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NOTE ON BEAM-LOADING EFFECT ON PSB PHASE-LOCK

U. Bigliani

INTRODUCTION

The beam intensity influences the block-diagram and the response

of a phase-control system.

The problem is to study the transfer function of the accelerating

cavity to the phase and amplitude modulations of the currents of the gene—

rator and the beam.

Presently, we study only the "quasi-stationary" solution and we

will consider the transient response later.

A transfer function is given, following ref. 1, and also the

results of some tests on a practical model.

1. Calculation of transfer function

a) We-consider only the fundamental of the beam current,

b) As ref. 1-3, we schematize the system composed of the cavity, the

RF generator, and the beam as in the following figure

I h_ {L
V i=1v Rungenerator L —-L C Learn
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with the following definitions:

R shunt impedance of the cavity in parallel with power tube
resistance

Io amplitude of generator current

Ib " " fundamental of the beam current

Ic =I+Ib

Vo nominal value of voltage

i,ib,v amplitude modulation of the corresponding value

¢V phase of V0, reference for phase measurement

¢ phase of generator current

¢s stable phase

¢b phase of beam current (in general # ¢s) 3) (defined from ¢V - g-)

A¢,6¢B,6¢Vphase modulation terms

The sign of ¢, 6¢, 5¢b, 6¢V is negative for clock-wise rotation.

The sign of ¢b and ¢S is positive for clock-Wise rotation

¢S > O accelerating condition

¢s < O decelerating condition.

c) We consider only a quasi-stationary solution (after transient)

d) The phase modulation index is small, compared with one radian

e) The beam and the RF have the same frequency.

1.2 Transfer function '

For hypothesis (d) the transfer function from (I) to (V), is well

approximated 1) by the low-pass analogue, defined in eq. 1

R _ Ry (1)
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wittw =jw+s+jw=s+jAw

—1/2 0w = (LC)
w = angular frequency of RF

s = jmm (modulation) complex operator

Y = wo/ZQ half bandwidth of the resonant circuit.

We have

. . .3 _I = (:0 + :1)et + ‘P+ ’5‘?) + (:b + ib)e3(°°’° ' 2 (Pb + 5
We have in phasors terms

. . 112

I = (Io + i)eJ(wt + w + 5”) + (1b + ib)e3(wt ‘ 2 ' CPb + 5wb) (2)

V = (VO + v)ej(wfi + 5¢V) (3)

and I Z = V .0

Since from eqs, 1,2,3 , neglecting second order terms, we

find:

{ [10 cos m + i cos WP IO sin m6m14-j [IO sin m + i sin m + IO cos mom]

— [lb s1n (Pb + ib sin cpb — Ib cos cpbécpb] — JEIb cos (Pb + lb cos cpb + Ib Sln cpsécpbflf

[(Vo + v)(y + s) — Am VO covj + 3 [Yo 5mv(y + s) + Aw(VO + v)]. (4)

We can Split the (Am) in three parts, and calculate some terms

from the figure below
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.52 ~ Aw.\ owe 6w RIb cos q$ - RIO Sln m 6w

y _ 37 / + y + 1?'= - RI cos m — RI sin + 7? (5)
o o b mb

Am RI cosb @b . -
(j y :) — — RI _ RI sin Q detuning to have m _ O (6)

o o b s

6w0 .('7F— = detuning due to m % 0

5w . .
3? = modulation term due to tuning system

From eq. 4 considering the constant part of the real

component we have

v = RIO cos o — RI sin c . (7)
o b

Then from eqs. 4, 5, 6 separating real and imaginary components

v s RIO RIb R R
V—-(1 + §) = — 17— on +-RF— cos wb orb + V- cos w i — V—-s1n ¢% lb

0 o o o 0

Am 6w 5w
F _.> .3] __+ L < y 0 + y onV-+ y oqv (8)

s RI cos n RI sin n I R sin n
0 b b .

6¢v(1 + g) = V on — V cob + V l
, o o o

R Aw 5w v 5w ~
0__cos i _[ _.)+._._-_ (9)

v0 ‘% b < y o y V5 X

To test these formulae We choose some particular conditions;

i =0 5%:0 (1O)

lb=0 5L0=O

Then eliminating the (6L) term from eqs. 8 and 9 with conditions of

eq. 10, we find; 0
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._ _ - pVo — RIO cos w RIb s1n q$ V (11)

AR _ _ RIb cos ¢b — RIO sin Q

y — RIo cos ¢ — RI.b sin mb J
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See Fig. 1 for log and phase diagram.
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See Fig. 2 for log and phase diagram.,
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1.3 Test of transfer function

To test the validity of the evaluated formulae, we measure

the transfer function in the conditions AéD, on a model of the

accelerating cavity.

This model and the measuring system are shown in Fig. 4:

- a fixed generator simulates the beam current;

— a voltage controlled oscillator simulates the generator;

its average phase is controlled to a fixed value (mb+w)

by a phase—lock, which has a bandwidth and a gain chosen

to permit a phase modulation (5m) at high frequency;

- input and output phase are measured with the linear

phase discnmfinafinilused for PSB beam—control2).

Test conditions are:

- input phase modulation is Go = : 11° and 5m = : 22°

— carrier frequency is mo = 6 MHZ

— circuit characteristics Q g 40

Figs. 53 6, 7 give the results of measurements.

If we compare these curves with the corresponding ones

evaluated in 1.2 we see the agreement is good.

As the working conditions of the PSB beam control meet the

hypothesis of par. 1.1, we can use formulae 8-9 to studythe influence

of beam-loading .

2. Beam control diagram with beam—loading

Ref.2) gives the scheme of the phase and radial loops

proposed for the PSB.

At present we consider a more complete block diagram



including:

— beam loading effect; defined by formulae 8-9;

— tuning circuit; defined by

gain KT

transfer function FT(s)

- AVC circuit; defined by

gain KV

transfer function Fv(s)

We obtain the diagram of Fig. 8, note that

¢b 5 $1 ’ ¢v 5 @o
)where mi and $0 are defined in Ref.2 as the phase error

between the beam (or voltage) and an ideal frequency program.

2.1 Order of magnitude

We test the importance of the different feedback paths

under a few possible operating conditions.

Ib=Iof0rgps=O,cp=O

VO = constant

¢b E ms = 1 20°, corresponding to a transient

in radial dispkcement

@ = 1 30°, detuning corresponding to about v

25 kHz, i.e. 5 synchrotron harmonics

evaluated at injection with a Q = 50,

and 15 harmonics at ejection with

Q = 80.



7K¢ = 6.2 10

bandwidth of the AVG loop larger than 50 kHz

Referring to Fig. 8 we calculate the value of the feedback gains.

_ 1o _

phase loopz).

Case A ws + 200 (p- _ 30° (+ 30°)

To have Vo

to Q = + 30°)
const., we find.&n.brackets corresponds

J
32%g5921 = 170 [kHz/0], gain of

IO—— = 1.55
Ib

then V = l
O

A—"’= — 1.71 (— 0.17)Y

A = 1.34 E = 0.94
c = — 0.34 F = + 0.77 (- 0.77)
D = — 1.71 (- 0.17) G = 1.34

Case B $8 = 7 20° w = - 30 (+ 30°)

To have VO = const., we find

I
E2 = 0.76

b

then V = l

H + 1.71 (+ 0.17)

4)
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Am—— = - 1. 2 — 0. 6y 3 ( 5 )

A = 0.65 D = — 1.32 (— 0.56) G = 0.66
E = 0.94 H = 1.32 (0.56)

c = + 0.34 F = 0.38 (— 0.38) L = _ 0.71
M = 0.26

2.2 Discussion

Referring to Fig. 8 and to the previous values we find:

a) Eeeialagzzeaz
Within its bandwidth the tuning. partially compensates
the terms:

Ill variation of gain of phase feedback

0 ll' interaction between 6mb and 6¢v

L E influence of i (amplitude modulation of the beamb
fundamental) on 5¢v

H E influence of v (voltage modulation) on 6¢v

as we will see later, it can also help the AVG loop to
compensate ib modulations.

Nevertheless in the following discussion we make a
worst case assumption and ignore the tuning loop.

b) AVC Circuit

The gain of the loop is proportional to the term G, in
the previous conditions it varies within the range 0.66 f 1.34
with ¢s = - 20 % + 20°.
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Four paths, in parallel with normal phase—loop

feedback, pass through the AVG loop (E, D, F, M). The partial

gains, as previously calculated, vary between 0 é 2 (absolute

value). We can treat the diagram as follows:

. a B
"5 K. piit7y' "

Ffia «-+——————————-

where K1 2 sum of the feedback terms

K2l+s 2 open loop transfer functions of AVG

5

Roughly we can say that the transfer function between

points a—b is:

— equal to 1/1:2 in the bandwidth of the AVG

— equal to the direct path outside the bandwidth of the

AVG.

As the gain K2 is large and the bandwith of AVG is larger

than (y), the feedback path a 9 b is negligeable.

The beam current modulation ib/Io acts on 3L in two
Vo

manners.

— (Directly by term (M ), which is in generad.<1 (eosin ms),

— Indirectly via the tuning system, by the omv modulation

(socos ms). As we need less than 10/0 voltage modulation

at 10 kHz (2 x r ), the "help" of the tuning system
synchr.

to the AVG loop is an important element.
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c) Phase loop

We neglect the tuning system (see a)), and the feedbacks

through the AVG loop (see b)). Then:

- the gain of the phase-lock is modulated by the beam-

loading effect, the term.A varies between 0.65 + 1.34
with as = ~20 + + 20°. In general oS>-O (accelerating

conditions) which means A> 1.

— a feedback (0) is in parallel to the phase loop. Its
influence can be schematised as follows

EL b+—. “—921.

where we study the phase loop only with the é-term. The

a—b transfer function is 5w

K¢ 535.
~ Cs + K /c I ‘3 rag

= c “L —6‘ "I

S C>O C<O

then we add a zero to the transfer function. This is

positive or negative depending on the sign of c.

As lcl<o.5, we find it = 5C3 350 kHz; the phase error

is (i 90 at f g 60 kHz, unity gain point of phase lock

system2 .

— the pole (s + y) introduced by the cavity, y = gg-must

be compensated with a filter. This is in general at a

fixed value (in the CPS, %? g const. in the accelerating

cycle) 5).
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The phase modulation induced by (ib/Io) must be splitted
in two terms:

- the first is the change of the "quasi—static" value lb
during bunching period; as the frequency is withinv
the phase—loop bandwidth ($ 10 kHz) it can be easily
compensated.

— the second is a real i modulation due to 6m variation.
The transfer function Rib/6m ] can be studied as in ref. 6.
As a first approximation we Pan neglect this term: as
the P83 works with a small stable—phase, the longitu—
dinal focusing forces are independent of phase modulation.

3. Q values admissible for the phase control system

The Q value meaSured on the PSB cavity with the 4L2 type

4 with a total gap capacity c = 130 pf are aboutferrites

at 3 MHz V = 1 kV Q = 50
3 MHz V = 12 kV Q = 60
8 MHZ V = 1 + 12 kV Q = 80

3.1 _Value of the time constant_(y)

We have:

mo
y = 56

then We find

at 3 MHz y = 30 + 25 kHz
(depending on the V value)

at 8 MHZ y = 50 kHz

As: - this value is always within the phase—loop bandwidth
— this value changes by a factor 2

we must compensate the reSponse with a roughly programmed filter. The
problem would be difficult with a larger range of Q values verSus voltage.
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3.2 Variation of the phase:loop_gain

Figure 9 shOws the:

value of lb sgundamental component) at injection during
RF trapping

two extrgme values of Eb at transfer, for a bunch length
Aw = 145 and Ac = 220

value of the current I evaluated at m = O (tuned circuit)
and ms = 0 (non accelegating conditions).

The value of lb correSponds to N = 2.5 1012 particles per

ring. The value of I is evaluated with l = V c w/Q. As We can
0 O 0

see in Fig. 9 the worst case, excluding the reduced voltage case at

transfer, is lb = IO as We have studied in par. 2. Then it follOWS

that the term A, of the phase loop gain, can change by about 6 dB when

m (tuning phase) varies betWeen + 300 and ~300, and ms (stable phase)
varies in the range of i 200. This variation can still be compensated

by:

a)

b)

accelerating

reducing by 6 dB the total gain, and the bandwidth;
we should find K 2 so kHz/0 and ft g so kHz .
Though these valges are still convenient for the phase—
loop, they are low from the point of view of the syn—
chronisation system.

compensating the gain with an element controlled by the
radial control input (m ) and by the tuning phase program
(m). This control is gossible but it means a study of
the simultaneous action of the phase tuning and AVC loops.

A particular care must be taken at tw0 moments in the

cycle:

when the phase—control is switched on, about 50 us after
injection, I 2 0.5 I , but the phaSe m can take any value
and the speed of phasg drift is relatively low (M 50 ps/9OO
for Af = 5 kHz). Let us suppose that we have as Worst
case ob = —900, the gain A would be reduced by 6 dB.

at transfer, with reduced voltage at 3 kV we found
Ib = 3.2 IO, which is not an acceptable condition.
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A possible solution to these cases, proposed by G. Nassibian,

is to detune the cavity with a phase program

to increase the ratio IO/Ib.

With a Suitable study of the control system it is then
possible to Work in normal conditions with the Q values given in par. 3.
Nevertheless the working conditions at transfer with reduced voltage

and full intensity seem critical and Would require an improvement in

the feedback paths.

Distribution (open)
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