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Abstract. BARC is developing a technology for the accelerator-driven subcritical system (ADSS) that will be mainly utilized for the transmutation of nuclear waste and
enrichment of U233 . Design and development of superconducting medium velocity cavity
has been taken up as a part of the accelerator-driven subcritical system project. We have
studied RF properties of 700 MHz, β = 0.42 single cell elliptical cavity for possible use in
high current proton acceleration. The cavity shape optimization studies have been done
using SUPERFISH code. A calculation has been done to find out the velocity range over
which this cavity can accelerate protons efficiently and to select the number of cells/cavity.
The cavity’s peak electric and magnetic fields, power dissipation Pc , quality factor Q and
effective shunt impedance ZT 2 were calculated for various cavity dimensions using these
codes. Based on these analyses a list of design parameters for the inner cell of the cavity
has been suggested for possible use in high current proton accelerator.
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1. Introduction
Recently, accelerator-driven subcritical system (ADSS) has come up as a next generation energy source. In ADSS the high power proton beam (1 GeV, MW) from
an accelerator bombards a heavy target (Pb, Bi) in the subcritical reactor and
produces a large amount of spallation neutrons to keep the fission chain reaction
going. The ADSS can utilize uranium and thorium efficiently and supply electric
energy without producing much radioactive wastes thereby raising the safety of the
system [1,2].
A high current proton linac (1 GeV, 30 mA) is an integral part of ADSS [2,3].
This linac essentially consists of the low energy, the intermediate energy and the
high energy sections. In the high energy part RF superconducting elliptical cavities
will be used to accelerate protons up to 1 GeV [2]. Superconducting cavities have
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Figure 1. Symmetric half cavity.

quite a few advantages over their normal conducting counterparts. As the superconducting surface has an extremely low resistance (in the order of nΩ), only very
little energy is needed to achieve high accelerating fields. Nearly all the high frequency power available can be used to accelerate the particles. A second advantage
is the geometry of these cavities. For low frequency, relatively large iris openings
can be used. Therefore, the interaction – via the so-called wakefields – with the
particle beam is smaller than for the normal conducting higher frequency accelerators. The large aperture bore radius helps in removing the excited eigenmodes
frequency from the beam tube range to limit the extent of particle oscillations,
which are resonantly driven by bunch core oscillations, induced by mismatch in the
linac [4]. A better beam quality at the end of the accelerator can be achieved, to
accelerate a high current proton beam. To develop a superconducting linac (SCL),
initially a single cell prototype cavity will be fabricated and tested [5,6] and it will
be followed by a multicell cavity. In order to optimize the shape of the cavity from
electromagnetic point of view we have taken into account two constraints, i.e. the
peak surface electric field cannot be higher than 30 MV/m to avoid multipacting
and maximum permissible peak magnetic field should be 50 mT to avoid quenching
1280

Pramana – J. Phys., Vol. 71, No. 6, December 2008

RF properties of 700 MHz, β = 0.42 elliptical cavity

Figure 2. Variation of Epk /E0 with αw varying RD .

of the superconducting material [7]. In this report we will discuss the RF properties of a single cell RF superconducting elliptical cavity. Cavity shape optimization
studies have been done by the 2D cavity tuning code SUPERFISH [8].
The accelerating field in the linac is generated through RF structures which are
sometimes referred to as resonators or cavities [9]. Elliptical cavities are most
suitable to accelerate protons of energies above 100 MeV [10]. The most common
material used in these cavities is Nb (niobium) which becomes superconducting at
a temperature of about 9.2 K. The other material is Pb. Copper cavities coated
with either Nb or Nb3 Sn are also being used.
Figure 1 shows a cross-section of the right half of an elliptical cavity. This
symmetric half-cavity calculation tunes the interior cavities of a superconducting
multicell cavity. The lower left corner is the centre of the cell. The left edge is
the cavity midplane and the bottom edge is the beam axis. For the half-cavity
calculation, the boundary conditions are Neumann at the left edge and Dirichlet at
the right edge.
As can be seen from figure 1, the bore radius is Rb and the cavity diameter is D.
The full cavity length L = βg λ/2, where the subscript g stands for ‘geometrical’.
βg is the particle velocity/velocity of light and λ is the wavelength of the RF power
used. Thus, the problem geometry length for a half-cavity is L/2. The cavity includes an elliptical dome with semiaxes bD and aD , a sloping straight segment at
angle αw from the vertical, another ellipse near the iris with semiaxes bI and aI .
Both circular and elliptical arcs connect tangent to the sloping line segment. An elliptical cavity design is a compromise between various geometric parameters, which
should define the most optimal cavity shape in terms of an accelerator purpose [11].
The main advantage of any SC cavity is the possibility of high accelerating electric field gradient Eacc . There are two characteristics, which in principle, limit an
achievable value of Eacc . They are the peak surface electric field Epk and the peak
surface magnetic field Hpk . Hpk is important because a superconductor will quench
above the critical magnetic field [10]. Epk is important because of the danger of
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Figure 3. Variation of Epk /E0 with αw varying Iris aI /bI .

Figure 4. Variation of Epk /E0 with αw varying Rb .

field emission in high electric field regions [10]. So to maximize the accelerating
field it is important during a cavity design to minimize Epk /Eacc and Hpk /Eacc .
There are some more figures of merit to compare different designs such as power
dissipation Pc , a quality factor Q and effective shunt impedance ZT 2 . But these
parameters are not so crucial to the SC cavity design and may be varied within
some limits without much of a harm to a system as a whole [11]. The optimal cavity
shape of a single cell cavity is a foundation for the multicell cavity design. As to
the multicell cavity design, further consideration need to be taken on a sufficient
cell-to-cell coupling, field flatness, the higher order mode (HOM) trap etc.
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Figure 5. Variation of Hpk /E0 with Rb varying αw .

2. Optimization studies of cavity shape variables
To achieve the most optimal cavity shape we will first investigate the influences of
cavity shape variables on Epk /Eacc and Hpk /Eacc , then on cavity’s other characteristics as well [10,12]. Cell length L is determined by βg value and the design
frequency as L = βg λ/2 and is strongly fixed [10,11]. But there is a big difference
of Epk /Eacc between cavities with different βg values. Higher βg cavity has lower
Epk /Eacc .
The cavity diameter D is usually used in frequency tuning [12] because D is
most sensitive to frequency. It affects the cavity electromagnetic characteristics
and mechanical properties very little.
The dome ellipse variables aD and bD have little influence on cavity electromagnetic characteristics for electromagnetic π-mode design [12]. But it has some
influence on mechanical characteristics. Actually aD /bD allows finding a local minimum for peak surface magnetic field. From mechanical point of view aD /bD = 1
is preferable [13]. So instead of an ellipse we chose a dome radius RD . Figure 2
illustrates the variation of Epk /Eacc with dome radius RD .
The wall angle influences the mechanical behaviour of the cavity and controls its
inductive volume. One can see from figures 2–4 that up to wall angle αw = 5◦ the
ratio Epk /Eacc is more or less constant but after that it is strongly increasing. So
to minimize Epk /Eacc it is desirable to keep the angle αw below 5◦ . But wall angle
defines the cavities’ mechanical rigidity [14] and 5◦ may be too small and should be
increased [15]. Also Q value and ZT 2 increase with αw as shown in figures 6 and 7
respectively.
Bore radius is an important parameter with respect to cavity optimization. One
can see from figures 4 and 5 that Epk /Eacc and Hpk /Eacc increase with bore radius. The effective shunt impedance ZT 2 decreases with Rb (figure 7). Also power
dissipation increases with Rb , as shown in figure 8. So a smaller bore radius Rb
is preferable. Actually bore radius Rb has to be considered in conjunction with
Pramana – J. Phys., Vol. 71, No. 6, December 2008
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Figure 6. Variation of Q with αw .

Figure 7. Variation of effective shunt impedance with Rb varying αw .

beam dynamics calculations because a larger Rb may decrease beam loss and avoid
higher order mode trap. For a multicell cavity design, Rb is determined by the
intercell coupling. Using a larger beam tube at the coupler side can accommodate
the possible necessity of a high coupling value for the main coupler [12].
For any cavity geometry and parameters, there is an optimal value for the iris
aspect ratio that minimizes the peak electric field with marginal influence on the
other electromagnetic parameters [12,14]. So aI /bI allows finding a local minimum
for the peak surface electric field. Variation of Epk /Eacc with iris aI /bI is shown
in figure 3. It has been observed that for wall angle 4◦ , Epk /Eacc is minimum at
aI /bI = 0.45.
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Figure 8. Variation of power dissipation with Rb .

Figure 9. Transit time factor vs. β/βg .

3. Selection of β value and number of cells/cavity
With the optimization of the cavity shape variables it is also necessary to determine
the linac cavity parameters such as the number of cells/cavity and the velocity range
over which a cavity can efficiently accelerate beam. For this an analytic model of
multicell elliptical cavities excited in a π-mode was used where the advantage of
the large velocity acceptance of high-gradient of the superconducting cavities were
taken into account [16].
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Figure 10. SUPERFISH output plot file showing electric field lines for single
cell cavity without beam tube.

Figure 11. SUPERFISH output plot file showing electric field lines for single
cell cavity with beam tube.

An approximate expression for the transit time factor T can be given as a product
of two separate factors T = TG TS . The gap factor TG is the transit time for a gap
of length g and is given by the expression
TG = sin(πg/βλ)/(πg/βλ).
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RF properties of 700 MHz, β = 0.42 elliptical cavity
The synchronism factor TS is a function of the number of cells per cavity N and
the ratio of the reference-particle velocity, β to the cavity geometric velocity βg .
The synchronism factor is given by
TS (N, β/βg ) = (−1)(N −1)/2 cos(N πβg /2β)/N cos(πβg /2β), N odd,

(2)

TS (N, β/βg ) = (−1)(N/2)+1 sin(N πβg /2β)/N cos(πβg /2β), N even. (3)
Using this model a plot has been made between the transit time factor of the
cavities and β/βg for different number of cells/cavity, where β corresponds to the
reference-particle velocity and βg corresponds to the cavity geometric velocity. It is
clear from these figures that as we increase the number of cells/cavity the velocity
acceptance reduces. In order to choose the number of cells/cavity, a compromise
must be made between many competing effects. Because of the power handling
constraints of the power coupler, number of cells/cavity cannot be larger. Again a
large number of cells have the advantage of reducing the overall number of system
components, system size, and system complexity. So we chose 5 cells/cavity. The
accelerating gradient is defined as
Eacc = E0 T (βD ),

(4)

where E0 is the spatial average of the axial accelerating field and T (βD ) is the
transit time factor for the design velocity. The design velocity βD is defined as
the velocity that gives the maximum transit time factor. The velocities βg and βD
are nearly same but not exactly same. For a five-cell cavity, from figure 9 we get
βD /βg = 1.049. So for, βg = 0.42, βD = 0.44 and the protons can be accelerated
from 77 MeV to 153 MeV with 20% less efficiency at both the extreme ends of βD .
Figures 10 and 11 display SUPERFISH output plot file showing electric field lines
for single cell cavity without beam tube and with beam tube respectively.
4. Summary and conclusions
The electromagnetic analysis has been done by means of 2D SUPERFISH code for
the single cell superconducting elliptical cavity for possible use in a high current proton accelerator. Also we have calculated the velocity range over which βg = 0.42
cavity can accelerate protons efficiently and selected the number of cells/cavity.
These values can be utilized to design the multicell cavity. The preliminary design
has been made based on the above analysis. A list of design parameters are presented in table 1. These values are subjected to little changes after the structural
analysis of cavities and beam dynamic calculations. If we compare this cavity with
TRASCO-ASH 704.4 MHz, βg = 0.47 cavity [13], one can see that the peak electric
and magnetic field values for the 700 MHz, βg = 0.42 cavity is slightly higher due
to the lower βg value. Similarly, 805 MHz, βg = 0.47 RIA cavity [13] also has lower
peak electric and magnetic field values. But TRASCO-ASH and RIA βg = 0.47
cavities cannot be used to accelerate protons from 77 MeV.
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Table 1. Single cell 700 MHz RF cavity design parameters with and without
beam tube.

Frequency
β
Normalization factor (E0 T )
Transit time factor
Bore radius (Rb )
Cell length (L)
Cavity diameter (D)
Wall angle (αw )
Iris (aI /bI )
Dome ellipse (aD /bD )
Dome radius (RD )
Epk /Eacc
Hpk /Eacc
Geometrical factor (G)
Q
r/Q
Effective shunt impedance (ZT 2 )
Power dissipation
Beam pipe length

Without beam tube

With beam tube

700 MHz
0.42
5 MV/m
0.782
5 cm
8.994 cm
37.823 cm
4◦
0.45
1
2.5 cm
4.5859
8.5243 mT/MV/m
121.735 Ω
0.607 × 109 at 4.2 K
7.539 Ω
101703 MΩ/m
22.1078 W
0 cm

700 MHz
0.42
5 MV/m
0.782
5 cm
8.994 cm
37.384
4◦
0.45
1
2.5 cm
1.6027
3.7352 mT/MV/m
122.384 Ω
0.61 × 109 at 4.2 K
8.069 Ω
109427 MΩ/m
20.5474 W
15 cm
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