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1 INTRODUCTION AND SUMMARY quantities), is given by the sum

The damping rings of the Next Linear Collider (NLC), at
any given time, will contain four trains of 90 bunches each.
Within each train the bunches populate adjacent buckets
and between trains there is a gap that extends over 43 bu
ets. A consequence of an uneven filling scheme is th
within each train the synchronous phase will vary fro
bunch to bunch. In the NLC after extraction the beam e
ters the bunch compressor and then the X-band linac. T
phase variation in the ring, if uncompensated, will lead t
a phase variation in the X-band linac which, in turn, will - . ~

result in an unacceptable spread in the final energy of the Vy = Veo explido) = Vio, 2)
individual bunches of a train. The SynChronOUS phase Vav\nth VcO the nominal peak Ca\/ity Vo|tage a% the nom-
ation, however, can be compensated, either in the dampipg| synchronous phase, defined fy = cos=1[(Uy +
ring itself or in the bunch compressor that follows. They, .)/eV,], whereU, is the per turn synchrotron radi-
subject of this paper is compensation in the damping ringtjon energy loss antly,, is the higher mode losses. The
(Compensation in the compressor is discussed in Ref. [11))1asorf/b0 is the beam induced voltage assuming the cur-

In this report we begin by finding the synchronous phasgnt is evenly distributed around the ring[3]:
variation in damping rings with bunch trains and gaps of

arbitrary length. These results are then applied to the pa- -~ 2R
rameters of the NLC damping rings. Finally, we study two IR
methods of compensating this phase variation: in the first

method two passive subharmonic itis are employed, Wherel is the average beam currefitjs the cavity shunt
and in the second the klystron output is varied as a funénpedance( the coupling parameter, andthe tuning an-
tion of time. We find that, for the NLC, a nominal phasegle. The tuning angle is defined by = tan " (AwTF),
variation of6° within a train can be reduced by almost anvhereAw = wy — wy; is the cavity detuningwy is the
order of magnitude by either method of compensation, witeavity resonant frequency; wheté: = 2Qr /w.; is the
the cost of the second method being an extra 10% in outptaVvity filling time and@),, the loaded? of the cavity.
power capability of the klystron. More details of this work _The voltage increase that buneheceives from the cav-
will be found in Ref. [2]. Concerning beam loading in stor-ities is given by

age rings, the reader is referred to Ref. [3]; for rings with N ]

bunch trains and gaps, see also Ref. [4]. Re[V." exp(iA0,)] = (Uo + Unmi) /e = Veo c08 o i

with Ad,,/w,; the deviation in arrival time at the cavities
2 VARIATION IN BUNCH PHASE of bunchn. Combining Egs. (1), (2), and (4) we obtain

V=V ()

th V," the beam induced voltage aitff’ the generator
¥9Itage associated with buneh Our phasor clock steps
n increments of timeAt = Ty/n, = 27 /w,¢, with Ty

he revolution timen,, the harmonic number, ang, ; the
Hgminal rf frequency. The generator voltage is normally
wdependent ob and set to

cospe’ (3)

Consider a storage ring filled witly; equal trains ofN

bunches each. Let us suppose that diidhtransients have cos ¢g —cos(¢gg+A8,,) = Re[(Vy" = Vi) exp(iAb,,)]/ Veo.

died out and that the longitudinal bunch positions have set- (5)

tled down to their asymptotic values. We know from theéThe bunches shift in phase to compensate for differences in
symmetry of the problem that the position of a given bunckhe real part of the beam induced voltage when they arrive
within a train must be the same for all trains, and we caat the cavities. If the phase shifts are small, as they are
therefore limit our consideration to one train and the gafor the NLC damping rings, the phase difference between
following it. Let us, in this section, ignore the beam loadbunchn and bunch’ of a train becomes

ing effects of modes other than the fundamental. Then the - .

cavity voltage can be represented by a phasor rotating at Ag., ~ Re" — V) (6)

the fundamental frequency. The total cavity voltage asso- " V.0 8in ¢y '

. . g n B
ciated with bunch, V" (we use a tilde to denote phasor The beam induced voltage at a clock time corresponding

“Work supported by the Department of Energy, contract DE-AC03t0 the passage of buneh+ 1 of a train is given by
76SF00515 } }
t Visitor from KEK. Vit = —2kgexp(—iAf, 1) + V" exp(iAcTy)  (7)




with & the loss facton(= %wrfR/Q), q the charge per We note that our result is independentjobr 3, and that,

bunch, andl;, the nominal time between bunches. The pai N is not small, it is symmetric with respect to the length

rameterAw is a complex quantity: of the bunch train and the length of the gap. Note also that,
if NV is not small, Eqg. (14) can be written in the form[5]

- . Wrf tan1) +1¢
Aw = AW +1 =
2Qr Tr

The second term in Eq. (7) gives the development of the

beam loading phasor in the time interval betweenvttte g result is also valid when either, but not both, the bunch
and the(n + 1)** bunch, and the first term gives the contri-ain length or the gap length is long.

bution of the(n + 1)t bunch just after its passage. From
symmetry we know that the properties of buriéht 1 are 4 THE NLC DAMPING RINGS
the same as those for bunththerefore we cross the gap For the NLC damping rings the rf frequency is 714 MHz

(8) 2%k1,T,

A@l NN —
‘ Veo sin ¢

(15)

and close the loop by setting and theR/Q for the two rf cavities combined is 24Q;
. . . _ therefore,k = 0.54 V/pC. We takeN = 90, N, = 43,
Vy = —2kqexp(—iAdy) + Vy" exp(iA@T,) , (9) ¢ = 2.5nC, andT, = 1.4 ns; therefore,l, = 1.2 A.

Also takingV,, = 1 MV and ¢ = 50° we obtain from
Eq. (14)Af, x5 = —5.8°. We have also numerically sim-
ulated this problem using turn-by-turn tracking[6], where
we have continued until the steady state was reached. For
the tracking the unloade@ of the cavities was taken to be
g sin LN, @, A Qo = 25, 500; for minimum reflected powef); = 2200

= ( — = 2 e’("—N/z)"b> andy = —44.5°. The phasor diagram of the resulting volt-
1—e® sm ages is shown in Fig. 1; the shift in synchronous phase
= B . (10) bunch number is shown in Fig. 2a. We see that, over each
with 0, = AwT; the nominal (complex) phase ch?nge betrain, the variation is linear with bunch number, and that the
tween bunches anly, = T,,/T;, — 1 the number of “miSs- | phase shift is-5.9°, in good agreement with our ana-

ing” bunches iﬂ the gap. The difference in induced voltaggyicq) results. Note that both the length of the gap and the
across a bunch train is given by length of the bunch train are short according to our criteria:

with T, the gap time interval.

Now let us assume, as is hormally the case, that for all
the deviation in bunch position is smalkg,, <« 1. Then
we can explicitly solve Egs. (7) and (9) to give

o _
Vb —_—

L(N 4+ N,)0,

T A _qusin %Ngéb sin 3 (N — 10, A |AWTy| = 0.1 < 1and|AwNT;| = 0.2 K 1.
sin 20, sing(N + N,)0, 1.0 : : —
Note that forN large this equation is symmetric with re- = Zlom(v) Ve 90~ N
spect toNV and N,. Finally note that even in the casg,, N "
is not very small compared to 1 we can use Eq. (10) to ob- 0.5 |- .
tain an initial solution, and then iterate Egs. (5),(7), (9) to v, v,
obtain the exact solution. B 7
‘ T R
3 SHORT TRAINS AND SHORT GAPS 0 1

Letus denote a bunch train as being shq\ibN T} | < 1; £ S A i Ry oo ;
: o . gure 1: A diagram of the phaso¥s, V,, andV., in units
a gap as being short [N, T;| < 1. According to these 8f MV, for the central particle in a train in the NLC damp-

criteria, in the NLC damping rings both the train length an ing rings. The variation from bunch 1 to 90 in a train is also

the gap length are short. In such a case Eq. (10) becom%%dicated by the short arcs.

. wg_q< N )[1—%9}(2—1)]. 1) 5 PHASE COMPENSATION

" 76, \N+N, N In Ref. [7] the authors find that a properly tuned, passive,

lower harmonic cavity can be used to compensate the phase

variation due to bunch trains. The frequency of this cavity

must equaly, ; — 2wmN; /Ty, with rn an integer. Adding

(n—n')N, this cavity to our analysis we find, for a ring with short

N+—N] (13)  trains and short gaps, that this works by compensating the
g linear variation of R&V,") along the train with a function

We see that the variation i, is to good approximation a Varying assin[2zm(n—N/2)/(N+N,)]. Inthe case of the
real quantity, and that it varies linearly with bunch numberSLC the gap length is only about half the train length, so
implying that the phase also varies linearly along the traii’® compensation does not work well. We will, therefore,

[see Eq. (6)]. The total phase shift from the first to the |a<tIso study the effect of using two lower harmonic cavities.
bunch of each train is given by Fig. 2b gives the tracking results when an optimally

tuned, passive cavity with frequenay.; — 8n /T is in-
2kq (N —-1)N, cluded in the damping ring. The parameters dgg¢() =
Vo sin ¢g N + Ng

Note that the leading order term is just equal}g. From
Eqg. (12) we obtain

VoV —2kg [

A91N ~ — (14)

340, Qo = 3.43 x 10%, Q7 = 1.14 x 10%, andy) = —85°.



for example, is then given by

1.26 + 0.109[1 — exp(—0.014(n — 1))]
1.34 — 0.180[1 — exp(—=0.014(n — 1))]

(16)
where the upper (lower) line gives the voltage during the
bunch train (gap) and is the bucket number from the be-
ginning of the current bunch or gap. The corresponding
variation in Réffyn) is given by the dashed curve in Fig. 3.
The difference between the solid and dashed curves equals
the variation in R&V;”) from which, as before, we obtain
the phase variation along a train. The results are shown in
Fig. 4. The total phase variation is reduced to 0.7here
is a small power cost compared to the nominal ca$€pf
is kept constant at 1.3MV. We see from Eg. (16) that an
amplitude overhead of 5.3%, or equivalently, a power over-
B i head of 10.6% is needed.
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Figure 2: (a) The steady-state, bunch-to-bunch phase devi-
ationvs bunch number for the NLC damping rings. Note
that a negative value of phase is more toward toward the

Re(V,)/MV

We see from the figure that the maximum phase deviati
has been reduced ®1°, about a factor of 3 reduction in
phase deviation. Adding a second, passive cavity, with fr
quencyw,; — 167 /Ty, R/Q) = 18 Q, QQy = 34,300,
Qr = 10,000 andy = —82° gives the result shown in
Fig. 2c. Now the maximum phase deviation has been re-
duced t00.65°, which is a reduction factor of 9. Finally,
note that theR/Q's of the compensation cavities are very
small, so they should not contribute to an indigh

ciﬁt]gure 3: The variation of F{é’Q) that eliminates the varia-
tion in bunch phase (the solid lines). The optimal variation
?hat can be achieved, assuming a klystron voltage response
time constant of 100 ns, is shown by the dashed line.
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Another method of compensation is to optimally vary = .
the klystron output in both amplitude and phase as a func- - 8
tion of time. This method requires extra power from the -2

. . 0 100 200 300 400 500
klystron. The amount required and the effectiveness of the bucket number
compensation depend on the bandwidth or response time of .
the klystron output. To compensate perfedt]y must be Figure 4: The phase variation that is achieved whgiis

varied to match the negative of the variatior#ifi. For the Varied optimally assuming a klystron voltage response time
case of the NLC damping rings we obtain from Eq. (13yonstant of 100 ns.
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