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1 INTRODUCTION 
If the beam is injected in a circular accelerator with lon- 

gitudinal errors g 
( > 

and Aipo, the beam will execute 

a coherent oscillation ir: longitudinal phase space and will 
be diluted within a time interval of about &- turns, 
even if it is properly matched to the characteri&& of the 
machine unless there is an effective damper system to pre- 
vent this. Here Av, is the tune spread of the synchrotron 
oscillation of the bunch and APO = ‘po - ps where ~po the 
initial phase of the bunch center, ip3 synchronous phase. 

Using t,he small amplitude approximation, the longi- 
tudinal admittance of the accelerator can be expressed as 
an ellipse whose equation is as follows: 

(1) 

where ~$0 = ( 
-Zh vaecos -2JAE o2 . p*l 

112 
’ the longitudinal tune for \ 

small amplitude. 2 and A ire the charge state and mass 
number of the ions, V0 the amplitude of the RF voltage, 
E, the synchronous specific energy, w,f the angular fre- 
quency of the RF system, h the harmonic number. 17 can 
be expressed as lfollows. 

q&L 
Yr -,2 ’ 

where ?1 is the transition energy. Without a damper 
system, the errtittance of the beam will ultimately develop 
into a properly centered matched ellipse with an area 
S2 in phase spa’ce that is larger than Si of the injected 
one which is alsc, matched but off centered by Ai00 and 

i:t the equation of the injected off centered but 
matched ellipse be: 

$ = bOB2 Es 
~wi(fbavoi2+-&$ [F- (F) 1’ 

r ‘8 

4s O(3) 

and the equation of the centered matched ellipse is Eq. 
(1). The dilution factor S2/Si can be expressed as 
follows: 

where 

v,oD2 E Szo = ----“A& + 
hrl w-f (5) 

‘Work performed under the auspices of the U.S. Depart- 
ment of Energy. 

We take RHIC’ as an example, for gold ions, if we 
require an emittance growth less than 20%, the maximum 

AE allowable injection errors are E 
( > ’ 0 

= 10-4, A’pO = 7”. 

Next, we present an analysis of the requirements for 
the longitudinal damper system to damp the coherent 
oscillation from injection errors or coherent instabilities 
following the consideration used in analyzing the trans- 
verse darnper system 2-4 The darnper system consist,s of 
beam monitors, signal processing electronics, an ampli- 
fier station and a kicker device. -4 signal proportional to 
bunch energy error or bunch center phase angle is am- 
plified and transported to another location where it is 
applied across the damping kicker for the correction. The 
summation of the outputs of two beam position moni- 
tors at locations with the sarne dispersion function and 
betatron phase advance (2m + I) x is proportional to the 
energy error of the bunch and avoids the signal due to co- 
herent betatron oscillation. Comparing the phase of RF 
signal and that of the bunch induced in the monitor, one 
can get the bunch center phase angle. 

For a given damper system, we will consider two 
modes of operation: (i) the kicker voltage is proportional 
to the beam signal and (ii) the kicker voltage is adjusted 
to a constant value having a sign which depends on the 
sign of the beam signal. 

2 PROPORTIONAL MODE 

In the proportional mode, the correction effect is propor- 

tional to the bunch error A&. Let 0, = ,“gl being 
( > 

the vector representing the longitudinal coherent oscilla- 
tion at thr n-t,h crossing of the beam monitor. The kicker 
voltage Vk, during n-th crossing of the kicker is propor- 
tional to A& with the sign chosen to effectively reduce 
it 

c?Vkn = -KoAE, (6) 

where K. is a constant which depends on the gain and 
other electrical properties of the damper system. Then 
the change of AE during n-th crossing of the kicker is 
expressed as 

6E,, = y = -ii’AE,, 

where 

h’ - y 

Then the vector @“+I at the (n+l)-th crossing is 

(7) 

(8) 

4 n-j-1 = Mc, Mc Mtc Mk Mpl: 4, (9) 
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where M, and hf, arr the 2 x 2 matrices representing the 
effect of RF ‘cavity and damping kicker respectively, M,,, 
,Ilt, and J-I+ arc the 2 x 2 transfer Itiatrices from RF 
cavity to monitor, from damping kicker to K.F cavity and 
front Inonit,or to damping kicker respectively. We have 

(10) 

:))hJii, (11) 

The transfer matrix of drift space cau be expressed as 
follows. For ‘example, 

1 Lc, 2rhq 

hf,, = E.P L 

’ 0 1 
(12) 

For damping, li > 0 is required, so t.hat 

0 < Ii < Ii2 - (20) 

In this czusc ttir cigrnvalues of thr sqsleIn art’ cornpl?x 
quantities 

x = d-=-RP~ (21) 

Apart from a phase factor I’, the fractional damping rate 
is given by fK per turn. 

2 
(ii) If 1 - 

( 
!$-~+!Cpfo+.C 

> 
- 1+ K > 0, there are 

two real eigenvalues. It can be proved that, if 

h-?<I(< (2~$9,(lA&), (22) 

where L,, the central orbit length from cavity to monitor 
both 1x11 and [AZ 1 are smaller than 1 and 

and L the total length 
Then 

@ hfc + hfc, hfc Mkc (; -“,i-)] % (13) 
This means that if Eq 

is a,so a damping sys;em. 
(22) is fulfilled. the system 

M. is the unperturbed transfer matrix at the beam 
monitor and 

hTo = 
1 --pfo (9) $$z [l -PS,~ (1 - %)] 

zev, rosq, 
A 

1 - ,‘fo (1 - +) 

(14) 
whrrr ,u,” 1,s the unprrturbcd synchronous oscillation 
phase advance per revolution fLsO = 2~~~0. The determi- 
nant of M is. 

11et M = 1 - I< # 1 (15) 

and li > 0 for damping. 
‘I’hr eigrnvalues X are 

( 
2 I 

A= ,-li,-;+;,:,+ 
I > 

li( 

(16) 

i 
, do 2 

2 

& + hT,2 Lkc 

2 2 I so I > 

-1+Ii 

There are two cases 
(i) I<, < h < fi2 where Kl and K2 are the solutions of 

the following equation 

( 
1 f& “- + y,2 Lt, 2 

2 2 2”OL > 
- I$ Ii = 0 (17) 

Considering /lz,,% << 1, 

Because the fractional damping rate of the cohrr- 
ent oscillation amplitude is K/2 per turn, the required 
maximum kicker voltage C’~O for damping the oscillation 
amplitude from ilEo to AEoe-’ within N turns is given 

V& = AEo$-$ (24) 

3 CONSTANT VOLTAGE MODE 

In the constant voltage mode the bunch energy error 
signal is used only to trigger the correction by applying 
a constant kicker voltage. It also controls the sign of 
the voltage according to the actual sign measured of 
the instantaneous bunch energy error. This method 
still provides effective damping but with a considerably 
reduced peak power requirement. 

The Courant-Snyder invariant of the longitudirral 
coherent oscillation at the n-th turn is given by 

2 

(25) 

Let bE, be the bunch energy change in the n-th turn 
under the action of the damping kicker, then assuming 
the phase Apn is unchanged and neglecting the quadratic 
terms of 2, we have a change in Sz,, given by 

AS= =2 
hq E, 6E, AE,, --__- cn u,~,O~ i+ E, h’, 

Kl 2 -2P30 - f& (1.23, (18) Using explicitly the equation for AE, 

k-2 = +2p,o - pi0 (1+23. (19) 
A& 
- = -SC, (*)‘sinon 

E* 

(26) 

(27) 
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whrrr O,, is the phase of thr longitudinal coherent oscil- 
lation during n-th crossing the kicker which varies from 
I.urn to turn and 

62 = (7wso + 00)) (28) 

we obtain 

AS,, = - (*) a +f$sino,,. (29) 
For the correction kicker we take 

(30) 

where I’, is a constant and Vh, is the kicker voltage during 
wth turn which is a constant hut with a sign opposing to 
that of AK,,. WC have finally 

We can replace :E 1 sin O,, 1 by h’l sin O,, 1 = h’i and 
1 

S cN =&o-N: ($-)+s. (32) 

The requirrd constant kicker voltage for damping the co- 
hcrcnt oscillation arnplitudc from A!?0 to A!?,?-’ within 
.V turns is 

t; = AE, (1 - e-l) ;+& r s (33) 

Comparing Eqs. (24) and (33), we find that the required 
voltage for the constant voltage mode is only half of 
the maxinlum kicker voltage required for proportional 
mode. ‘l’hc constant voltage rnodc is propos’.bd to allow a 
reduction by a fa.ctor of 4 of maximum power requirement. 
When thr residual coherent. oscillation amplitude become 
small cno11g11 on<’ rr~ay switch t,o the proport,ional mode. 

If we use Av,, signal to control the damping kicker 
voltage, thf Ap,, signal should be delayed by l/4 syn- 
chronous oscillation period This is bccausr the phase dif- 
ferencc between A& and Ap, is x/2. Without this delay, 

the nlaximu~~~ allowablr I< value is only ahout spf, 

and the% maximum damping rate is only l/2 (pz, - %) 

per turn, which is nluch srtlall~~r than the previous ana- 
lyzed cast. 

4 RHIC PARAMETERS 

Taking RHIC as an example, in RHIC due to non- 
linear effect, for gold ions Av, = 10m4 and for protons 
Au, = 4 x 10V5. We take gold ions case for it requires 

more kickrr power. If Acpo = 0, E, 
( ) 

&a& 
0 

= 10W4, [or 

= 01, then from Eq. (33), the required 

total kicker peak”voltagr C’k is 

Vk = +A& x lo-” = 280 volts. 
,e 

(34) 

The required total peak kicker power & is 

V;” 
Pk = - 

nkl?k 
(35) 

where nk is the number of kickers with b vo1t.s on each, 
& the kicker impedance. Let’s select R;*= 5012, then 

1600 
p&s 21 - watts. 

nk 

If we select two kickers ?Lk = 2, thrn the t.ot,al peak power 

is about 800 watts. For proton beani. this systerrl can 

damp an initial error 
( > 

9 = 2.4 x low4 within 2.5 x lo4 

turns. The rise and fall t&e of the wide band damper 
system should be less than 100 nsec each to allow damping 
of the coherent motion of 2 x 57 bunches individually. 

For damping the coherent oscillation induced bj 
coupled bunch longitudinal instabilities we don’t need 
damping bunches individually. It is only necessary to 

damp some dangerous modes. The coherent oscillation 
amplitude induced by instability is determined by the 
sensitivity of the beam monitor which should be less than 
the possible injection error. The damping time of the 
damping system is inversely proportional to the coherent 
oscillation amplitude For the above analyzed darnping 
system of RHIC, oscillation arnplitude (y), = 10e4, 
the damping time is lo4 turns or 128 nsec for gold ion 
In order to fulfill the requirement for damping coupled 
bunch instability, the damping time should be less than 
60 msec’ so that, the sensitivity of beam monitor should 

be better than E 
( .> 

s = 5x low5 or Ap = 3.5”. Otherwise 

we have t#o increasr the peak kicker power because the 
damping time also inversely proportional to the kicker 
voltage or t,hr: sqllare root of the peak kicker power. 
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