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Abstract

The beam-cavity instability threshold as
given by the Robinson! criterion for the open loop case
is often improved by phase, amplitude and tuning loops.
The improvement obtained is, however, limited by cross
coupling as the transfer functions vary with the rela-
tive beam loading. A more powerful scheme is fast addi-
tive feedback arocund the final amplifier stage. With
this scheme beam loading several orders of magnitude
above the Robinson threshold have been achieved in the
CERN ISR and AA in the absence of fast tuning loops. A
novel scheme to include a tuning loop insensitive to
relative beam loading is presented, and first test
results from the application of this scheme to the CERN
PS booster second harmonic cavity are given.

Review of Robinson Stability Criterion
for Beam-Cavity Interaction

We limit ourselves in this context to the
interactions of the fundamental components of the beam
and generator currents with the cavity (steady state
condition), small modulations of these quantities
(stability), and sudden changes of these (transient
beam loading).

The main parameters involved in this problem
are?:

Ig : fundamental component of beam current. Ip = 2Ip¢
in the limit of_short bunches.

9g : phase angle of Ig. In the limit of short bunches

wp = pg (= stable phase angle).

Ip : total current injected into cavity.

V : cavity peak gap voltage.

vy : cavity impedance phase angle, ¢z = arg (2. (jwﬂ)),

at the operating RF frequency w,;. Phase angle

between I7 and V.

I; : generator current (transformed to gap).

gy, : phase angle between generator current I; and gap
voltage V. Apparent impedance phase angle of beam
and cavity load: loading phase angle.

I0 : generator current required to give the same gap

voltage without beam load and with cavity tuned to

_I_T =fB +—I-G.

resonance. Equal to shunt resistor current:
I, = V/R.
Y : relative beam loading Y = Ip/I,.

Py : cavity power dissipation, P0 = VI /2

Pg : active beam power, Pp = (VIp sxnt)/Z (Pg
acceleration, Pp ¢ O for deceleration).

. cavity damping rate, o = 1/(2RC).

: cavity shunt impedance.
cavity equivalent inductance.
cavity equivalent capacity.

> 0 for

e xa
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A necessary (but not sufficient) condition for
statlonary operation 1is given by  the steady _state

relations imposed by the vector diagram in Fig. 1.

o
TuBE CAVITY  BEAM

Fig. 1 - Circuit equivalent and steady state vector
diagran (below transition).

Switzerland

For a given Ig, V and gy, the required Ig and ep are:

I, tanp; - Ip cospy tanpy - Y coswp
tangy, = — . = , (1)
L 1y + Ig singy 1 + Y singp
] £, + Iy singy Lg(1 + _ sineg) Py + Pp 2)
te = coswpy, - cosey, V coser,

Minimum generator current 1s obtained for yp = 0 (or W)
by detuning the cavity to obtain reactive compensation:

tangg = (IB/Io) cosgp (3)
= Z(Po + PB]/V
oL =0 (or 180°)

The stability can be determined by considering the pro-
pagation of small amplitude and phase modulations of
the vectors!”2. If no_fe edback (tuning, AVC, or phase

loop) relates Ig to V or Iy, and only the beam transfer
function relates IB to V, stability requires:

0 < sin2pg < 2 cosep/Y (4)

which is the Robinson criterion' below transition.

Above transition the sign of og is inverted. The
regions of stability are plotted in Fig. 2 versus g
together with the ¢y required for reactive compensation

(3) for Py = 0 and |lpB| 30°.
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Fiq. 2 - Stability versus impedance phase angle.

For yg = O the system is theoretically stable
tor any peam loading if ey = O, while for yg # O the
@y, = 0 curve will intercept the unstable area. By sub-
stituting the reactive compensation condition (3) into
(4) the high current limit becomes:

Y = In/l, < 1/|sineg
B/%o ¢ 1]zineg| (5)
‘PBI < PU

so in this case stability requires that thelpoweg ex-
changed with the beam is less than the cavity dissi-
pation.

Since the tune is normally controlled to
maintain pp near zero it may be useful to plot the sta-
bility limits versus the loading phase angle (Fig. 3).
For pg = +30°, the beam power exceeds cavity power for
Y > 2, the instability limit for ¢ = 0. Although this
limit can be raised by increasing gy, and goes to infi-
nity for gy > g, the stability margin is insufficient
in practice if the Pg ¢ P, limit is exceeded. For gg =
0 the high current limit is at infinity for ¢ = O
since the active beam power is zero. For gg = -30°,
Pg + P, < 0 for Y > 2, and the loading phase angle must
be in the range -270 < y;, < -90 since the generator
must absorb power from the beam-cavity system. Reactive
compensation requires gy, = -180°. Most of this area
with reversed generator power is unstable.
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Fig. 3 - Stability versus loading phase angle.

If a tuning feedback loop is added, the char-
acteristic equation is of 5th order. Nevertheless, an
analytical stability criterion can still be given?. For
a sufficiently slow tuning loop:

wp/wg « 2 wg/o and wp/o « 2 (6}

where wp is the bandwidth of the tuning loop, this sta-
bility criterion approaches the Robinson criterion (4).

ea adi ompensgati mesJ

Phase and Amplitude Feedback

In most proton accelerators, the fast sweep
rate, relatively low Q cavities, and low synchrotron
frequency imply that the required tuning feedback loop
does not fulfil the slow conditions (6). In fact, if
wr/wg > 2wg/o, the vy - Y stability diagram becomes in-
verted with respect to the sign of gz, so the synchro-
tron dipole motion (n = 0, m = 1) is unstable for ¢ =
0, even for low relative beam loading2. The additional
strong damping from a beam-cavity phase feedback loop
ensures stability for any vz, while an additional AVC
feedback loop controls the amplitude of the generator
given by (2) to maintain the desired cavity voltage V
independent of varying beam loading. Minimum generator
current is ensured automatically by the tuning loop,
which controls the loading phase angle gy and thus en-
sures reactive compensation for a varying beam loading.

The beam-cavity interaction is thus strongly
modified by the feedback loops, so the Robinson crite-
rion (4) no longer applies. Experience and analysis?
show, however, that stability is lost for Y > 2 to 3, a
threshold comparable to the Robinson high current lim-
it. Stability is lost due to the appearance of dominant
crosscouplings between the feedback loops, partly due
to the geometry of the vectors (Fig. 1), and partly due
to the way phase and amplitude modulations are
transmitted through the detuned cavity.

Low _Level Feedforward Compensation®

An RF signal proportional to TB is added in

the low level drive chain such that it gives a contri-
bution to I; equal to the beam RF current Ip, but with
opposite phase. The steady state conditions, (1) and
(2), are nevertheless unchanged, so no extra RF power
is needed. Only the way the Ig vector is controlled by
the AVC and phase feedback loops is changed, resulting
in a reduced crosscoupling from the vector geometry.
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Experience and analysis* show a dramatic in-
crease in the instability threshold. This scheme has
been successfully applied in the CERN PS and PSB. The
instability threshold can brobably be raised an order
of magnitude. It is difficult to apply this scheme
while the frequency is varying.

Amplifier Feedback

By subtracting a fraction of the RF gap volt-
age from the drive signal at an appropriate point in
the amplifier drive chain (Fig. 4a), the effective cav-
ity impedance as seen by the beam will be reduced a
factor (1 + H), where H is the feedback open loop gain.
This is the most powerful scheme known and can be ap-
plied even for varying frequency. It has been used at
the CEKRN ISRS (9.5 MHz, fixed frequency, H = 60), CERN
A6 (1.85 MHz, fixed frequency, H = 120), and the CERN
pPSB? (6-16 MHz, H * S5 to 12). 1t will be analyzed in a
following paragraph.

High Level Feedforward Compensation?

The beam RF current from a pick-up is ampli-
fied and injected into the cavity with opposite phase
of Ip by means of a separate RF power amplifier capable
of supplying the full beam current. The cavity tune is
thus not used for reactive compensation. It is an ex-
pensive but powerful solution, applicable for fixed
frequency only. It was added to the ISR RF system not
so much to improve stability but due to a power limita-
tion in the RF power amplifiers.

Beam-Cavity Stability with Amplifier Feedback. Tuning

A fraction p of the cavity voltage V is sub-
tracted from the drive signal V; and amplified in the
final power amplifier with transconductance S (Fig.
4a). The feedback open loop gain is H = BSR. The sum-
ming point is transformed into two current sources
(Fig. 4b):

Ig = SV; - BSR(V/R) = I§ - HI, (6)

Fig. 4 - Equivalent circuits with amplifier feedback.

_ The feedback current Hfo and the resistor
current I, are combined as a new resistor current I; in
a dynamically equivalent cavity circuit with no feed-
back (Fig. 4c):

T

Iy = (1 + ©)T, ; R

= R/{1 + H) (8)
TT=TT+H—I-0=Y(:-+TB

ot = afl + H) ; Y

*

= Y/(1 + H)
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This means that with respect to beam-cavity
interactions and response to control modulations of Vi,
the cavity with feedback behaves like a cavity with a
shunt impedance and a beam loading a factor (1 + H)
lower. The real and fictive vectors defined above are
shown 1n Flg. 4d.

If no additional feedback is added, the
Robinson criterion applies but with a high current
limit raised by the feedback factor (1 + H). The low
tuning bandwidth requirement may become more strict
though, since o* = o(1 + H).

If additional phase and amplitude feedback is
applied to Vi,*stable feedback loops can usually be ob-
tained up to Y < 2 or Y < 2(1 + H). The same applies
to the tuning loop if i, the phase angle between Ig
(or Vi) and V is used as reference. However, a small
error in @p, or in the phase of g produces a (1 + H)
times larger error in ¢ (if no beam load), which for
high H produces unacceptably large errors in ¢, sSo it
seems better to use yp. But as Ig now can be very large
with respect to I;, Ig varies strongly with Pg result-
ing 1n large variations and change of sign of tuning
loop gain (Fig. 5).

Pg +«Po=0
a) b

Fig. 5 - Steady state vector diagrams with zero and
reverse generator power.

A much better reference quantity is the reac-
tive generator power P,. From (1) and (2) we get:

Py = (IgV singp)/2 = P,{tangg - Y cosep) (9)
We define the normalized detuning X = Awp/o

tanpy and its value for reactive compensation X,
Y cospp. The normalized reactive generator power is:

Pe/Py = X - X, (10)

yielding unity tuning gain independent of Ig and up
This is only the DC-respconse though. The dynamic res-
ponse is obtained by relating Py to mi . The feedback

current HI, can be considered in phase with V over a
wide bandwidth, so we get from Fig. 5d:
e Ig sinwL Ig SimpL 1 Py
sineg, = + = = — (11)
Ig (1 + H)I, 1+HP,

The dynamic response 1is thus equivalent to wE , the
loading phase of the transformed cavity equivalent
circuit, so the tuning response is also well behaved
since Y* is low.

Application to the CERN PS Booster
Second Harmonic Cavity

Although high gain amplifier feedback is used
in the CERN ISRS and CERN AAS, no tuning loop is used
in the AA when the voltage is low or in the ISR. The
second harmonic cavity in the CERN Booster?, however,

uses an amplifier with wideband feedback and a tuning
feedback loop to allow operation from 6 to 16 MHz. The
active power delivered to the beam is small (¢g = 0)
but small phasing errors can cause large variations in
Pg/P, making the original phase loop, which used ¢ as
reference, unstable.

The normalized reactive power signal is ob-
tained by multiplying_the gap signal (V) shifted 90°
by the grid signal (=Ig) (Fig. 6). The gap signal is
normalized to a constant amplitude in an AVC amplifier,
whose internal gain control voltage is used to control
the gain of an identical amplifier in the grid chain se
both amplifiers have identical gains, independent of I
This takes care of the Py normalization.

Cavity 6 -16MHz ref

Ferritebias
tuning

feedback amplifier

Fig. 6 - Tuning feedback loop using normalized
reactive power.

The new tuning scheme makes the tuning loop
insensitive to variations in Py. Stable operation under
reversed generator power conditions (Fig. 5b) has been
observed.

The scheme is in particular useful where sev-
eral cavities in one ring operates with high Ig /1, gnd
a net g near zero. Small variations in ¢y from cavity
to cavity can thus cause relatively large variations 1n

Pp/Py.
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