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Abstract sectors 38 and 40. Klystron outputs of RF2 and RF3 are
The 352-MHz high-power system for the Advancegombined through a hybrid and feed cavitie_s in sectors 36
Photon Source (APS) storage ring and booster synchrotfifl 37. The hybrid output feeds a sector with four single-
has been configured to allow two to four klystrons teell cavities. The system includes gll five klystrons (RF1-
power the storage ring and one Klystron to power tfi>) for the booster and storage ring of the APS. For the
booster. A quadrature hybrid combines two Klystron outtorage ring, one or more klystrons may be turned off, but
puts with two 45 phase shifters at each output of thBOt the two for one hybrid. For the booster, RF3 can be
hybrid for proper phasing at the storage ring cavities fgge€d when RF5 is not available. RF1 may be switched to
the selected mode. The phase shifters in the hybrid outgt} test station; RF4 alone feeds sectors 38 and 40. Each
and three waveguide switches are used to choose an opé¥#iron output is connected to the hybrid through a 1MW,
tion mode in any one of twelve possible Conﬁguraﬂoﬁgree—port f(_errlte c!rculaj[orthat is usgd as an |_solatorW|th a
using three to five klystrons to power the storage ring ai@ter load in the isolation port. Basic operation and con-

booster. The system can be configured to use one klystpdifiction of the waveguide system design are discussed
as the power source of a test station. below.

1 INTRODUCTION CAVITIES
For reliable and continuous operation of the boost

836 837 838 840
synchrotron and the storage ring of the APS, a reconfi ﬂ-» -—-
urable high-power rf system is needed. The goal is to he
a system that is operational even with one or two klystro
turned off for maintenance or other tasks such as hic
power conditioning or testing of other rf components.Tr
APS high-power rf system consists of five rf stations: or
for the booster and the other four for the storage ring. Ez
rf station consists of one 1.0-MW klystron and a 95-k\
20A DC power supply. The storage ring has four rf sectc
and each sector has four uniformly spaced single-cell ca sw2] SW3
ties. All sixteen cavities in the storage ring need to be po swW1

ered for reliable beam quality. Therefore, a way ¢
_C’)j
RF5
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combining two or more klystron outputs and splitting th
combined rf power to the sixteen cavities has been imp
mented.

The design of the waveguide switching system for RF1 RF2 RF3
power distribution in the APS is shown in Figure 1. Th
90° quadrature hybrids and %45hase shifters in the L
WR2300 waveguide are used as the elements for comt
ing and splitting the power. Other hybrids, such as 80
magic tee types, have been used [1], but the availability
the hardware and lower phase shifting requirements mz m 8-dB Hybrid
the present_des_ign attractiye. . . . —  Water Load ©) Circulator

The switching system is equipped with an equipme
safety interlock system through an rf power monitorin () WG Swtich - DFDT
system. The system is controlled by a programmable loy
controller (PLC) unit independent from the main computc _ ) ) o
control system of the accelerators. The waveguide circuff'9ure 1: Reconfigurable waveguide switching system.
has been completely installed and has powered the boosterFigure 2 shows a part of Figure 1 where a @ladra-

TO BOOSTER CAVITIES

table Three-post
g mShiﬂu(MSdeg

and storage ring systems successfully. ture hybrid combines two inputs from two klystrons
through circulators and splits into two outputs with two
2 OPERATION adjustable output phase shifters. For convenience, one

In Figure 1, Klystron outputs of the RF1 and RF4 st@hase shifter is shown in each output arm in Figure 2
tions are combined through a hybrid and feed cavitiesifistead of two as in Figure 1.
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Figure 2: TWO klystron-t\NO SeCtOI’ feeding 05 06 07 08 08 1 11 12 13 1415161718192
through a hybrid Voltage ratio of klystrons, a/b
Figure 3: Phase difference between two outputs

With two input port voltages of the quadrature hybrid vs. the input power imbalance.

U, = J2ad”and U, = .2be’”" , the combined hybrid
output rf voltages through the phase shifters are superpesiy. The phase shift requirements for the three different

tions of split outputs from each input and can be expressg@es described above are as follows:
as

1.Ifa=b,
o . . —jHD i . T [ ) T 0O
- wt jwta  2Ma-i61 jrot—=—8 jEt—=—8
Vi, %ael + bel®te 55 v, = ﬁaegﬂ 2910 LV, = ﬁaeB‘) 27920
= oo (©-9-8) (1) 0, =6, =45
. 2.1fb=0,
o .. -z N
Vv, = adte Jz+bejwt|]8_192 ) jB‘)t_E_BZD
O O Vv, = ad(@t=81) V, = ae 2
= ce (W=~ 8) @) 0, = 90°, 0, = 0°
3.1fa=0,
where ¢ = (a2+b2)1/2 , and the phaseg = atan(b/ g jRot-Z -0, .
. . V. =b 2 0 V. = be](oot—ez)
and ¢, = atan(a/ b . For identical output phases, the 1 = be ) 2 =

phase difference between the two phase shifters is
expressed as

Ap = @ -9, = 6,-6; 3

8, = 0°, 6, = 90°

Note that, if all cavities are matched, there is no reflected
0 power. If any backward traveling wave exists due to cavity
Ag = atan(r) — atar%m (4)  mismatch or coupled cavity higher-order modes, it can be

where the power ratio r = b/a. The differential phase Wifhbsorbed by the loads on the isolation ports of circulators.

respect to the input power imbalance is 3 CONFIGURATION

dAg) _ _ 2 5 Table 1 shows the possible configurations for the
dr (1+ rz) switching system. A minimum of two klystrons are used

] ) . ~ for supplying the needed rf power to the storage ring cavi-
whereAg is shown with respect to the amplitude ratio r jjg However, for two-klystron operation, each hybrid

Figure 3. Note that the abscissa is in logarithmic scajgyst e powered by one klystron to feed all sixteen cavi-
Using Eq. (5), phase fluctuation between sectors is fouggk The system is reconfigurable to one of the twelve
as ~0.8/1% amplitude difference between the tWwenodes by moving a key in a bank of keyswitches, which
klystrons when & b. . _ . provides a mode change signal to the PLC. All waveguide

In Figure 2, three configurations are possible; theggjitches. phase shifters, power monitors, and safety inter-

cases can be compared in terms of the phase requiremgdis are switched to position with a movement of the key.
at the hybrid outputs. The three cases are 1) both K1 and

K2 are turned on, 2) only K1 is turned on, and 3) only K21 Waveguide Switch

is turned on. The waveguide switches are a motor-driven vane type

For delivery of rf power with specified phase relationgjith spring contacts between the vane and the waveguide
at the cavities, the phase shifters must be adjusted prop-
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wall and limit-switches. These waveguide switches do ne800 kW for a 100-mA beam current. With two klystrons
contribute to any phase shifting but direct the rf power o a hybrid, for the modes with three or four klystrons, the
other systems. The equipment safety interlock systdmybrid outputs need to be controlled to have a certain
assures that no hot switching is made while rf power pbase stability that can directly affect cavity rf phases and,
present in the waveguides. Directional couplers are placbdrefore, the beam. The klystrons are being equipped with
on each arm of the switches to detect any rf signal abovAG-coupled feedback loops for uniform power outputs to
threshold. minimize the effect of amplitude-phase conversion and
offset phase control to maintain proper inter-station phase

Table 1: RF System Operation Switching Modes  when operating klystrons in parallel. This rf control is

RF System Status somewhat similar to the system implemented for the LEP
Mode | System Energized Down system [2]. A test station is need_ed for various reasons and
Storage Ring BooSter Test rf station RF1 can be used for this purpose. _Othgr arrange-
Station ments can be used for the phase shifting with fixed phase
shifters. In this approach, each hybrid needs four fixed-
1 RF1, RF2, RF3, |RF5 length waveguide sections—twd® @nd two 48—and
RF4 three double-pole waveguide switches. This method costs
2 RF2, RF3, RF4 RFS5 RF1) RF1 more since the waveguide switches are more expensive
3 RF1,RF3,RF4 | RF5 RF2 than the waveguide phase shifters.
4 RF1, RF2, RF4 RF5 RF3
5 RF1, RF2, RF3 RF5 RF4 5 CONCLUSION
6 RF1, RF2, RF4 | RF3 RF5 The system has been completely tested for mode
7 RF2, RF4 RF3 | RF1 | RF1,RF% selection and interlocks and has been running in a few dif-
8 RF1, RF2 RF3 RF4, RFY ferent modes without problem. The need for feedback con-
9 RF1, RF2 RF5 RF3, RF4 trol in the hybrid inputs raises the question of the system’s
10 RF3, RF4 RF5 RF1 | RF2, RF]1 stability and reliability. Since the rf signal input phases
11 RF2, RF4 RF5 RF1 RF3, RF1 through the driver amplifiers to the klystrons can be tightly
12 REL RF3 RES RE2. RF4 controlled, it is anticipated that the system can be made

stable and reliable. Reliability of the high-power system

3.2 Phase Shifter hag begn ir.n'proving. steadily in Fhe APS. Additionally, thg
. . ) maintainability has improved with the increased accessi-

The three cases for phasing shown in section 2 ab@yg and flexibility of the system. Installation and testing

can be achieved by using adjustable phase shifters. Fordhge kiystron feedback control for the configurations with

waveguide switching system, motorized three-post phageee or more Klystrons remains to be done.

shifters have been used to properly phase the cavities in the

four rf sectors. The three-post phase shifters are not expen- 6 ACKNOWLEDGMENT
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