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Orifices for the IFMIF RFQ have been designed and fabricated, and RF properties have been
evaluated by a network analyzer. The designed orifices were installed into a vacuum port of
thel.lm-long RFQ mock-up module, and the resonant frequency and the phase difference
between cavities were measured for a quadrupole operation mode of TE,jo. It was found that
the RF properties are not affected on condition that slit direction with the same direction of
current flow at the RFQ wall. Orifice conductance from 0.22 to 0.25 m® /sec by nitrogen
conversion at room temperature was designed, and an ultimate pressure level of 5x107 [Pa]
was evaluated for the 4.1m-long central module for the IFMIF RFQ. It was concluded that the
designed orifices are effective for RF properties and vacuum conductance in the [IFMIF RFQ.
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1. Introduction

The International Fusion Materials Irradiation Facility (IFMIF) is an accelerator-based
neutron irradiation facility to develop materials for a demonstration fusion reactor after
ITER project[1-3]. For this purpose, materials have to be studied in radiation of more than
80 dpa, an intense neutron field equivalent to D-T fusion reactor environment using a
deuteron-lithium (D-Li) stripping reaction.

In this system, a 40MeV deuteron beam with a current of 250mA is injected into liquid
lithium flow with a speed of 20 m/s, and neutron field similar to D-T fusion reactor
(2MW/m?, >20 dpa /year for Fe) is produced by the D-Li stripping reaction. The required
current of 250mA 1is realized by two beam lines of 125mA, and the output energies at
injector, radio-frequency quadrupole (RFQ) linac[4-5] and drift tube linac (DTL) are
designed to be 0.1, 5.0 and 40.0 MeV, respectively[6]. CW operation is required for this
system to obtain a high neutron fluence accumulation. '

In such a CW RFQ linac, vacuum pressure of 107 [Pa] level seems to be needed to avoid
beam scattering by residual gasses, but the effect has not been evaluated sufficiently for a
large deuteron beam of 125mA. When an RFQ structure is made in a hole for vacuum port,
the boundary condition for electromagnetic fields strictly changes. RF properties which are
a resonant frequency and phase differences between quadrant cavities for the quadrupole
operation mode (TEzj), are affected. In order to avoid these defects, an orifice design with
an improved boundary condition, is indispensable. In this report, five kinds of orifice have
been designed and fabricated. These orifices were installed into vacuum ports of an RFQ
mock-up module, and RF properties have been evaluated by a low power test of Network
Analyzer.

In section 2, a conceptual design of IFMIF RFQ, a design of the RFQ mock-up module, a
low power test and higher modes analysis are outlined to assist for understanding. In section
3, orifice design, low power tests-and the evaluation of pressure rise are presented. The last
section provides conclusion.

2. IFMIF RFQ

2.1 Conceptual design of IFMIF RFQ
In the RFQ linac, the 12m-long RFQ was designed to accelerate the deuteron beam up to
5MeV. The operation frequency of 175MHz was selected to accelerate a large current of
125mA. The injection total RF power of 2.3 MW is needed. The configuration of the IFMIF

—1—
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RFQ conceptual design is shown in Fig.2.1. In the 12m-long RFQ, suppression of higher
modes are indispensable, and a coupled cavity technique will be used. The coupled cavity
technique was developed for the 350 MHz RFQ system in APT/LEDA project of
LANL[7-10], and central modules which have a short longitudinal length, are connected
through the coupling plates as indicated in Fig.2.1. |

Deuteron End Plate Coupling Plate End Plate < 5.0 MeV
Beam \ 125mA
— >
D+

0.1MeV
125mA

Diacrode -~ Diacrode o Diacrode

L~dm "~ RFQ module lengt?; L~dm
L~4m

Fig.2.1 The configuration of IFMIF RFQ conceptual design

In the case that an RF input-coupler using conventional Iris type for the 175MHz
freqﬁency is designed, a rectangular waveguide of 1.0 x 0.5 m for a transmission line and a
tapered rigid waveguide to decrease cut-off frequency in order to radiate RF power from
small aperture, are needed as shown in Fig.2.2. Therefore, an RF-Input coupler using a loop

antenna with co-axial transmission line has been developed.

Rectangular W/G:
1.0 x 0.5m

Co—a>1ial W/G

RFQ |
Rigid W/G

Iris type Loop antenna

Fig.2.2 Transmission line system in case of using Iris type and

Loop antenna for RF Input coupler
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2.2 Design of RFQ mock-up module

The four-vane RFQ mock-up module had been designed by MAFIA[1 1] code before[12].
The RFQ module consists of two end-plate modules and central modules, and each
end-plate module is connected to each side of central module. For this mock-up, the vanes
have no modulation. The beam bore diameter and the vane radius were designed by a beam
dynamics simulation code, and they were specified to be 8mm and 4mm, respectively. The
resonant frequency was analyzed by changing each cavity dimension. After the cavity
dimensions was finalized (as indicated in Fig.2.3), the central module and the two end-plate
modules were fabricated with aluminum. Photographs of the central module and the
end-plate module are shown in Fig.2.4. The gap between end-plate flange and the vane edge
is 40mm, and the undercut area of the vane is 50mm from the edge in axial length and
82mm in radial direction from the vane root contacting the outer cavity frame. These
dimensions were determined so that the electric field strength change at the vane edge from
that at the center of central module, is suppressed to within 1%, and electric field uniformity

around the tip of vane in the longitudinal direction is achieved.
—

168

S 168

Bore Diameter:8 mm
Vane Tip Radius: 4mm

Fig.2.3 Dimension of the 175MHz RFQ Fig.2.4 Photograph of central module (left)
mock-up cavity and end-plate module (right)

2.3 Low power test of RFQ mock-up module

The resonant frequency of the 1.1m-long RFQ module (Fig.2.5) was measured by a
network analyzer. As shown in Fig.2.4 (left), a large loop antenna and a small pick-up coil
which were made of ¢$2mm wire, were used to reduce detuning of resonant frequency. The
measured result is shown in Fig.2.6. The resonant frequency of 175.65 MHz for quadrupole
operation mode (TE;jo) was obtained, and it was in good agreement with the calculated
value of 174.36MHz. This difference was less than 1% of the operation mode frequency.
This difference is supposed to be caused by misalignment at the connection between central

module and end-plate modules.
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Fig.2.6 Measured resonant frequency of the 1.1m-long RFQ module

2.4 Higher modes analysis

Since measured resonant frequencies were in good agreement with the calculated values,
higher modes as a function of a longitudinal length up to 4.1m were analyzed [12]. For the
4.1m-long RFQ, resonant frequencies of the TE;;o and the TE,;; modes were 173.91 MHz
and 176.18 MHz, respectively. The difference was 2.27 MHz, it was assessed that the
operation mode is not affected by the TE; ;o mode. It was also found that the difference of
more than 1.54 MHz is obtained by the RFQ length of more than 2.1m, and operation mode
is not affected. But the RFQ system design using 2, 3 and 5 coupling plates is considerable
in this result, the RFQ design using two coupling plates will a good candidate from a low
cost-effectiveness point of view.

3. RF properties by orifice design

3.1 Orifice design
Five kinds of orifice have been designed and fabricated. The orifice diameter was 660
mm, and the aperture width of 4, 6 and 8 mm and slit width of 1 and 2 mm were designed
as indicated in Fig.3.1 and Table 3.1. These orifices were installed into vacuum ports
which make a hole in the RFQ quadrant wall as shown in Fig. 3.2. These conductance

from 221 to 246 liter /sec by nitrogen conversion at room temperature were calculated.

4
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Current flow

@60 mm

Fig.3.1 Vacuum port dimension Fig.3.2 Installation of Vacuum port

Table 3.1 Dimension of orifice design

Case | A[mm] | B[mm] | Ratio[%] | C [liter/sec]
Tl 1 4 65 221
T2 1 6 73 246
T3 1 8 71 238
T4 2 6 68 229
T5 2 8 68 229

A: Slit width, B: Aperture width, Ratio: Total area of aperture / Port area

C: Conductance by Nitrogen conversion at room temperature

3.2 RF properties by low power test

The experimental setup is shown in Fig.3.3. A large loop-antenna ($60mm) and a small
four pick-up coils(¢10mm) made of $2mm wire, were used to reduce detuning of a resonant
frequency. The large loop antenna was used for an RF input coupler and installed at the
center of the mock-up module. This antenna was connected to a co-axial waveguide end. RF
signal from a network analyzer is injected into the RFQ mock-up module. Four pick-up
coils were mounted for each cavity at the same position of 0.40m far from the module
center. The S;; parameters (a transmission coefficient) for each cavity were measured, and
the resonant mode was evaluated. Vacuum ports were made a hole at the position of 0.25m
far from the module center. Not to cut current flow at RFQ quadrant wall for the operation

mode (TE3)0), the slit direction was set at the same direction of the current flow.

t  Central Module Length:1.1

Pick—uT coils Vacuu.rm port

1
1
1

End-plate Loop antenna End-plate

module module

Fig.3.3 Experimental set-up for a low power test

..._5__.
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When either one of each orifice (T1~T5) or a cover without slit aperture(No) was installed
into the vacuum port, the reflection co-efficient (S;;) and the phase difference between
Cavity #1 and #3 were measured. In Fig.3.4, it was found that the first peak in a low
frequency at 177.8MHz is quadrupole operation mode (TEjo) by the phase differences
between Cavity #1 and #3. Since the phase difference between Cavity #1 and #3 for the
TE»1, modes is ideally 0°, and that for the dipole mode (TEq,) is 180°. It was also found
that the third peak in a high frequency at 179.1MHz is the dipole mode (TEjo), and the
second peak is an overlap of modes. In all cases, the measured reflection co-efficient was
almost the same, and it was found that RF properties are not affected by installing any one
of orifices. As shown in Fig.3.5, no deviation was also found for the phase differences.

200 Cav. 1-!Cav.3,
o o 100
8 g
9 £ o
o 0
O ()
E :
g c-100 - 2'
. | e 177 8MHz
"i4 | A7170. 1MHz] 20 ‘ | |
177 178 179 180 181 ?77 '178 179 180 181
Freq.[MHz] Freq.[MHz]
Fig.3.4 Reflection Co-efficient (S;;) of Large  Fig.3.5 Phase difference between Cavity
Loop antenna. #1 and #3

In these measurements, the resonant frequency was increased in comparison with 175.65
MHz in Fig.2.4. This difference is supposed to be caused by distortion of the RFQ structure.
Since both four vacuum ports with diameter of $60mm and RF input ports with diameter of
$90mm were provided for each RFQ quadrant wall, these RFQ walls might be bent into
inward direction. Then, the RFQ volume was decreased, and the resonant frequency was
increased from 175.65MHz to 177.8MHz.

RF properties were also measured by changing angle of 90° with respect to the direction of
current flow at the RFQ wall (T2-90 in Fig.3.6), or removing a port cover (WO in Fig.3.6).
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Current flow Normal rtio | 90 deg. .

CEEEERIRRRS

WO
Fig.3.6 Current direction of RFQ wall and slit direction
200 Cva.l—!Cav.3 ; t
— _ || —— wo
o o 100 : L T2-N
Y - p ' :
v t CoTmmg” / TE B : ......... S -
5 5 (E E
O V : b
e 2 TEw |1
] s i, e

4 i
177 178 179 180 181 977 178 179 180 18t
Freq.[MHZz] Freq.[MHZ]

Fig.3.7 Reflection Co-efficient (S;;) of Large Fig.3.8 Phase difference between Cavity #1
Loop antenna and #3

The measured results are shown in Fig.3.7 and Fig.3.8. The slit direction with the same
direction of the current flow (T2-N), and a cover without slit aperture (No) are also
presented. RF properties of T2-90 and WO were clearly changed in comparison with those
of T2-N and No. In the T2-90, the reflection co-efficient of TE,;o mode at 177.8 MHz was
drastically changed from -4dB to -9.5dB by the slit direction, and the phase difference was
also changed from 4° to 27°. Not to be affected by installing orifice, it was found that slit

direction has to be set as the same direction as current flow direction at the RFQ wall for the
TE210 mode. .

When four orifices (T1~T4) were installed into all four vacuum ports, RF properties were
also measured. These slits directions were set the same direction of the current flow. In
Fig.3.9, the data using four orifices represents 4VP. In comparison with NO in the case that
four vacuum ports are covered, the phase differences were almost same. It was found that

RF properties are not affected at all by installing four orifices on condition that slit

_'7_
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directions are the same direction of the current flow at the RFQ wall for the TE; o mode.

200 Cav.l-}Cav.B]

[
o
o

o

Phase Diff.[deg]
o

o

|

. i i i
20977 178 179 180 181
Freq.[MHz]

Fig.3.9 Phase difference between Cavity #1 and #3 when four orifices

(T1~T4) are installed into all four vacuum ports

3.3 Evaluation of ultimate pressure

IFMIF RFQ will be made of copper maferial, because of suppression of RF losses. The
outgassing rate (Q) from copper material already had been evaluated in several fields, and
the rate (Q) of 5x10® [Pa m’/s m?] at the temperature of 50 C° was used. This rate is
indicated after sufficient baking treatment and RF conditioning. The surface area for a
quadrant RFQ of the 4.1m-long is about 2.4 m? and the outgassing flux(q) of 1.2x107 [Pa
m’/s] is obtained. Using the obtained the flux(q), an ultimate pressure Py can be calculated
by the equation of Py= ¢/S, where S and ¢ represent pumping speed and the outgassing flux,
respectively. When the pumping speed is assumed to be the same level as the orifice
conductance of 0.23 [m’/s], an ultimate pressure (Pg) of 5.0x107 [Pa] is obtained. This
ultimate pressure is low enough for the CW RFQ vacuum. It was found that these designed

orifices are an effective for vacuum conductance.

3.4 Future investigation

There are three possibilities for the further steps. One is to establish water cooling method
of the orifice in order to avoid the temperature rise. However, this cooling method already
had been established at LANL for the 350 MHz CW RFQ system in APT/LEDA project, it
seem to be easy to applied their technique. The second one is to evaluate an RF leak from
orifice to vacuum pumping site. This is indispensable to avoid partial temperature rise in
vacuum pumping system, and the RF leak evaluation at just front of vacuum pump at the RF
injection power of 1kW level, is planned. The last one is suppression of gas flow from Light
Energy Beam Transport system [LEBT] to RFQ system. Since the pressure level of 10° [Pa]

_...9__
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is used to cancel out beam space charge effect. In the case that the diameter 10mm for RFQ
inlet aperture is made in a hole, the gas flow from LEBT of 9 [liter/sec] is expected. An
additional pumping for this suppress seems to be needed at the end-plate part of RFQ.

4. Summary

Five kinds of orifice have been designed and fabricated. These orifices were installed into
the vacuum ports of the 1.1m-long RFQ mock-up module, and RF properties which are a
reflection co-efficient and phase differences between cavities for the quadrupole operation
mode of TE;;, were measured by a network analyzer. When one of the orifices is installed
into the vacuum on condition that the slit direction with the same direction of current flow
for the TE;;p mode, the RF properties in any cases were not altered from the results of a
cover without slit aperture (No). Howéver, the RF properties are affected by changing the
slit direction of 90°. Moreover, four orifices were installed into the vacuum ports, the all slit
direction was set the same direction of current flow. It was also found that RF properties are
not affected at all. In the 4.1m-long RFQ central module, an ultimate pressure (Py) of
5.0x107 [Pa] was evaluated. This ultimate pressure is low enough for the CW RFQ vacuum.
It was concluded that these designed orifices are effective for RF properties and for vacuum
conductance in the IFMIF RFQ.
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