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Abstract 

During the last two years. we have developed the four-slot Annular 
Coupled Structure (ACS) for the high-~ coupled-celllinac used for the 
1-Ge V proton linac of the Japanese Hadron Project (IHP). In order to 
study the performance in high-power operation. a 1296-MHz high
power model of the four-slot ACS cavity has been designed and 
constructed. The cavity has been successfully conditioned up to the 
designed value. This report presents the cavity design, thermal analy
sis for optimizing the cooling-water circuits, the RF properties, and 
the results of the high-power test. 

Introduction 

The standing-wave nil-mode operation of a chain of coupled 
cavities has advantages over the 7t-mode operation; 1) a high degree 
of cell-to-cell uniformity in the accelerating field against cell-to-cell 
frequency errors, 2) a high degree of stability in the accelerating field 
between cells against turbulence by heavy beam loading. 

For a 7t/2-mode coupled-cell structure, accelerating cells are lo
cated alternately with non-excited coupling cells. A disk-load 
structure operated in the 7t/2 model is a simple example; it is referr 
to as On-axis Coupled Structure (OCS). However, for the OCS, t 
shunt impedance is reduced owing to the coupling cells located on t 
beam axis. The side-coupled structure2 was invented in order to ave 
this loss by placing the coupling cell at the side of the accelerating ce 
that is, off from the beam axis. Another possibility is the Annul 
Coupled Structure (ACS), which has an annular coupling cell aroUl 
the accelerating cell instead of a pillbox-type cell. 

Although several studies 3.4.5 using cold models have been mad 
no ACS cavities have been developed up to the level for practical U! 

Difficulties in developing ACS cavities arise from RF properties 
the annular coupling cell; the annular cell has the higher order mod 
ofTM110 and TM210 in the neighborhood above the coupling mode , 

TMolO' . 
The previous studies4• 5 on the ACS (with two couplmg slo 

between the accelerating and annular coupling cells) can be summa
rized as follows. 1) When the slots face each other with respect to the 
central symmetrical plane of the annular cell (cell-to-cell slot orienta
tion = 0°), the TM 110 mode intrudes into the accelerating pas.sban~ as 
the coupling factor increases. 2) When the cell-to-cell slot on entatIOn 
is 90°, the accelerating mode excites a TM21q"like mode in the annular 
cell, resulting in the reduction in the shunt 1ffipedance. 

Development or Multi-slot ACS 

We have studied on the two-slot ACS by using the computer code 
MAFIA6, and obtained the following results7

• 1) The difficulties 
regarding the two-slot ACS arises from the breakdown in the axial 
symmetry by opening two slots. Compared with the mode spacings 
among the TMolo' TMIIO' and TM210 modes, the degree ofbreak?~wn 
is not small, resulting in perturbative effects such as mode mlxmg. 
2) The difficulties can be cured by increasing the number of slots 
(multi-slot configuration) and reducing the size of each slot. that is, by 
recovering the axial symmetry. 

In order to study the possibility of the multi-slot ACS, we have 
made 4-slot and 8-slot cold models and measured their RF properties. 
From the measurements, we have obtained the following results7

: 1) 
the difficulties regarding 2-slot ACS are cured by 4-s10t configura
tions with cell-to-cell orientation = 0° and 45°; 2) no improvements 
were observed by increasing the number of slots from 4 to 8. As the 
number of coupling slots increases, the structural strength of the cavity 

becomes inferior. Therefore, the 4-s10t ACS is probably one of the 
most practical choices. 

According to the measurement of a 4-slot ACS model cavity with 
a coupling factor of 0.05, the effective shunt impedance has been 
reduced by 20% owing to the effect of coupling slots and by 5% owing 
to the surface imperfection. Since the 4-slot ACS is more advanta
geous than the SCS regarding its axial symmetry, we start the design 
and construction of a high-power model of the 4-slot ACS (cell-to-cell 
orientation = 45°) in the summer of 1989. 

High-Power Model 

Overall Design 

As shown in Fig. 1 and 2, the high-power model comprises a pair 
of ACS cavities coupled via a bridge coupler. It is designed as a 
prototype for the coupled-cell accelerating structure at ~=0.78 of the 

Fig.!. A schematic drawing of the high-power model. 

Fig. 2. The high-power model with waveguide in the test bench. 
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JHP 1-Ge V proton linac. Design parameters for the high-power model 
are listed in Table 1. The shunt impedance and Q values in Table 1 are 
those calculated by SUPERFISH'. which does not include the effect 
of coupling slots. For each ACS cavity-unit. five accelerating cells are 
arranged alternately with four annular coupling cells. For the bridge 
coupler. it was designed to be a 5-cell disk-loaded structure in order 
to avoid the mode-mixing between the TMol and TEll modes in a long 
cylindrical cavity. The ACS cavity and the bridge coupler is electro
magnetically coupled via a side-coupled pillbox cavity. The RF power 
is fed through the iris at the central cell of the bridge coupler. Details 
on the disk-loaded bridge coupler are described in Ref. 9. 

In order to generate the designed accelerating gradient of 4.5 MV / 
m. a peak RF power of 27 kW is required. considering the reduction 
of 20-25% in the shunt impedance compared with the theoretical 
value. Including the walI loss in the bridge coupler. the high-power 
model requires a peak RF power of 300 kW in total. 

TABLE 1 
Design Parameters for the ACS High-Power Model (~=0 .78) 

frequency 
accelerating gradient 
shunt impedance 
transit time factor 
Q value of accelerating cell 
Q value of coupling celI 
peak RF power per celI • 

1296 
4 .5 
54 

0.80 
2.4x10" 
9 .6xl()3 

27 

• using the effective shunt impedance (80% of 
the theoretical value) 

Structure of the ACS Cavity 

MHz 
MV/m 
Mfl/m 

kW 

The ACS cavity is a brazed assembly of eight middle segments and 
two end segments (Fig. 1). All the segments were machined from 
oxygen-free copper (OFC) by a super-precision lathe. and assembled 
by vacuum-furnace brazing. Further particulars on the fabrication 
techniques are found in Ref. 10. 

Figure 3 shows the middle segment. The shape of the accelerating 
cell was optimized for the shunt impedance by using the computer 
code SUPERFISH8. The annular coupling cell is like a resonant ring 
of ridged-waveguide. The cross-sectional shape of ridged-waveguide 
was adjusted in order to make the diameter of the annular cell as smalI 
as possible. Four coupling slots are bored through the septum between 
the accelerating and annular coupling cells. According to the thermal 
analysis described later. a minimum septum thickness of 10 mm is 
required in order to drill cooling-water charmels in it. Therefore. we 
refined the design of the coupling slot bored through the 10-mm-thick 

Fig. 3. Middle segment of the high-power model of the ACS 
cavity. The accelerating-celI side is shown in the left 
and the armular coupling-cell side in the right 

septum. In order to make both the magnetic coupling efficient and the 
arc-length of the slot as small as possible. both radial sides of the slot 
were taper-edged. The slot size was determined to be 32.5° in arc 
length and 26 mm in radial length by measurement of half-scale 
models. 

The middle-segment have eight circular holes around the armular 
cell (Fig. 3). When all the segments are stacked and brazed. these holes 
form pumping-out ports running through the ACS cavity in the 
longitudinal direction. An armular vacuum manifold is attached to the 
end of each ACS cavity (Fig. I and 2). 

Thermal Analysis 

The time-averaged power dissipation amounts to about I kW per 
accelerating cell as can been seen in Table 1. In order to make the 
thermal de tuning as small as possible under high-duty operation. we 
have optimized the arrangement of cooling-water circuits by carrying 
out both thermal and structural finite element analyses for two
dimensional and three-dimensional structures by the computer code 
of Integrated Structure Analysis System (ISAS2)11 . The thermal 
analysis indicates that the temperature rise at the nose cone amounts 
to 35°C with circumferential cooling circuits only. giving rise to a too 
large frequency de tuning of about -5 10kHz. This is due to the poor 
thermal conductivity at the septum between the accelerating and 
armularcouplingcells. where four coupling slots are bored. Therefore. 
the nose cone region must be cooled directly by water flowing in the 
disk. Figure 4 shows the final design of cooling circuits. which 
requires charmels drilled in the septum for water inlets and outlets. The 
temperature rise at the nose cone was drasticall y reduced to 3.1 °C wi th 
5 Vrnin of cooling water per disk. resulting in a de tuning of -110kHz. 

C O UP LI NG C A V ITY 

Fig. 4 . Cooling-Water Circuits for the high-power model. 

RF Properties 

Prior to brazing. individual cells were tuned to the design fre
quency within ± 100kHz by fme machining. For the accelerating cell. 
either the nose cone or the inner surface along the line oflatitude was 
machined. For the armular coupling cell, the height of the ridge was 
adjusted by fine machining. After brazing. if necessary. individual 
cells can be tuned by dimpling the thin-wall parts from outside. 

Since the segments made ofOFC are soft and easily deformed. we 
can not press stacked cavity-segments until its Q value is saturated, 
without causing considerable deformation. Therefore. the reduction 
in the Q value due to the surface imperfection was estimated from the 
result of a half-scale single-cell cavity ( f = 2600 MHz ). the inner 
surface of which was machined under the same condition as the high-
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Fig. 5. A distribution of the accelerating field on the beam axis 
obtained by bead-perturbation measurement. 

power model. The measured Q value was small by 4% compared with 
the theoretical value. Considering the skin-depth dependence on the 
RF frequency, the reduction for the high-power model (f = 1296MHz) 
should be less than 4%. 

. The couplin? factor was measured for all the middle-segment 
pans stacked With cell-to-cell orientation = 45 0

• The result of k = 
0.0551. ± 0.0002 indicates that the high accuracy was kept with a 
numencally controlled cutter during machining all the coupling slots. 

After the construction at the MHI Mihara Works lO completed, 
several low-level measurements were carried out at the high-power 
test bench in KEK. With a waveguide duct and an RF window, the 
loaded Q value and the coupling ~ of the high-power model were 
measured to be 9.8xlQ3 and 0.98, respectively, indicating that the 
~oaded Q value was 1.9xlQ4. The stored energy in the bridge coupler 
IS 7.1 % of the total7, and its theoretical Q value is 2.5xlQ4. Therefore, 
within an error of 1 %, the Q value of the ACS cavity itself should be 
1.9xlQ4, which is small by 21 % compared with the theoretical value. 
Supposing a reduction of 4% arises from the surface imperfection, the 
rest of 17% should be due to the effect of the coupling slots. 

The accelerating -field distribution on the beam axis was measured 
by using the bead-perturbation technique. It can been seen from 
Fig. 5 that the obtained field distribution was sufficiently uniform. 
Thus, -:ve decided to m.ake no tuning of individual cells by dimpling 
the thm-wall parts. Smce the gap length of the middle-cell was 
enlarged by 5% compared with that of the end-cell in order to 
compensate a frequency decrease by the coupling slots, the electric 
field in the end-cell is larger than that in the middle cell by 4-5%. 

From the field distribution data for a middle-cell, the R/Q value 
was calculated to be 201 Qlcell. This value is in good agreement with 
the theoretical value of205 Qlcell by SUPERFISH8. Using the Q and 
R/Q values obtained from the measurements, the effective shunt 
impedance was estimated to be 42 MQlm. The reduction in the shunt 
impedance is 22% compared with the theoretical value, reflecting 
only the reduction in the Q value. 

High-Power Test 

The first RF conditioning was carried out at a low duty factor of 
0.2%, where RFpulses were200-lls duration at 10 Hz. The cavity was 
evacuated by two 300-1/s turbo-molecular pumps attached to the 
vacuum manifolds at both ends. The base pressure was 1.5x 10.7 Torr 
when the RF off. Keeping the vacuum level below 2xlO-6 Torr, the 
conditioning was progressed continuously. Through a pumping-out 
port, the armular coupling cells were monitored by a TV camera. 

2 4 6 
TIME !hour 

8 10 

Fig. 6. The history of the first conditioning at a duty factor of 
0.2% (200 IlS, 10 Hz ). 

During conditioning, no light emissions due to electric discharge or 
arcing were observed. Figure 6 shows the history of the first condi
tioning. The plateau of the history curve at 170 kW is probably the 
conditioning of the RF window. In proceeding on the plateau, blue 
light emissions were often observed around the RF window through 
a TV camera. The cavity was conditioned up to the design RF power 
level of 300 kW in 10 hours. After the conditioning, the base pressure 
was improved down to 1.2xl0-7 Torr. 

Conclusions 

The high-power model of the 4-slot ACS cavity has been devel
oped. The effective shunt impedance was 78% of the theoretical value. 
Without tuning of individual cells after brazing, a sufficiently uniform 
accelerating-field distribution has been obtained. The model has been 
successfully conditioned up to the design RF power level of 300 kW. 

The RF conditioning will be carried out at the full duty factor of 3% 
in the near future, where the RF pulses are 600-lls duration at 50 Hz. 
The design of a ACS cavity for a low ~ of 0.5 is also in progress. 
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