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Abstract correcting these beam-induced transients. However, there

The design current for the Next Linear Collider (NLC)are anumber of disadvantages introduced by the loop:

damping rings is an order of magnitude higher than existing e the required gain places a tight tolerance on the total
damping rings. As opposed to storage rings, damping rings  delay (less than 210 ns for an open loop gain of 2.5 for

are required to operate at a high repetition frequency. Tran-  the NLC damping ring) and hence on the delay time
sient beam loading is therefore particularly severe. The  in the klystron,

NLC design[1] calls for a full current fill pattern consist- . _ _
ing of up to 4 trains of 90 bunches for a total dc current ® the required gain may introduce coupled bunch modes
of 1.2 A. However, using conventional filling techniques,  that could be supported by the cavity, and

with a rapid current ramp the ring energy acceptance could e because the transient is correctdter it is detected,

decrease due to transient loading and the beam might not : . L
: : residual cavity voltage and beam phase oscillations
be captured. In this paper we describe two features of the still persist

low-level rf system design. The first avoids any reduction . . _
of duty cycle while the second ensures beam capture andAlternatively, the cavity phase and amplitude may be

regulation of the cavity voltages and beam phase. ‘preconditioned’[4] based on knowledge of the incoming
charge. Preconditioning is similar to feed-forward, how-
1 INTRODUCTION ever the incoming charge enticipatedrather than mea-

sured. In either case, the total cavity current, cavity volt-
A critical requirement of the NLC damping ring rf systemage, and the phase angle between them are held constant
design is to maintain a high duty cycle (i.e., the dampinguring the injection process.
ring should not limit the repetition frequency). There are The principle of the injection procedure involves preset-
three sensible schemes for injecting to full current. The@ing the external references for the cavity voltage; and
usual approach uses the tuner feedback loops to compgér the input rf phase,..; such that the cavity voltage is
sate for detuning caused by the beam. Because convejmchanged in phase and amplitude at injection. The re-
tional tuner movers are slow, however, rapid injection tQuired preset of the reference voltageA$,.; = SAI,

full current is not possible. The second option involvesyhereS is the transconductance of the klystron afds
minimizing the total reflected power by preseting the tunthe generator current:

ing angleg, prior to injection of each train such that the

loading angleg, is zero after the train is injected. This Ve/R+ LFcosgp®  V./R+ L,* cos ™!
scheme is required if the total klystron is power limited[2], Aly = cos * B cos ¢y ’

but is also slow due to the tuner bandwidth. A faster tech- Q)
nique involves one preset of the tuners¢o®, which is  whereV, is the total cavity voltage (which is the vector sum
the tuning angle for zero loading angle at full current, fol-of the generator and beam voltageR)is the total, loaded
lowed by consecutive injection of all bunch trains. Sinceavity shunt impedancd,” is twice the dc beam current
the reflected power may be substantial, particularly durinfpr train k&, andg, (k) is the synchronous phase angle (mea-
initial detuning without beam, the magic tee and circulatosured with respect to the crest of the cavity voltage) with
loads must be designed to absorb high power levels. In theiins.

interest of maintaining a high duty cycle the fast injection The preset for the reference phase is given by

scheme has been studied for the NLC.

k
tan ¢, * + —II“V‘R sin ¢ *

Aprer = tan~! . (2)
2 HIGH DUTY-CYCLC INJECTION f [ 1+ Ib‘ZR COS ¢bk
Simulations have shown that both with and without the tan ¢, * + L*1R sin ¢ " +1
. . _ z V. b
tuner preset, the NLC damping ring could not be ramped — tan”![ TR e
to full current: the impulse change to the cavity voltage L+ 25— cos gy

caused by injection of a high current pulse train caused . i ,
enormous cavity voltage and beam phase oscillations. T&f"€¢-" is the tuning angle for at maximum c.urrem
correct this problem, direct feedback[3] was considered fgtnd desired loading angig at maximum current:
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Typically the loading angle is zero at maximum currentso 3 SIMULATIONS OF THE HIGH CURRENT

RAMP
b.* = tan~! (ImR sin ¢b)' (4) Ngmerical simulations were performed L_lging a mode! con-
c taining two (linear) klystrons, two rf cavities, and various

feedback loops including realistic nonlinear elements such
as time delays and filters. At present the cavity is modeled
&8 a narrow-band resonator so that only beam interactions
with the fundamental cavity mode are analyzed. The simu-

ts for traink. The total cavity voltaad’. and total cavit fated response of the cavity voltage and beam phase to the
rents fortraine. The total cavity voltagé. and total cavity injection of the first train is shown in Fig. 2 for three cases:

current/. have contributions from both the beam and th‘?‘lo transient loading compensation (solid), correction with

power generator. By presetting the rf amplitude and pha%ﬁ'rect feedback using a loop gain of 2.5 (dot-dashed), and
at injection of each bunch traif, andI. are are constant '

. . . correction with presets (dashed, almost flat). The results
for all bunch trains. As shown In Fig. 1, the cavity tuners, o s\ ;mmarized in Fig. 3 in which the peak-to-peak cav-
are preﬁﬁt thﬁzd.to allow f%r rapid |njict|on Sf all*bu.nri:h ity voltage and phase oscillations are plotted as a function
trains. The loading anglg; decreases ro@l = ¢z _W't of train number using direct feedback or using presets. As
no beam top; = 0 at full current. The time required to

reach the steady-state condition depicted is minimized can be seen, the correction of the beam-transients is sub-
X e antially improved (by more than a factor of 10) with the
presetting the rf amplitude and phase (see Egs. (1) and ( y Imp (by )

NS . mplitude and phase presets.
at injection of each bunch train. P P P

The steady-state phasor diagram for the injection proce
is shown in Fig. 1. Herd, is the total cavity current, and
I,* and Ig’“ are respectively the beam and generator cu

1040 T T T T
S
4
15 le (=157 < 1000
(]
1@ Ig(1) E’
Ib(z) e £ 960
| (1) 9 >
(Po/ b @ =
9 O
920
V, 4)
v \g ° 'g
880
Figure 1: Phasor diagrams for injection. The superscripts ot '
(2) through (4) refers to the total number of bunches in the 150 ®)
damping ring. > I,
o
The procedure for ramping to full current is: g 140
1. With beam off, deactivate the tuner loops and detune for = -
¢; = 0 at maximum current; that is, set the tuner position 8 130
to ¢.* (see Eq. 4). §
2. Set the external referencts.; = S, for the desired

cavity voltage. 120 “—1— L

d : 0 2 4 6 8

3. Inject train 1. o Time (ms) —

4. Increment,..; by AV,.r = SAI; and¢rer by Agrcr

and inject train 2. Figure 2. Simulations of injection transients in the cavity
5. Repeat step 4 until all trains have been injected. voltage (a) and beam phase (b) at injection of the first 0.6A

6. Reactivate tuner loops. This procedure could be ex&ain. There are three curves: uncorrected (largest oscilla-
cuted at maximum duty cycle so that the total time for intions), correction with direct feedback (intermediate oscil-
jection is ofn trains isn cycles, or 22.2 ms at 180 Hz for 4 lations), and correction with presetting the rf amplitude and
bunch trains in the NLC damping rings. phase (essentially flat).

In practice, recovery from no beam to full current would In Fig. 4 is shown simulation results for the injection pro-
require at least 12 cycles (66.7 ms at 180 Hz) due to limeedure outlined above for a zero to full current ramp. The
tations imposed by the machine protection system (MPSJavity voltage and beam phase preset references as calcu-
The envisioned startup sequencel[l] is as follows: inject lated from Egs. (1) and (2) are also shown along with the
single bunch trains, inject 4 trains of 10 bunches, and irrequired generator and reflected powers. Notice that the
ject 4 trains of 90 bunches. Startup procedures under theRebinson damping time is shorter the higher the current.
conditions are given in detail in Ref. [1] for initial commis- This is because of the fixed tuning angle. Also worth not-
sioning and MPS-compatible injection to full current. ing is the decrease in the coherent synchrotron oscillation
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Figure 3: Simulated peak-to-peak variations in the cavity N, (V) 2r ]

voltage and beam phase as a function of train number. The 1F s
transients are corrected either with direct feedback (a) or | } }
with presets (b). Note the change in vertical scales. 40F ' ' E

frequency with current; as the beam current is increased 9 (deg) ook
the phase of the beam with respect to the generator crest 3

1

becomes smaller resulting in a reduced restoring force for 0F } } ] =
coherent phase perturbations. 10E 3

A potential error associated with presetting the phase and | e A 3 .
amplitude is that the cavity voltage will be regulated to the 05F E

specified value}/,..¢; if the incoming charge is of differ-

ent current than anticipated, then the amplitude feedback

loop would regulate to an incorrect voltage. Notice how- 800 -___:———'__I_—‘:
ever that Egs. (1)-(4) may be used in feed-forward, which p W) 400 L E
would require a measurement of the incoming charge. An- 9 £ E
other complication arises from thermal heating due to syn- 0 t } } }

chrotron radiation in the accelerating cavities. Fortunately,

the thermal time constant of the cavity is much longer than P (kW) 400¢ E
the time required for the current ramp. ' 200 ¢ E
1 1 !
4 SUMMARY % 5 10 15 20

5-97
A simple technique is proposed which would allow the high 8047331

duty-cycle required for the NLC damping ring. One Com'Figure 4: Simulated current ramp from no beam to full cur-

plication is the power dissipation requirements in the circw—e t. Plotted are the cavity voltagé, the beam phase,
lators and magic tee loads. Fortunately, the total absorb c.:hange in reference voltagk, f’ the change in refér—

power is 4 times smaller that of the PEPII[5] loads so it aPance phasée,.;, the dc beam currert., the generator
rej C

pears managable. Superior cavity voltage and beam ph
regulation was predicted by numerical simulations to resjﬁNerPg’ and the reflected powt,.
from using cavity voltage and rf phase presets (as opposed
to using direct feedback). The preset scheme also has the _
advantage that no additional hardware is required to dankpl Se€ for example, M.G. Minty, ‘Low-level RF System De-

) ; . sign for the Accelerator Test Facility (ATF) Damping Rings’,
g;:ae((:::)fuepelggat():inch modes that would be introduced using Proc. IEEE PAC. Vancouver, BC, Canada (1997).
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