity

~ Loop vs. Generator-Driven Cavity

Generator amplitude (V)

S P
~ ~
\\\ ’/’

vl Field amplitude (V)
>

Ponderomotive effects

Detuning (w - W)y,

>

>
'l Cavity phase shift (8)

* Cavity inasdlf-excited loop

J

Limiter output (V) J Field amplitude (ng
L oop phase shift (e|)> =:::’_’_’_’_:_:_<_:_’____::; Pondermot; ve effects
L oop frequency (w)
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| nput-Output Variables — Generator-Driven Resonator
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— | nput-Output Variables — Self-Excited L oop ~
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— Self-Excited Loop - Block Diagram ~
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— Self-Excited Loop — Field Equations
1+ 5. 2. 2

Vv =—v, ——V,
T, S T

v =Ve* Vi bIZSh (at+4)

v, =V, 287267 ¢4 [+e” (nv, +int)

V+2

Separate real and imaginary parts
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Assume variations are slow compared to electromagnetic time-scale

ETV+ 1+,B)V 2,8%V ﬁ:osé’ + Av cos(@ +9)—Atsin(6{ +9E—V COS ¢,
%/ro(w w,) Z,Byvp()@méwAv sm(é’+@)+ﬂcos($+$)H—V sin ¢

J

C_ —
/ g/%mm g{m gmc[Delayen] LLRF Workshop

VVVVV

25-27 April 2001

Operated by the Southeastern Universities Research Association for the U.S. Depart. Of Energy

Thomas Jefferson National Accelerator Facility



— Self-Excited L oop — Steady State
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- Self Excited Loop — Fluctuations from Steady State ~

Linearize around steady state and apply Laplace Transform

cos(f +6,) 1+p _&Sin(éf+9f) 1+
cosg 1+ B +1.S cosgd 1+pB+rsS

b btang@
-V, +(0¢, — O >
"1+ B+T,S (99: ¢)1+ﬁ +7,5

oV = ng

cos(é?I + 0, ) O

dan( 6+ §)—ten g P 7
[]

[]

To(dw_aag):d/g(l-l_@ 1+,3+TSD

cosé
cos(é?I +9f)a+tan9 1+ E

cosf O "1+ B+1.5

1+ U
1+,8+ros%

+ot (1+ B)

]
+oV,brtang +tan 4
[

1+8 O
1+,8+TOS%

+(09, —5¢)b§—1 —tang +tan @
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— Transfer Function Representation
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— Monotonic Stability ~

u u
The system will be stebleif: - 7 y- r%/% kyvg<% B (KaiK,), with:
¢

]_|:| ) m []
B, (K, Ko) =5 I (L+y?) +1+yy, — —[K (L +yy,) +1 +y,y, |0
[] ¢ []

If: =0 g «1 no beam loading
ka,k¢ >171Q, i<<1
Tu
k,+1
AN 21

The stability boundary can be pushed arbitrarily far with amplitude feedback
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— Oscillatory Stability ~

: .U myl[] 1 :
The system will be stableif: - Kk, Vi<— Bu(Ka,Ks) with
Ey K¢E u Vo . ¢
E [l [
HKet1-m B, o YK +D(K,-m)+ (K,y- +K.y) - r’ol
Bu(KuK,) = Kot Kot Lom oo, dK+DK, )* (KoY M(Y,* Ka) T
" Q. Ky ] [ 1+l+ Kat K,y,-m [
= E Tu E
[] Od
Ko+ D(K, - M+ (Key-my,)(y, + Kay) - Q5 , 2707
X 5 SALA f+ =07,
0 1+ T4 K+ K,-m fvdO
H T, s[5
: T
If: =0 g <1 no beam loading Kok, >1 7Q, —x1
T
u

1 (k. +1)7k,
2r, 72 Q2 (k, +k, +1)

y kuVOZ <

The stability boundary can be pushed arbitrarily far with amplitude feedback
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— Perfor mance of a Self-Excited L oop

\—

Residual phase and amplitude errors caused by microphonics

Can also be done for beam current amplitude and phase fluctuations
Assume a single mechanical oscillator of frequency Q, and decay time 7,

excited by white noise of spectral density A°

"0 —— s,

. > 50
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— Perfor mance of a Self-Excited L oop (cont.)

X(t) T(ic)

* For astationary random process driving a linear system

y(t)

S, (w) : spectral density of

<y >=R (0)=[5,(

R, (r): auto correlation function of y (t)

y(t)

S, (@) = S,() [T (iw)|
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— Perfor mance of a Self-Excited L oop (cont.)

\—
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— Electronic Damping

* Inthelimits:

6, =0 0, <1

ka,k¢ > 1, TQ/J

no beam loading

T
— <1

Ly

2 2
<5V2 > = <5weX2> ngaz
(k. +1)
2 2 [] [] T k + Kk, + 111
<op? >=1 <5§"ex m+9fkﬂv022—rﬁ1——”r2 2 ¢ E
k¢ & k, +1 2T k¢ (k +l) &

[ ]. electronic damping or excitation of microphonics by introduction of afeedback
phase (coupling between phase and amplitude feedback)

\—
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— Residual Amplitude and Phase Errors ~

<dv2> <dp2>
A A

Tan Tan(p
— > (65) B 0 B » Tan(oy)
tkp Vo2 TukyVo? K Vo? Tk Vo?

k ~~ J

el i | —
Cq g/)/mm/ ity gmc[Delayen] LLRF Workshop 25-27 April 2001
N N A N NS

] o Operated by the Southeastern Universities Research Association for the U.S. Depart. Of Energy
Thomas Jefferson National Accelerator Facility



— Frequency Feedback

\—

~

Frequency feedback can be added to phase and amplitude feedback to reduce
microphonics

Signal driving the resonator (Assume 6; =0, no current)
V, =V, H+0dv, +i &H

where dv, =-k,ov = -k, Q/ﬁ

E : reference amplitude
Modulate reference amplitude

E=E, (1 +J€)

oe: frequency feedback
v, (s) = -F, ov(s) + d(s) (1 +F,)
de(s)=-F, &(s) = ¢(s)F, F

w
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/—-Frequencylzeadbac

K (cont.)

0

\—

oV

— S g Gaa
+
F+1 G,
G
= i
ot G,,
Fy
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— Frequency Feedback (cont.)

\—

Assume F, =k, F, =k,  Proportional feedbacks

F = ka,i Derivative feedback

QH

<daf >= <ou, >

1+k,77,QK V.,

2
<O@° >= ! <5§U§X > 1 >
K, 1+k, 77, Q KV,
k 2
<oV >= 1° <0, > w _
1+k, 77 QK V;

Microphonics and residual phase error can be reduced at the expense

of an increase in residual amplitude error

o VY VanYan

J

(M. | —
(g gf%ﬂ%dﬂ/ gg‘{& gmc[Delayen] LL RF Workshop
\A A A A 4

25-27 April 2001

Operated by the Southeastern Universities Research Association for the U.S. Depart. Of Energy

Thomas Jefferson National Accelerator Facility



— Frequency Feedback (cont.)

amount:
< >
oaf, =K? K : reduction factor
< 50)3 >
2 —
< 5V2 o < 50)62)( > B<

Qi (kv2) K

If  <daf >= (2m%5) =1000
(kVv2) = (2rx300) =4 10°
(2Q,) = (2x27x100x0.25)° =10°
for K=2 <oV’ > =05 10"°

k o VY VanYan

Amount of modulation required to reduce frequency excursions by agiven
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— Self Excited L oop — Positive Features

\—

Able to operate cavities without external frequency source

® |arge number of cavities can be operated simultaneously and
independently

In the unlocked state
* Free of ponderomotive instabilities
* No need for frequency tracking during turn-on or amplitude ramping
* No need for amplitude stabilization (inherent in process)

* Ponderomotive instabilities can appear in the locked state but are easily
eliminated by amplitude feedback
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— Self-Excited L oop — Negative Features ~

® Loop can oscillate in several cavity modes
* Control loop phase shift
* Band-passfilter in the SEL
® Randomness in the turn-on process
* Need for high gain at zero amplitude (instability that grows from thermal noise)

® |nject signal from master oscillator
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Conclusions
—

\—

SEL areideally suited for high gradient, high-loaded Q cavities operated cw.

Less suited for low-Q cavities operated for short pulse length.
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