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A deuteron radio-frequency quadrupole (RFQ) is being built by the RFQ group at Peking University. It is
a very compact high-current RFQ, operating at 162.5 MHz in continuous-wave mode. By optimizing the
beam dynamics design, our simulations reached 98% transmission efficiency for acceleration of the 50-mA
deuteron beam from 50 keV to 1 MeV, with an intervane voltage of 60 kV and a length of 1.809 m. This
RFQ adopts a window-type structure, with low power consumption and sufficient mode separation, with no
stabilizing rods required. Its magnetic coupling windows have been optimized by both electromagnetic
simulation and the construction of an equivalent circuit model. The empirical equation based on the circuit
model provides a new way to evaluate the effect of the window size on the frequency. In addition, an
aluminum model of the full-length RFQ has been built and tested, and the results show good agreement
with the simulations. During the tuning process, the magnetic coupling effect between quadrants was found
to be unique to the window-type RFQ. We also propose a method to estimate the effects of different degrees
of electric field unflatness on the beam transmission. For the cooling system design, the results of
thermostructural analysis, verified by comparing results from ANSYS and ST, show that the special cooling
channels provide a high cooling efficiency around the magnetic coupling windows. The maximal
deformation of the structure was approximately 75 pm. The beam-loading effect caused by a high current,

and the coupler design, are also discussed.
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I. INTRODUCTION

Since it was invented in 1970 [1], the radio-frequency
quadrupole (RFQ) accelerator has been widely used as an
injector in linear accelerator systems, a compact neutron
source for radiography and material detection, an ion
implanter for material improvement, an isotope production
unit in medical fields, and an accelerator-based diagnostic in
magnetic fusion devices [2]. Especially in recent decades, to
meet these application requirements, more and more RFQs
have been designed and built for high-current continuous
beams: first the LEDA RFQ [3] and then others such as the
TRASCO RFQ [4], IPHIRFQ [5], SARAF RFQ [6], and the
IFMIF RFQ [7]. However, for high-current continuous-wave
(cw) RFQs, the space charge effect, beam-loading effect, and
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power losses all become serious, easily causing beam losses,
operation instability, or even components burning down. So
until now, few RFQs have been confirmed to operate stably
foralongtime in the cw mode and even fewer for deuteron
beams. Our 50-mA cw deuteron RFQ is designed to
challenge the difficulties in beam dynamics design, rf
structure design, cooling, and power coupling system.
Moreover, if this short 1.8-m RFQ were connected to a
short 1.3-m drift tube linac (DTL), a beam of 4-MeV
deuterons could be obtained in a much shorter length than
an equivalent single RFQ, which would be roughly 8 m
long. This combination also consumes less than 90 kW of
rf power because of the high accelerating gradient of the
DTL [8]. Thus, it would be a very efficient injector for
compact neutron sources.

As shown in Fig. 1, our RFQ design adopts a four-vane
structure with magnetic coupling windows, which was first
proposed by Institution of Theoretical and Experimental
Physics of Russia in 1993 [9], now often called a window-
type RFQ. Compared to a normal four-vane RFQ, a window-
type RFQ is more compact and needs no z-mode stabilizing
rods or dipole rods, thereby reducing the structural complex-
ity. It also has a more stable structure and lower power
demands than a four-rod RFQ and, therefore, is more suitable
for the cw mode. Several window-type RFQs have been
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FIG. 1. Detailed 3D engineering model of the copper RFQ
cavity made in two segments. The adjustable aluminum tuners
will be replaced with fixed copper tuners after low-power tuning.

through power or beam commissioning, such as the Terawatt
Accumulator RFQ [10], Argonne Tandem Linac Accelerator
System RFQ [11,12], and the RFQ for Nuclotron-based Ion
Collider Facility [13]. Although they operate at a low
frequency, they provide our RFQ with valuable references
for design, fabrication, and testing.

To ensure the stable operation of our RFQ, we have built
two aluminum cold models to validate the reliability of the
simulations. The second model has the same length, vane
modulations, and machining processes as the future copper
cavity but was not brazed or put under a vacuum. Based on
the measured field in the cold model, we carried out a
tolerance analysis to estimate the influence of the electric
field unflatness on the beam transmission.

In this paper, Secs. II and III describe the detailed beam
dynamics and rf structure design, respectively; Sec. IV
presents the fabrication, measurement, and test results of
the cold model; Sec. V presents the multiphysics analysis;
and the beam-loading effect and coupler design are
discussed in Sec. VL.

II. BEAM DYNAMICS DESIGN

Several requirements constrain the beam dynamics
design. First, the high current of 50 mA implies a strong
space charge effect, which will adversely affect the beam
properties and transmission. Second, because of cw oper-
ation, the intervane voltage is restricted to only 60 kV to
reduce power consumption and sparking risk. However,
this will weaken the focusing force and lengthen the RFQ.
Third, the large aperture of the RFQ means a large
transverse acceptance and a high quality factor of the
cavity, but both the RFQ length and beam transmission will
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FIG. 2. RFQ design parameters after optimization.

be affected. Finally, beam losses, particularly at higher
energies, need to be kept as low as possible, in order to
mitigate the deuteron breakup reaction that generates
neutrons and leads to radioactivation.

Because of restrictions of space and power consumption,
we want the RFQ length to be as short as possible while
ensuring the required beam quality and acceptable trans-
mission. This can be done by changing the radial focusing
strength B from constant to variable along the RFQ and
adjusting the modulation factor m and synchronous phase
¢,. First, increasing B from the entrance to the gentle
buncher section, as the cyan line shows in Fig. 2, can
strengthen the external focusing force, thereby reducing the
envelope growth. On the other hand, decreasing B from the
gentle buncher section to the exit avoids the beam being
overfocused and increases the accelerating -efficiency,
which shortens the RFQ length. As shown in Fig. 3, the
beam envelope and emittance growth are significantly
reduced by this optimization, compared to the original
design given by PARMTEQM [14].

Second, the modulation factor and synchronous phase
should be adjusted. To ensure a wide stable region for the
phase motion and to decrease longitudinal beam losses,
both parameters are increased slowly from the entrance at
cell O to cell 60, as the blue and red lines show in Fig. 2.
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FIG. 3. Beam envelope and emittance of the original and

optimized designs.
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FIG. 4. Comparison of the transverse and longitudinal limiting
current of the original and optimized designs.
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FIG. 5. Beam transmission along the RFQ. Plots from top to
bottom are the beam profiles in the x and y planes and phase and
energy spectrums, respectively.
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FIG. 6. The beam losses and energy change with a cell number
in the original and optimized designs.

Then they are increased at a faster rate so that the
longitudinal bunching force increases as fast as the trans-
verse focusing force. Meanwhile, the longitudinal phase
advance increases along with m and ¢,. According to

TABLE I. Design parameters of the deuteron RFQ.
Parameter Value
Particle Deuteron
Frequency [MHz] 162.5
Beam current [mA] 50
Beam duty factor [%] 100
Intervane voltage [kV] 60
Input energy [MeV] 0.05
Output energy [MeV] 1.01
Minimum aperture radius [mm] 2.63
Average aperture radius [mm] 3.88
Vane length [m] 1.81
Synchronous phase —90° to —34°
Modulation factor 1-1.86
Input transverse emittance 0.20
[z mm mrad] (normalized, rms)
Output transverse emittance 0.22
[z mm mrad] (normalized, rms)
Output longitudinal emittance [MeV deg] 0.12
(unnormalized, rms)
Maximum peak surface electric field [MV/m] 22.74
Kilpatrick coefficient 1.67
Transmission efficiency (PARMTEQM) [%] 98.2
Transmission efficiency (TOUTATIS) [%] 98.6
Acceleration efficiency (TOUTATIS) [%] 98.2

the limiting current formulas [15], zero current phase
advance is also positively related to the limiting current.
Therefore, in the gentle buncher and the acceleration
section, the longitudinal current limit is improved (larger
than the 50-mA design current), as shown in Fig. 4. This
helps to bunch the beam more quickly and further shorten
the RFQ length. Overall, by optimizing B, m, and ¢, we
have ensured good beam quality while shortening the RFQ
length. The simulation results of the optimized beam
transmission are shown in Fig. 5.

The deuteron breakup reaction is also a concern for our
RFQ, as this can generate neutrons and lead to radio-
activation. The threshold energy of this reaction is 100 keV,
so the beam losses at a high energy should be minimized.
As shown in Fig. 6, the beam losses after optimization have
been significantly reduced, especially at energies above
100 keV. This can greatly reduce the potential for deuteron
breakup reactions. The final design parameters of this RFQ
are summarized in Table I [16].

III. RF STRUCTURE DESIGN
A. Choice of rf structure

The four-vane and four-rod structures are the two most
common candidates for RFQs. Although both of these
would be appropriate to operate at the target frequency, the
four-vane structure has a much lower power density and a
higher quality factor and thus is more suitable for cw mode
operation than the four-rod structure. However, with the
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FIG.7. Mode frequencies and quality factor for the TE,;, mode
as a function of the four-vane RFQ length.

four-vane RFQ, different resonance modes are mixed
together, depending on the cavity cross section and the
RFQ length. The simulation results plotted in Fig. 7 show
how the first six mode frequencies and the quality factor for
the operating quadrupole mode (TE,;j) change with the
RFQ length. With increasing length, the TE,;, mode
remains at approximately 162.5 MHz, whereas the other
modes decrease and the quality factor increases. By
utilizing this variation, RFQs with particular lengths (such
as 24 or 44) have a relatively large mode separation between
the operating TE,;, mode and the dipole modes [17]. For a
short RFQ such as our 1.809-m design, however, the
frequency difference between the operating TE,;, mode
and the two TE;;; modes is less than 0.25 MHz. Based on
the experience of our cold model experiment, the error of
machining and assembling, as well as material deformation,
can cause a frequency shift of up to 0.3 MHz. This means
that there is a risk that the quadrupole field would not be
excited stably and successfully, so additional methods
should be used to increase the mode separation.

The common method is to introduce z-mode stabilizing
rods or dipole rods to the cavity, but this brings many new
problems: Too many z-mode stabilizing rods in the RFQ
cavity may increase the structural complexity and the risk
of vacuum leaks; dipole rods will produce field ripples
along the longitudinal directions and are easy to burn out in
the cw mode due to the difficulty in cooling. Another
method is cutting magnetic coupling windows into the
vanes. This increases the volume of the empty cavity and
allows the magnetic field in each quadrant to couple
together through the vane windows, thereby decreasing
mode frequencies. As dipole and quadrupole modes have
different magnetic field distributions, their magnetic cou-
pling situations are different, resulting in different fre-
quency shifts and therefore separation of the modes.
However, the magnetic field induces a surface current
around the coupling windows, so at the same intervane
voltage the power loss of a window-type RFQ is higher
than that of a four-vane RFQ but still much lower than that
of a four-rod RFQ. Ultimately, we chose the compact

magnetic field distribution, powerfully influencing the rf

width

FIG. 8.

Parameters of the coupling window.
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FIG. 9. Evaluation of TE,;;, mode separation between TE,,
and °TE;,, and power loss as a function of the depth for three
width values. The stored energy of the RFQ cavity remains 1 J
during the simulation.
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TABLE II.  The first five mode frequencies of the window-type TABLE III. Characteristics of two different window shapes.
RFQ.
Rectangular Elliptical

Mode Frequency [MHz] Window shape window window
TE» 162.003 Frequency [MHz] 161.984 161.969
OTE, 10 165.700 Width [mm] 220 266
TE,|; 179.313 Depth [mm] 88 88
™TE 1 179.825 Window area [mm?] 19360 18385
OTE, |, 182.501 Cavity radius [mm] 170 170

Mode separation [MHz] 3.713 4.085

Peak power density [W/m?] 5.567 x 10° 4.604 x 10°
performance of the RFQ [20]. For our initial simulations POW?r loss [kW] 49.0 42.7

Quality factor 9481 10159

and the cold model, we used a rectangular window, as
shown in Fig. 8, so that the window area changes linearly
with the width and depth. Figure 9 shows the variation of
frequency, mode separation between the quadruple mode
(TE,;() and the nearest dipole mode (°TE,;,), and power
loss with window depth for three width values. As can be
seen in it, increasing the depth and width leads to a stronger
magnetic coupling and linearly reduces the frequency and
increases the mode separation. Power loss is much more
sensitive to changes in the depth than to changes in the
width. As the magnetic field decreases rapidly from the
cavity wall to the center axis, increasing the window depth
makes little difference to the magnetic flux through the
window, but the increased surface area around the window
leads to a reduced surface current density, and the result is a
net decrease in power loss. These relationships indicate that
the coupling windows need to be as deep as possible to get
a lower power loss and larger mode separation. However,
their depth is also limited by the cooling channels and the
mechanical strength. For our design, the window width and
depth were set to 220 and 88 mm, respectively, to achieve
the designed frequency and a mode separation of 3 MHz.
Table II lists the first five mode frequencies of the window-
type RFQ with these parameters. Unlike the modes of the
four-vane RFQ, the quadrupole mode (TE,;;) becomes the
lowest mode, followed by one of the dipole modes
(°TE,,¢), yet the other dipole mode (*TE;,,) is quite high
due to the asymmetrical magnetic coupling windows.

As shown in Fig. 10, two different shapes of coupling
window have been considered, and the simulated results are
listed in Table III. To compare results at the same
frequency, the width of the elliptical window was changed
to 266 mm, while the other dimensions remained

FIG. 10. Rectangular window and elliptical window.

unchanged. Compared to the rectangular window, the
elliptical window provides a slightly larger mode separa-
tion with a smaller area and a lower peak power density at
the corner of the windows, which leads to a lower power
loss and a higher quality factor for the RFQ cavity. As
shown in Fig. 11, each peak field along the RFQ corre-
sponds to the location of a coupling window. The field
unflatness due to the rectangular window is £0.5% (black
dashed line), whereas that due to the elliptical window is
+0.4% (red line). Also, the structure with the elliptical
windows has better mechanical strength. Therefore, the
final design will employ an elliptical window rather than
the rectangular window used in the cold model.

C. Optimization of modulated electric field

Electric field flatness along the RFQ is one of the most
important parameters of the structure. The introduction of
vane modulations causes an uneven capacitance distribu-
tion along the RFQ, and the variable focusing strength
exacerbates this unevenness. Adding modulations to the
vanes changes the simulated field distribution curve from
the red dotted line to the black dotted line in Fig. 12. The
maximal field unflatness reached +6%. This can be
smoothed by changing the widths of the half windows
in the two horizontal vanes at both cavity ends (just like
the undercuts of a normal four-vane RFQ) as well as by

1.14x10"
1.12x10" F
E 1.10x107 - | ’
>
W 1 08x10" |
1.06x10" |
06x10 elliptical window
rectangular window
1.04x10" T T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800
z [mm]
FIG. 11. Electric field comparison of two different window
shapes.
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FIG. 12. The electric field along the RFQ before and after
optimization.

inserting tuners. When the half-window widths at the
entrance and exit are changed to 133.5 and 135 mm,
respectively (and the other window widths are changed to
258 mm), the field unflatness is reduced to +2%, as the
blue dashed line shows in Fig. 12. After tuning with 28
60-mm-diameter tuners (see Fig. 1), the field unflatness is
already reduced to less than 1%, as the red line shows in
Fig. 12. If all the tuners are inserted a maximal 60 mm
deep inside the cavity, the maximum frequency tuning
range can be up to 2.5 MHz, which is sufficient for tuning
the frequency to the target value.

D. Comparison with normal four-vane RFQ

To better understand the rf performance of the win-
dow-type RFQ, we summarized the parameters of this
RFQ and simulated a normal four-vane RFQ without
stabilizing rods as a contrast. The results are listed in
Table IV. For a given frequency and length, the window-
type RFQ has a smaller cavity cross section and a better
mode separation than a normal four-vane RFQ but at the
cost of a 25% drop in the quality factor and a 44% higher
power loss.

Another difference between the window-type RFQ and
the four-vane RFQ lies in the field distribution in the gaps
between the end plates and the vanes. As shown in Fig. 13,
there is an additional longitudinal field component in these

TABLE IV. Comparison of a window-type RFQ and a normal
four-vane RFQ.

Window-type  Four-vane
Parameter RFQ RFQ
Frequency [MHz] 162.423 162.404
Window width [mm] 133.5/258/135
Window depth [mm] 88
Mode separation [MHz] 3.400 0.583
Cavity radius [mm] 170 183
Length of the vanes [m] 1.809 1.809
Quality factor 10212 13685
Power loss [kW] 42.492 29.612
Peak power density [W/m?] 3.846 x 10°  2.691 x 10°
Specific shunt impedance [k m] 153.262 219.924

2.5x10°4
2.0x10°4
1.5x10°
1.0x10°
5.0x10°4

0.04~—
5.0x10°] i
Aox10¢ ¥
-1.5x10°

-2.0x10° four-vane RFQ
25x10°] L window-type RFQ
T T T T

Ez [V/m]

1000 1200 1400 1600 1800 2000
z [mm]

0 200 400 600 800

FIG. 13. On-axis longitudinal fields along the four-vane and
window-type RFQs.

gaps for the window-type RFQ, which is due to the
asymmetry at both cavity ends caused by the stagger
windows in adjacent vanes (see Figs. 1 or 10). The beam
dynamics simulations using TRACEWIN [21] indicate that
this field component causes an energy spread of 4% for
input beams. Because our beam dynamics was designed
with a high tolerance for energy spread, this field compo-
nent leads only to a slight change of the transmission and
acceleration efficiencies from 99.6% and 98.4% to 99.5%
and 98.7%, respectively. Similar results also have been
presented in Ref. [22].

E. Study of the equivalent circuit model

The equivalent circuit model helps us to understand the
impact of the magnetic coupling windows. For normal four-
vane and four-rod RFQs, the equivalent circuit has already
been carefully studied [23,24]. The quadrupole resonant
frequency of a four-vane RFQ circuit model is

1
270/ LayaneC ,

where C (F/m) is the total equivalent capacitance per
quadrant per unit length and Lyy,..(H % m) is the equiv-
alent inductance of each quadrant, related to the cross-
sectional area of the cavity. Both of them can be estimated
by semiempirical formulas [25]. Now we divide the
inductance Ly, into two parts: the cavity walls as
inductance L; and the vane as inductance L,, so that
the total inductance is Lyyae = L + 2L,. The ratio of L,
and Ly, 1 related to the cavity shape. Based on our
experience, good results can be obtained when choosing
the ratio of 0.85 for our octagonal cavity.

Analyzing the simulated surface currents shown in
Fig. 14, we construct the window-type RFQ as the resonant
circuit shown in Fig. 15(a), where C, represents the
capacitance between two opposite vanes, through which
there is a current flow only in dipole modes. For analyzing
the quadrupole mode, it is more convenient to use the
circuit per section per quadrant for the calculation, as
shown in Fig. 15(b) [26]. Based on Kirchhoff's laws, the
resonant frequency is

(1)

f4vane =
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DESIGN AND COLD MODEL EXPERIMENT OF A ...

PHYS. REV. ACCEL. BEAMS 20, 120101 (2017)

FIG. 14. The surface current of a window-type RFQ in one
quadrant.

(b)

FIG. 15. Equivalent circuit of a window-type RFQ. (a) The
whole circuit without equivalent inductance L;. (b) The sim-
plified circuit per section per quadrant.

1
2n\/(Ly + 4L, + L;/2)C’

f (2)

where L; is the longitudinal equivalent inductance and
4L, + L3/2 is the inductance of the coupling window. It
can be approximated using the formula for a single-turn
solenoid of cross-sectional area A [27]:

1 1
4L2+L3/2:'qu _H0<Wd+zwz—§d2>, (3)
where w is half of the window width and d is the window
depth. The second and third terms are empirical correc-
tions, arising from the nonuniform distribution of the
magnetic field across the window. Notice that the

corrections do not apply in the case d > w (although this
rarely happens); otherwise, the variation trend of frequency
along with d will change. For a given dimension, a normal
four-vane RFQ and the window-type RFQ have the same
cavity wall inductance L, and total capacitance C. Thus,
the quadrupole resonant frequency of the window-type
RFQ is

1
27z\/ [0.85L4vane + s (wd +lw? - %d2)} c
(4)

The equations above quantitatively show that the fre-
quency of a window-type RFQ is much lower than that of a
four-vane RFQ due to the introduction of the longitudinal
inductance, and the relation that the larger the window
dimension, the lower the frequency is also consistent with
the simulated result shown in Fig. 9. For our rectangular
window-type RFQ, if w=220/2 and d = 88 mm, the
calculated frequency is fyindow = 164.230 MHz, which
agrees with the simulated result (162.003 MHz). Using
the same parameters without w and d, we find that
favane = 186.631 MHz, which is also close to the simu-
lated result (184.854 MHz).

f window —

IV. COLD MODEL EXPERIMENTS

A. Fabrication and measurement

Our first cold model was designed with variable win-
dows and was useful to validate the relation of the
frequency and mode separation to the window dimension.
However, because assembling the adjustable components
led to a poor electrical contact, the cavity quality factor was
very low. A second model was constructed with fixed-size
windows (240 x 80 mm), vane modulations, and tuners.
As the left-hand two photos show in Fig. 16, the whole
model was divided into four cavity walls and four vanes for
manufacturing, following the design of the planned final
copper cavity. Then the four vanes were installed in four
steel frameworks for positioning, as the right-hand photo
shows in Fig. 16. We preassembled the cavity with the
vanes still unmodulated and found that the frequency was
very sensitive to assembling errors and material deforma-
tion. This is because, to leave an adequate margin for
modulation processing, the vane tip radius was far larger
than the design value and the distance between adjacent
vanes was too small.

According to the beam dynamics design, the focusing
strength, related to the average radius of each cell, is not a
constant, resulting in a varying vane tip radius along the
RFQ. Therefore, a ball-end milling tool was used to process
the vane modulation. Assembling the cavity again, we
measured and adjusted the distances between each quadrant
adjacent vanes (dI, dII, dIII, and dIV) and between opposite
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FIG. 16. The vanes (before processing the modulations), cavity walls, and assembly (without end plates) of the cold model.

R T

Entrance

FIG. 17. The measurement of the cold model.

vanes (DH and DV) and the horizontal and vertical cavity
diameters (LH and LV, respectively) at the entrance and
exit, as shown in Fig. 17. Results listed in Table V indicate
that most measured parameters were close to the design
values. The average error was 33 ym.

TABLE V. Comparison of the simulated and measured
parameters.

B. rf measurement and tuning for the cold model

The rf parameters before tuning were measured by
two pickups in the transmission mode with very weak
coupling, in order to obtain the loaded quality factor
approximately equal to the unloaded one. As listed in
Table VI, the obtained results were all very close to the
simulated values. The operating frequency deviation was
—0.299 MHz, and the quality factor deviation was only
—831.

The field measurement adopted the common bead-pull
perturbation method and was performed by a computer-
based servomotor drive system and a network analyzer.
Using a 0.325-mm-diameter nylon wire to guide a 4-mm-
diameter dielectric bead, we measured the electric field
15 mm distant from the aperture center in each quadrant.
The field unflatness and the asymmetry of four quadrants
were calculated according to the following two formulas,
respectively:

Entrance Exit
Simulated  Measured  Simulated  Measured
Parameter [mm)] [mm] [mm] [mm)]
dI 3.98 4.01 4.31 4.29
dIt 4.02 4.38
dIIT 4.01 4.33
dIv 391 4.33
DH 8.17 ~8.17 8.85 8.90
DV 8.80
LH 312.00 311.98 312.00 311.98
LV 311.94 312.05

TABLE VI. Comparison of the simulated and measured param-
eters of the cold model.
Simulated Measured
Unloaded Loaded

Frequency quality Frequency quality S, S

Mode [MHz] factor® [MHz] factor® [dB] [dB]
TE,, 161978 5614  161.680 4783 —26.8 —0.59
OTEHO 168.229 6311 167.982 5347 -—-28.2 —0.27
TE,;; 180.206 2730 180.438 2500 —41.4 —0.41
"TEq;9  181.635 3733 180.174 3142 —-33.5 —0.20
OTEIU 185.675 3042 185.958 2945 —-34.1 —0.21

*The electric conductivity of aluminum is adopted: o=
1.9x107S/m.
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1000 161.55F . . . . . .
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Z [mm] Inserted length of one tuner [mm] Here the subscript Q (Q — L IL IIL IV) is the quadrant
FIG. 18. The left-hand side shows the magnetic field along the label, and the k (k =1,2,3,...) is the point number that

RFQ and the tuner positions. The right-hand side shows the frequency
shift as a function of the inserted depth of no. 1 and no. 2 tuners.

refers to different longitudinal positions along the cold
model. Thus, E_Q is the average electric field of a quadrant,

1.2 and E; is the average of four quadrants’ field at a
1.1 longitudinal position. Because of material deformation
1.0 F and assembling errors, the measured maximal unflatness
0.9+ was nearly 7% and the average asymmetry of four quad-
w 0.8 rants reached 3.64%, so tuning was necessary.
& 071 The cold model was equipped with four 50-mm-diameter
g 0.6 tuners for each quadrant (in total, 16 tuners). For the
2 057 window-type RFQ, it is worth noting that, because the
041 —1 magnetic field varies periodically with the coupling win-
031 - ::I dows, tuners in different longitudinal positions have differ-
0.21 —w k ent tuning capabilities. Figure 18 shows the magnetic field
simulated

0.13
0.0 . . . . . . . . .
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Longitudinal position [mm]

FIG. 19. Tuned electric field along the RFQ cold model for four
quadrants. The simulated field is also included for comparison.

values corresponding to the four tuner positions in one
quadrant and the measured frequency shift caused by the
inserted tuners in different positions. Because of the larger
magnetic field at its location, tuner no. 2 has more powerful
tuning capability than tuner no. 1. The tuning sensitivity is
approximately 1.0-1.5 kHz/mm for each tuner.
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<1 0.15 < 0.15

0.10- 0.10

— -0 mm —1l-0 mm
0.051 ‘ —I-1I-50 mm M 0.054 l ——1I-11I-50 mm h
0.00+— ; ; ; ; . . : 0.00+— | | | | : : :
0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600
(a) Point (b) Point

0.35 0.35

0.30- 0.30

0251 W 0251 FACTIROGES
o 0.204 o 0.204
= <
<1 0.15 < 0.15

0.10- 0.10
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0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600
(c) Point (d) Point

FIG. 20. The electric field of the four quadrants along the RFQ with all the tuners of the third quadrant inserted 50 mm into the cavity.
The black line in each graph is the electric field without tuners for comparison.
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FIG. 21. The left-hand side shows the coupling effect between
the quadrants, and the right-hand side shows the magnetic field of
the normal four-vane RFQ at the cavity end.

During the tuning process, we first adjusted each tuner to
get a flat field in each quadrant by analyzing the measured
field distribution. Then, based on the average tuning
sensitivity for the frequency, we moved all the tuners by
the same distance, thereby adjusting the frequency to the
target value while maintaining the field profile. As shown
in Fig. 19, the maximal unflatness and the average
asymmetry after tuning were reduced to 4% and 1.69%,
respectively [28]. Nonetheless, we realized that the tuners
of the cold model were not sufficient for field tuning. Thus,
as mentioned above, the diameter of the tuners has been
enlarged to 60 mm, and the number has been increased to
28 for the future copper cavity.

An interesting coupling effect between the quadrants on
both sides of the horizontal vanes was found during the
tuning process. To illustrate this effect, we inserted all the
tuners of the third quadrant 50 mm deep into the cavity and
observed how the field in all four quadrants changed. For a
four-vane RFQ, we know from its tuning rule that the first
quadrant field will drop as much as the third quadrant field
will rise, whereas the second and fourth quadrant fields will
not be affected. But for the window-type RFQ, it can be
seen in Fig. 20 that both the third and adjacent second
quadrant fields dropped, whereas the first and fourth
quadrant fields rose. This is because, unlike the end cuts
of the four-vane RFQ, the half windows of the window-type
RFQ, which allow the magnetic field to pass through, exist
only in the horizontal vanes’ ends. This powerfully couples
together the two quadrants on each side of the horizontal
vanes, as shown in Fig. 21. In the near future, this coupling
will be taken into account in a new tuning program for the
copper cavity.

C. Tolerance analysis for electric field unflatness

Since the electric field measured after tuning is still not
very smooth, it is necessary to analyze how this field
fluctuation will affect the beam transmission. We used the
measured field from the cold model as an example of a
nonideal field and then multiplied the deviation of this
measured field by scalar multiples to represent different

TABLE VII. The transmission and accelerating efficiency with
different multiples of the field deviation.

Multiple of Field Transmission  Acceleration
field deviation unflatness [%] efficiency [%] efficiency [%]
0 0 99.1 98.8
1 +4 98.6 98.3
2 +8 97.6 97.2
3 +12 95.0 94.3

degrees of unflatness. For example, multiple O is the
original ideal field, multiple 1 is the measured field of
the cold model, and multiple 2 means multiplying the
measured field deviation by 2. Then, because each vane
potential affects the field in both adjacent quadrant fields,
we define the conversion from field unflatness E% to vane
potential V as

Vv
V1 = 70 X (1 + EI% + EH%)’

V
V, :—70x (1 + E;% + Ery%),
Vi =—"x(1+ En% + Ev%),

Vv
V4 = —70 X (1 + Elll% + EH%)7 (6)

where Vj = 60 kV is the ideal vane voltage and the labels
of the four quadrants and the four vanes are consistent with
those in Fig. 17. By importing the calculated vane potential
to TOUTATIS [29], we simulated the beam transmission
corresponding to these different degrees of unflatness. As
shown in Table VII, as well as Figs. 22 and 23, increasing
the field unflatness results in decreasing the transmission
efficiency, output emittance growth, and beam profile
oscillations. The maximum slip angle of the beam profile

0.250 : . . . 0.20
0.245 " e {0.18
L o e
= 0240 " - Jote _
E 0.235} E, _014§
E 0230} . >
£ 0225} 19122
E - "
<0220} . 1010
0215} ° 10.08
0.210 . . . . 0.06
0 1 2 3

Multiple of field deviation

FIG. 22. Output transverse and longitudinal emittance at differ-
ent multiples of the field deviation.
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FIG. 23. Beam envelopes at (a) multiple O and (b) multiple 3.

for multiple 3 is approximately 0.5°. With the field unflat-
ness within +12%, the transmission efficiency of 95% and
transverse emittance growth of 20% are acceptable for the
50-mA deuteron beam. However, to ensure the stability of
the beam transmission, to eliminate the beam halo, and to
avoid an off-center beam, the electric field still needs to be
as flat as possible.

V. COOLING SYSTEM DESIGN

For the cooling system design, we used both cST and
ANSYS for an independent multiphysics analysis and
compared the results. Each has a complete loop of coupled
numerical studies, including electromagnetic, thermal, and
mechanical analysis, as shown in Fig. 24. The surface
current induced by the magnetic field produces 46.523 kW
of thermal loss. Because of the magnetic field passing
through, the power density is relatively high around the
coupling windows, with the maxima located at the corners
of the half windows, as shown in Fig. 25(a). This explains
why the power loss of the horizontal vane is a little higher
than that of the vertical vane in Fig. 25(b). Therefore, the
coupling windows are the main concern in the cooling
channel design.

At first, there was only one channel around each window,
and the cooling was not effective enough, even when the
channel diameter was increased to 14 mm. In the new
design, two connected channels are situated much closer to

Geometry

ot MICROWAVE STUDIO ANSYS ELECTRONICS
Eigenmode Solver
Imported

Heat Flux

Steady state Thermal

Imported Body
Temperature

Thermal Losses

Deformation
Field

CST MPHYSICSSTUDIO
Thermal Stationary Solver

Mesh
Displacement

Temperature Field
A

CST MPHYSICSSTUDIO
Mechanical Solver

Steady state Structure

FIG. 24. Multiphysics scheme based on CST and ANSYS.
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(b)
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12
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Component
FIG. 25. (a) Power density and (b) power loss for RFQ

components, with the intervane voltage normalized to 60 kV.

the window edges, as shown in Fig. 26, which significantly
improves the cooling efficiency [30]. The window channel
1s 10 mm in diameter, and the vane channel is 8 mm.
The flow velocity of cooling water is conservatively set at
2.3 m/s. The water and the background temperature are
considered to be 291 and 295 K, respectively. To save
computing time, we adopted theoretically calculated heat
transfer coefficient values in the thermal analysis [31],

FIG. 26. The cooling channel design.
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FIG. 27. The simulated heat transfer coefficient distribution.

which are 9259.9 W/(m?K) for the window channel and
9682.5 W/(m?K) for the vane channel. It can be observed
in Fig. 27 that the calculated values agree with the average
of simulated distribution.

We performed a thermal and structural analysis for the
full-length modulated RFQ in both cST and ANSYS. The
slight difference between the two results compared in
Table VIII can be explained by the different mesh types
in the eigenmode solver, as well as in the thermal solver.
Figure 28 shows that the maximum temperature and
deformation appear at the ends of the two horizontal vanes.
This is because the cooling channels cannot reach the vane
ends, due to the need to avoid inserting a channel plug
along the beam incident direction. Nevertheless, the rela-
tively large deformations (75 ym) at the entrance and exit
have no serious impact on the beam transmission, as
confirmed by beam dynamics simulations.

500,00 (mm)

000 30000 600,00 (mm)

150.00 45000

FIG. 28. (a) Temperature map and (b) deformation map of the
RFQ vanes.

TABLE VIII. Comparison of the thermal and structural analysis
results between CST and ANSYS.

Parameter CST ANSYS
Cooling water velocity [m/s] 2.3
Cooling water temperature [K] 291
Background temperature [K] 295
Maximal temperature [K] 326.20 327.57
Maximal absolute deformation [pm] 73.27 75.24
Frequency shift [MHz] —0.25 —0.27

VI. BEAM-LOADING EFFECT
AND COUPLER DESIGN

While passing through the cavity, the beam will not
only gain energy from the rf field driven by the generator
but will also induce an additional field in the cavity.
The superposition of the beam-induced field and the driven
field will lead to an amplitude reduction and a phase shift of
the cavity field. This effect is referred to as beam loading.
Analyzing an equivalent circuit for a beam-loaded cavity,
it can be seen from Fig. 29 that the cavity voltage is
\~/L. = f/g + f/b, where the beam is treated as a current
generator [32].

According to the rf design, our RFQ will consume a
total power of 100 kW in cw operation, including nearly
50 kW cavity power (P.) and 50 kW beam power (P},) for
accelerating a 50-mA deuteron beam to 1 MeV. As the
beam-loading ratio (P,/P.) reaches the value of 1, the
beam-loading effect will become too strong to be ignored
as it is for a low-current RFQ and should be compensated.

The compensation method consists of two parts: adjust-
ing the coupling factor for the minimum reflected power
and detuning the cavity to compensate for the phase shift.
The beam loading changes the input impedance of the
cavity; thus, the coupling factor seen looking from the
generator to the cavity is reduced to [33]

Im (V)
17 ¢ Re (V)
V;
V/ ~
v,
V. : cavity voltage
J, : beam-induced voltage
/. : generator-induced voltage
v : detuning angle
¢ : beam injection phase
FIG. 29. Voltage phasors for a beam-loaded cavity.
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p=lre )

c +P b
where f is the waveguide-to-cavity coupler factor. To
achieve zero reflected power (# = 1) when accelerating
a full-current beam to the designed energy, the optimum
coupling factor for the beam-loaded cavity should be
P =1+ P,/P.=2. Keeping this coupling factor as a
fixed value during RFQ operation would lead to over-
coupling and reflected power in the cases of no beam or a
beam current lower than 50 mA. Figure 30 plots the change
of reflected power with the input beam current. It reaches
the maximum value of 6.25 kW when the current is at zero.
To protect the generator and the RFQ cavity, the reflected
power should be completely absorbed by the load of a
circulator.

Unlike other accelerators, the synchronous phase of an
RFQ usually changes from —90° to —30° during accel-
eration. To obtain the equivalent synchronous phase ¢, we
consider all the unit cells of the RFQ as a single accel-
erating gap. Then the total of 1 MeV energy that the
deuteron beams gained can be expressed as

AW = qVyT cos ¢, (8)

where T' = 7/4 is the transit-time factor for an RFQ and V
is the axial rf voltage, which can be obtained by

L n
V: EdZ: AlV 9
. A 2= (9)

In the above equation, L is the RFQ length, n is the
total number of unit cells, A; is the acceleration factor of
cell 7, and V is the intervane voltage. For our design, the
axial rf voltage is Vy = 1.762 MV. Thus, the equivalent

Pr [kW]
Now A o N

0 T T T . T
0 10 20 30 40 50

| [mA]

FIG. 30. The reflected power as a function of the input beam
current with the optimum coupling factor of 2. The resonant
frequency has been detuned to the optimal value for different
values of the beam current.

synchronous phase is ¢ = —43.73°. Then the detuning
angle v, can be calculated to be 17.686° by [34]

_ﬁm_l
P +1

tany,, = tan ¢. (10)

The difference between the driven frequency and the
cavity resonant frequency can be expressed as

—tany,

Al o= 200/(1+ fm)’

(11)

where Q) is the unloaded quality factor. Therefore, in our
case, the resonant frequency must be detuned higher than
the driven frequency by 8.636 kHz.

In the rf power coupler design, to reduce the individual
coupler power, two couplers will be integrated with the
RFQ. As shown in Fig. 31, the couplers are placed in two
opposite quadrants to retain the symmetry of the cavity. In
order to generate a strong coupling with the magnetic field
without a collision with the tuners, they are located at the
longitudinal position of 644.5 mm. The loop area is
determined by the coupling factor. Figure 32 shows the
simulated change of the coupling factor with the loop area.
As the optimum coupling factor for the beam-loaded cavity

FIG. 31. The two coupler positions relative to the RFQ cavity.

20 " B
—— Linear Fit of B
1.8+

161
3
1.4+
1.2+

1.0

0.8 T T T T
500 600 700 800 900

Loop area [mm?]

1000

FIG. 32. The relationship between the coupling factor and the
loop area.

120101-13



Q. FU et al.

PHYS. REV. ACCEL. BEAMS 20, 120101 (2017)

==

Ceramic window

Teflon insert Input port

FIG. 33. The rf structure of the coupler with a matching port.
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FIG. 34. The change of the simulated S; parameter with length B.

is 2, the coupling factor of each individual coupler is 1, and
the corresponding loop area is approximately 575 mm?>.

Figure 33 shows the rf design for the input coupler, with
a matching port included, which is a quarter wave of EIA 6
1/8” coaxial waveguide. The advantage of this design is
that the variable rf short end can not only serve as a cooling
water port for heat removal but also suppress the reflected
power by varying its length [35]. The length A shown in
Fig. 33 is related to the reflection coefficient, and the length
B can change the resonant frequency. Figure 34 plots the
change of reflection coefficient (S;;) for the input port with
the length B, with length A fixed at 598.5 mm. The Sy,
parameter is calculated to be lower than —50 dB in the
range of 158—168 MHz. This indicates that this coupler has
a wide passband and does not require high precision during
manufacture.

TABLE IX. rf and thermal analysis results of the coupler.
Parameter Value
Length A [mm] 598.5
Length B [mm] 498.5
Input power [kW] 60
Power loss [W] 51.6
Maximal volume loss [W/m?] 5.5 x 10*
Maximal surface loss [W/m?] 1030
Peak electric field [kV/m] 327.3
Maximal temperature rise [K] 18.9

3119
3107
309.6
308.4
307.3
306.2
305
303.9
302.7
301.6
3004
2993
298.1
297
295.9
2947

2931

FIG. 35. Temperature distribution of the coupler without
including the loop or any cooling.

Table IX lists rf and thermal analysis results for this
coupler. With an input power of 60 kW, the total power loss
is only 51.6 W, and the peak electric field is far below the
breakdown field of 13.6 MV/m. Figure 35 presents the
temperature distribution of the coupler without including
the loop or any cooling. The maximal temperature rise is
18.9 K, which indicates that this coupler is ideal for
operating in the cw mode.

VII. SUMMARY AND OUTLOOK

We have carried out a complete design and cold model
experiment for a 162.5 MHz deuteron RFQ with a window-
type structure. Many optimizations and new methods were
used to increase the chances of success of this 50-mA high-
current cw RFQ. In the beam dynamics design, optimizing
the beam envelope and emittance growth and raising the
limiting current above 50 mA all ensure good beam quality
while allowing us to shorten the RFQ length. The low
energy spread and the low energy of the beam losses
mitigates the risk of deuteron reactions. In the 1f structure
design, we studied the effect of magnetic coupling win-
dows on the rf performance not only through electromag-
netic simulation but also by constructing an equivalent
circuit model. The experiment with the cold model con-
firmed the simulation reliability and provided a good
reference for the fabrication of the future copper cavity.
During the tuning process, the coupling effect found
between quadrants demonstrates the different tuning rule
of a window-type RFQ compared to that of a normal four-
vane RFQ. Also, we used a conversion from field unflat-
ness to vane potential for a tolerance analysis of the electric
field fluctuation. In the cooling system design, we opti-
mized the channels for cooling the coupling windows,
significantly improving the cooling efficiency. Finally, we
estimated the reflected power due to strong beam loading
and designed rf couplers with a wide passband and low
power losses.

At present, the mechanical design and process design
of the copper cavity are complete and the manufacturing
is in progress in a Lanzhou machinery factory. We plan to
perform commissioning at the end of 2017.
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