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Abstract. We present an electromagnetic design of 325 MHz superconducting single-spoke resonators (SSRs)
to accelerate the H− ions from 3 to ∼160 MeV for the proposed Indian Facility for Spallation Research project.
The geometrical parameters of SSRs have been optimised to maximise the achievable acceleration gradient, and to
minimise the multipacting growth rate, keeping a reasonably low value of heat dissipation on the cavity surface. For
the geometrical optimisation of SSR cavities, we followed a one-dimensional procedure, where we vary and fix the
geometrical parameters one by one in a sequential manner. We explain the behaviour of various RF parameters of
the SSR with respect to its geometrical parameters, based on which the optimum value of each of the geometrical
parameters has been chosen. For the optimised geometry of SSRs, we performed the higher-order mode (HOM)
analysis and estimated the transverse and longitudinal kicks imparted to the beam by HOMs. The effect of azimuthal
asymmetry of the electromagnetic field is also analysed and presented for the adopted design. A holistic design
approach is described in the paper that addresses the interlinked optimisation requirements.
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1. Introduction
There is a proposal to develop an Indian Facility for
Spallation Research (IFSR) at Raja Ramanna Centre
for Advanced Technology (RRCAT) in Indore for multidisciplinary research applications using the high flux,
pulsed neutron beam [1]. The accelerator for IFSR will
comprise a 1 GeV H− injector Linac and an accumulator
ring, as shown in figure 1. The front end of the injector Linac consists of a 50 keV H− ion source [2] and a
normal conducting Radio Frequency Quadrupole (RFQ)
Linac. The RFQ is designed to operate at 325 MHz frequency, which will accelerate the H− ions from 50 keV
to 3 MeV [3]. There will be a low energy beam transport (LEBT) line before the RFQ and a medium energy
beam transport (MEBT) line after the RFQ for beam
matching. There are several choices for accelerating
structures in the low-velocity region (0.1 < β < 0.5,
where β is the speed of the charged particle in the unit
of speed of light) after the RFQ. The low β accelerating
structure could be chosen to be of either superconducting type or normal conducting type [4–18]. In the
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current study, both options, i.e., normal conducting drift
tube Linac (DTL) and superconducting single-spoke
resonator (SSR) structures are being explored for the
IFSR [19–23]. In this paper, we present the details of
a design based on the SSR structure, which is chosen
in the light of our experience through the ongoing collaboration with Fermilab, where SSRs will be mostly
used for the low energy section of the PIP-II accelerator
[9]. In the medium and high β regions (β > 0.5), the
superconducting elliptical cavities are the established
candidates.
For the superconducting option of IFSR injector
Linac, three families of SSRs, namely SR011, SR021
and SR042, are designed to operate at 325 MHz frequency for βg = 0.11, 0.21 and 0.42 respectively, to
accelerate the H− ions from 3 to 160 MeV [19,21]. Here,
βg is the geometrical β of the cavity [5]. The medium
beta elliptic cavities (MBEC) and high beta elliptic cavities (HBEC), which are designed to operate at 650 MHz
frequency, will accelerate the beam up to 1 GeV [21–23].
In this paper, we focus on the superconducting spoke
resonator section of IFSR.
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In this paper, we present a step-wise procedure of the
electromagnetic (EM) design of the 325 MHz, SR042
(βg = 0.42) cavity. The same procedure has been followed for the EM design of the SR011 (βg = 0.11) and
SR021 (βg = 0.21) cavities. The EM design studies
have been performed using the code CST-MWS [24].
Our primary objective in the EM design was to optimise the geometrical parameters of the SSR cavities to
maximise the achievable acceleration gradient E acc in
the structures. The acceleration gradient is defined as
E acc = V0 /L eff , where V0 is the axial accelerating voltage and L eff is the effective length of the cavity. Here,
the effective length is taken as βopt × λ, where βopt is
the optimum β at which the transit time factor (TTF) is
maximum [5] and λ is the free-space wavelength corresponding to the RF frequency. Optimisation of the
cavity for maximum E acc maximises the accelerating
voltage that can be set for a cavity. Together with a lattice design that has a greater fraction of length occupied
by the cavities, it helps in reducing the overall Linac
length, thus making the design compact. We would like
to mention here that the higher achievable acceleration
gradient alone cannot be the only criterion. Sometimes
the beam dynamics criterion prevents us to go beyond
a limiting acceleration gradient, e.g., to avoid envelope
instability in the longitudinal direction, it is required that
the phase advance per lattice period is less than 90◦ , and
if this value is exceeded at higher acceleration gradient,
we need to restrict the acceleration gradient. Similarly, if
the structure optimised for maximum achievable acceleration gradient is prone to multipacting, we need to
modify the structure to reduce the multipacting, which
may reduce the achievable acceleration gradient. Also,
for a fixed energy gain from the Linac, the total heat dissipation is higher if we operate the structures at a higher
acceleration gradient, and from this point of view, it may
not always be preferable to operate at the highest possible acceleration gradient. Nonetheless, if the geometry
of the structure is optimised to allow its operation at a
higher acceleration gradient, it certainly gives us an extra
handle during cost optimisation, as well as during other
situations, such as during the failure of adjacent cavities in the period, where we need to operate the working
cavity at a higher gradient, to compensate for that. To
maximise the acceleration gradient in the structure, the
field ratios E p /E acc and Bp /E acc , which depend only
on the geometry of the cavity, have been minimised.
Here, E p and Bp are the peak values of the electric and
magnetic fields, respectively, on the surface of the cavity. A fundamental limit on the maximum achievable
value of E acc in the cavity arises by the requirement
that the value of Bp on the cavity surface must be less
than the value at which the cavity quality factor starts
showing a large negative slope, triggered by the onset of
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magnetothermal breakdown of the cavity. Besides this,
E acc is also limited by the field emission due to peak
surface electric field E p . The safe limits of Bp and E p
depend on the state of the art and have been evolving
over time. In our study, we have used the safe limits of
Bp and E p as 60 mT and 40 MV/m, respectively, based
on the values used in refs [5,13,17], for superconducting niobium (Nb) cavity at an operating frequency of
325 MHz.
Besides the consideration on maximising the achievable acceleration gradient, we have other important
considerations, such as (i) keeping the heat loss on the
cavity surface, which gives rise to cryogenic load, within
an acceptable limit and also (ii) keeping the Lorentz
force detuning, which is especially important for pulsed
operation, within an acceptable limit to ensure that
the required RF power does not increase significantly
because of this [5]. To minimise the power dissipation
on the cavity walls, one has to maximise the parameter R/Q × G, where R/Q = V02 /ω0 U is the shunt
impedance to quality factor ratio and G = Rs Q is
the geometrical factor. Here ω0 is the angular resonant frequency, U is the stored EM energy and Rs is
the surface resistance of the superconducting material
[25,26]. The RF parameters R/Q and G are independent of the material of the structure and depend only on
the shape of the structure. Being a pulsed machine, the
cryogenic load in our case is not as significant as in cw
machines. Therefore, during geometrical optimisation
in our design, we have minimised the peak field ratios
E p /E acc and Bp /E acc , while maintaining a reasonably
good value of R/Q × G.
Other issues, which may affect the performance
of SSRs during operation are the multipacting phenomenon [27–32] and the higher-order modes (HOMs)
generation [25,33]. In the optimised geometries of
SSRs, we calculated the growth rate of secondary electrons due to multipacting. To reduce the growth rate of
secondary electrons, we have explored some possible
modifications in the geometry of SSR structures. The
effect of these modifications on the growth rate of secondary electrons and the RF parameters of cavities has
been studied in detail and is presented in this paper.
The HOMs may degrade the beam quality by imparting additional kick to the beam particles in the transverse
as well as longitudinal directions, which may trigger the
beam loss. Another important effect of HOMs is that it
may increase the cryogenic load due to additional power
dissipation on the cavity walls. Therefore, the possibility of the generation of HOMs by the beam in the SSR
structures, and its consequence on the beam, as well as
on the cavity, has been explored in the paper.
Due to the presence of the spoke conductor, the
SSR structures do not possess azimuthal symmetry
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Figure 1. Schematic representation of the IFSR.

around the beam axis [34,35]. This makes the transverse EM field azimuthally asymmetric around the beam
axis. Hence, the off-axis particle experiences a different amount of momentum gain in the two transverse
planes. Due to this, the beam size in two transverse
planes is no longer equal. In some cases, there may be
an increased possibility of the beam hitting the beam
pipe if this asymmetry is large. Therefore, during the
design, we need to ensure that the azimuthal asymmetry is insignificant for the SSR structures, such that the
required ratio of the beam size to the aperture diameter is
maintained in both directions. With racetrack geometry
of the spoke conductor around the beam axis, the perturbation in the transverse field due to the spoke conductor
is calculated using the code CST-MWS, and analysed
for different families of IFSR spoke cavities. Its impact
on beam dynamics is also studied.
The paper is organised as follows. In §2, we present
a detailed procedure for the geometrical optimisation of
the SSR structures, to maximise the achievable accelerating gradient, while maintaining a reasonably good
value of the product (R/Q × G), and to minimise the
growth rate of secondary electrons due to multipacting.
Section 3 describes the studies of HOMs supported by
the SSRs and provides calculation for the momentum
kick on the beam particles due to HOMs generated by
the beam itself. In §4, we have discussed the field perturbation due to the azimuthally asymmetric geometry
of SSRs with respect to the beam axis and calculated the
multipole components of transverse momentum gain for
off-axis particles. Finally, we have presented some discussions, and conclude in §5.

2. Geometrical optimisation of SSRs
Before discussing the design of SSR structures, we
would like to briefly discuss the issues regarding the
choice of some design parameters, i.e., frequency, aperture and βg . In our case, the frequencies of the RFQ
and the elliptical cavities are chosen to be 325 MHz
and 650 MHz, respectively. Therefore, to maximise
the longitudinal acceptance during the transition from

the RFQ to the SSRs, as well as from the SSRs to
the elliptical cavities, we have the suitable options of
325 MHz and 650 MHz for the frequency of the SSR
structures. We would like to mention here that the lower
frequency option is advantageous over the higher frequency option because of the larger available aperture
for beam transmission, larger longitudinal acceptance
[36], lower cryogenic heat load and lower RF defocussing. Based on these points, the frequency of SSR
structures has been chosen to be 325 MHz in our
case.
The aperture diameter is governed by the beam
dynamics considerations. We have chosen the aperture
diameter for IFSR spoke resonators SR011, SR021 and
SR042 to be 30 mm, 30 mm and 50 mm, respectively,
which is acceptable for the design value 15 mA of the
peak beam current for IFSR [1]. With this choice of
apertures, the ratio of aperture radius to rms beam size
is maintained at 10, 10 and 12.5 along SR011, SR021
and SR042 sections, respectively [21].
A single family of SSRs with a fixed value of βg cannot be used in such a wide range of energy, i.e., from
3 to 160 MeV, because it is not possible to maintain an
acceptable value of TTF over such a large range of βg
[21]. Also, large number of cavities, each with varying
βg to synchronise the accelerated particle at each cavity, is not feasible due to practical limitations. Therefore,
several families of SSR structures are typically required
for efficient acceleration of H− beam. For IFSR SSRs,
we have selected βg to be 0.11, 0.21 and 0.42 for SR011,
SR021 and SR042, respectively [21]. These values of
βg for the corresponding energy range of SSR sections
have been chosen based on our optimisation study to
minimise the total number of cavities, and also on the
literature study of various projects worldwide, i.e., PIPII [5], HINS [11] and CADS [12].
Next, we discuss the geometry of an SSR structure, for
which a typical model indicating all geometric parameters is shown in figure 2. In a spoke resonator, the
electric field is maximum near the beam axis, whereas
the magnetic field is maximum near the base of the
spoke conductor. In our design, the shape of the central part of the spoke conductor is chosen as a racetrack,
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Figure 2. (a) SSR cross-section view, (b) SSR spoke conductor, (c) spoke conductor with cavity shell surface, (d) SSR end
wall with iris and (e) vacuum model of SSR with all ports.

near the beam axis, and the shape of the iris is chosen as a nose cone. These choices have been adopted to
concentrate the electric field near the beam axis, which
results in a lower value of E p /E acc and a higher value of
R/Q × G. The spoke conductor with a larger radius at
the ends compared to the central racetrack part has been
adopted to reduce Bp /E acc . Here, the ends, where the
spoke conductor joins the outer cylindrical conductor
(cavity shell), are denoted as the spoke base.

The geometrical parameters that need to be optimised
in an SSR structure are racetrack height (RH), racetrack width (RW), racetrack thickness (RT), iris-to-iris
length (IIL), spoke base height (SBH), spoke base radius
(SBR), end walls position (EWP), iris inner radius (IIR)
and iris outer radius (IOR), which are shown in figure 2. Before we discuss the studies performed for the
optimisation of the geometrical parameters of the SSR
structures, we describe the considerations behind the
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choice of base values of the geometrical parameters as
follows:
(i) Since the spoke resonator is a variant of the
half-wave resonator, the length of the spoke
conductor, which is the same as the inner diameter of the cavity (2× RR), should be λ/2. It
should be noted that the value of the ring radius
(RR) is used to tune the cavity at the operating
frequency during the geometrical optimisation
process.
(ii) An SSR operates in the fundamental TEM
mode, for which the gap-to-gap RF phase shift
is π . Therefore, the distance between the centres of the two gaps (GapL) is taken as βg λ/2
for synchronisation of the beam with the RF.
(iii) RT is chosen as βg λ/3, for which the iris-toiris distance (IIL) comes out to be 2βg λ/3 for
maintaining GapL at βg λ/2 [37,38].
(iv) The distance between end walls of SSR, i.e.,
2× EWP, is taken to be a little larger than IIL
so that the iris length (IL) is non-zero. Note that
IIL + 2 × IL = 2 × EWP. Here, we have chosen
2× EWP to be ∼10% larger than IIL.
(v) The initial values of RW, RH and iris inner
diameter (2× IIR) are taken to be a little
larger than the beam aperture diameter so that
the aperture fits comfortably in the racetrack
shape and iris. Here, we have chosen these
values ∼ 20% larger than the beam aperture
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diameter. We would like to mention here that
initial studies are done by assuming a nose
cone shape for the iris for which the iris outer
radius (IOR) is taken to be four times that of
IIR.
(vi) The initial value of the diameter of the base of
the spoke conductor (2×SBR) is chosen to be
equal to RT, i.e., βg λ/3.
(vii) The initial value of SBH should be sufficiently
large so that the cavity shell surface does not
intercept the loft surface. The initial value of
SBH is chosen to be 20 mm.

Starting with these design considerations, the geometrical parameters of SR011, SR021 and SR042 structures
were optimised for minimising the peak field ratios with
a reasonably good value of R/Q × G. In this section,
we present the detailed optimisation calculations for the
SR042 structure. We would like to mention here that,
for each simulation of geometrical optimisation, GapL
was kept fixed at βg λ/2, and the resonant frequency was
restored at 325 MHz by tuning the value of ring radius
RR.
The initial values of the geometrical parameters for
the SR042 cavity were chosen based on the design
considerations described in the previous paragraph,
and are listed in table 1. The initial values of RABR,
RCBR, IABR, ICBR, SBCBR, EICBR and ECBR were

Table 1. Initial and optimised values of geometrical parameters of SR042 cavity along with optimised values for SR011 and
SR021 cavities.
Optimised value (mm)
Sl. No.

Geometrical parameter

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Racetrack height (RH)
Racetrack width (RW)
Racetrack thickness (RT)
Iris-to-iris length (IIL)
Spoke base height (SBH)
Spoke base radius (SBR)
End wall position (EWP)
Ring radius (RR)
Iris inner radius (IIR)
Iris outer radius (IOR)
Iris length (IL)
Racetrack aperture bending radius (RABR)
Racetrack corner bending radius (RCBR)
Iris aperture bending radius (IABR)
Iris corner bending radius (ICBR)
Spoke base corner bending radius (SBCBR)
End wall corner bending radius (ECBR)
End wall iris corner bending radius (EICBR)
Beam aperture diameter

Initial value for SR042 (mm)

SR042

SR021

60.00
60.00
129.22
258.44
20.00
64.61
140.00
251.00
30.00
120.00
10.78
1.00
1.00
1.00
1.00
10.00
20.00
0.00
50.00

80.00
120.00
83.66
304.00
58.50
130.00
260.00
284.50
60.00
130.00
108.00
10.00
20.00
10.00
40.00
0.00
125.00
40.00
50.00

50.00
64.00
42.63
151.20
67.30
60.30
150.80
257.30
32.00
100.00
75.20
4.00
13.00
5.00
22.00
0.00
89.00
100.00
30.00

SR011
60.00
80.00
19.80
81.60
47.40
44.00
100.00
227.40
40.00
140.00
59.20
6.00
9.90
4.00
20.00
0.00
54.50
100.00
30.00
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chosen appropriately, based on mechanical feasibility,
such that no sharp edges are formed in the structure.
According to the availability of space, the corner radii
near the beam axis were chosen to be small, whereas
those near the spoke base were chosen to be large. We
would like to mention here that the peak field does not
generally occur at the point where the iris meets the
end-wall. Therefore, EICBR was initially taken to be
zero and it was optimised after the optimisation of EWP.
This choice simplified the modelling during the optimisation of IOR and EWP. Note that the value of RR
in table 1 is slightly higher than λ/4, which is calculated to tune the initial SR042 geometry at 325 MHz
frequency. For the values of geometrical parameters
mentioned in table 1, the RF parameters, i.e., E p /E acc ,
Bp /E acc and R/Q × G were obtained as 8.2, 11.2
mT/(MV/m) and 3.19×104 2 , respectively for SR042
cavity.
For various projects worldwide [5–16], the spoke
geometry has been optimised for the lower peak field
ratios and higher value of R/Q × G, using a systematic one-dimensional optimisation approach. In this
approach, they have optimised the main geometrical
parameters one by one by keeping the other geometrical parameters fixed. However, two parameters, i.e.,
the IIL and the cavity length (2×EWP) are kept fixed
throughout the optimisation process. The value of IIL
is kept fixed at 2 × βg λ/3, whereas the value of cavity length (2× EWP) is fixed at some value larger than
the value of IIL, which is limited due to reduction in
the real estate gradient of the structure. Alternatively,
a multi-objective optimisation approach has also been
used in ref. [39], which can rapidly lead to an optimised
design by optimising various geometrical parameters
simultaneously using a genetic algorithm. However, it
is difficult to understand the effect of variation of an
individual geometrical parameter on the EM properties
of the structure using the multi-objective optimisation
approach. Therefore, we have preferred a systematic
one-dimensional approach to optimise various geometrical parameters of a spoke cavity. However, instead of
keeping the IIL fixed, we kept the GapL fixed at βg λ/2.
Also, instead of keeping the cavity length fixed at the
beginning of the optimisation process, we optimised the
value of cavity length for the desired objective. We however restricted the maximum value of the cavity length
to 2×IIL to avoid a further reduction in the real estate
gradient of the structure. While presenting the results of
our optimisation studies, we have given possible physical explanations for the observed trends. Variation of RF
parameters with geometrical parameters of SR042 structure is discussed in detail in the following subsections.
We would like to mention here that for each simulation,
the stored energy is taken as 1 J in the code CST-MWS.
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Figure 3. Variation of E p /E acc , Bp /E acc and R/Q × G with
RW (2×IIR).

2.1 Optimisation of RW, IIR and RH
Since the racetrack and iris are located in the high electric field region of the SSR, the parameters RW and
IIR have a great impact on RF parameters E p /E acc and
R/Q × G. This can be observed from figure 3, where
the variation of each RF parameter with respect to RW
(= 2×IIR) is plotted. Note that, here, RW and IIR were
varied simultaneously. As the value of RW and IIR
is increased compared to the initial value depicted in
table 1, the electric field lines start diverging from the
beam axis. As a result, both E acc and E p decrease. Note
that here E p decreases more prominently than E acc . The
location of the peak electric field is found either on the
racetrack corner or on the iris corner. After a particular
value of RW, i.e., 120 mm, E p starts to increase, whereas
E acc continues to decrease. This is because the location
of E p is now changed to either the racetrack aperture or
the iris aperture. Due to continuously decreasing E acc ,
the parameter R/Q×G also decreases with RW and IIR.
Variation of the parameters Bp /E acc is not very prominent with respect to RW and IIR. Here, the optimised
value of RW (= 2× IIR) has been chosen to be 120 mm,
for which the peak field ratio E p /E acc is minimum, with
a reasonably good value of R/Q × G.
Likewise, the optimisation of RH was performed, and
it was observed that the variation in RF parameters is
remarkably weak compared to the case where RW was
varied. The optimised value of RH was found to be 80
mm for the minimum value of E p /E acc .
2.2 Optimisation of EWP, SBR and IOR
Next, we discuss the variation of RF parameters with
EWP and SBR. With an increase in EWP, the values
of Bp /E acc and E p /E acc decrease, while the value of
R/Q × G increases, as shown in figure 4a. This is
because the total volume of the magnetic field zone
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increases, and so the magnetic field, and hence the
heat loss, on the cavity surface decreases. The available
volume for the electric field also increases, although
less prominently compared to that for the magnetic
field. However, as we increase EWP by increasing IL,
the structure size increases, because of which the real
estate gradient of the structure, i.e., V0 /L total , where
L total = 2 × EWP, decreases. This would cause an
increase in the structure cost. Therefore, EWP was
limited to 260 mm, such that the total length of cavity L total is nearly twice the value of IIL chosen
initially.
As SBR is increased, the surface area of the base
of the spoke conductor increases. Because of this, the
current density at the spoke conductor base surface
decreases, which results in a reduction in the value of
Bp . Due to an increase in SBR, the slanting of the loft
surface increases, which pushes the electric field lines
towards the loft surface. This decreases the value of E p
as well as E acc . In this case, E p decreases more prominently than E acc . Hence, this results in the reduction
of E p /E acc , as shown in figure 4b. As we find in figure 4b, R/Q × G also decreases as we increase SBR.
This is due to a reduction in E acc , and increased heat
loss on the spoke conductor base surface to maintain
a constant E acc . Note that the heat loss increases with
SBR because the increase in the area of the spoke conductor base surface is more prominent here than the
reduction in the magnetic field intensity on that surface.
We restricted the upper value of SBR to around half the
value of EWP such that we have sufficient space for
incorporating a bending radius on the end-wall corner.
The bending radius on this end wall corner is particularly important for the multipacting study, as has been
emphasised in various projects [28,40–42] and it will be
discussed in the next subsection. The optimised value
of SBR was found to be 130 mm after which there was
no significant reduction in the peak field ratio Bp /E acc .
We would like to mention here that with an increase in
SBR, we have also increased SBH such that the cavity shell surface does not intersect the extended portion
of the spoke base after the lofting is complete. At the
optimised value of SBR, the value of SBH was set at
45 mm.
The variation of RF parameters with IOR is shown
in figure 4c. As IOR increases, the value of E p /E acc
decreases. This happens because the electric field lines
slightly diverge from the beam axis as IOR increases.
Due to this, both E p and E acc decrease. However, the
value of E p decreases more prominently here. On the
other hand, Bp /E acc increases with IOR, mainly due to
decreasing E acc . R/Q × G decreases with IOR due to a
reduction in E acc . We have kept the upper limit of IOR
restricted to around half the value of RR for the same
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Figure 4. Variations of (a) E p /E acc , Bp /E acc and R/Q × G
with EWP, (b) E p /E acc , Bp /E acc and R/Q × G with SBR
and (c) E p /E acc , Bp /E acc and R/Q × G with IOR.

logic as given earlier for SBR. Therefore, the optimised
value for IOR was taken to be 130 mm.
2.3 Optimisation of RT and SBH
Next, we performed the optimisation of RT. Variation of
RF parameters with RT is shown in figure 5a. We would
like to mention here that as RT varies, IL also varies
accordingly to maintain GapL to be βg λ/2 and also to
ensure that EWP is constant. For RT < 83.66 mm, the
accelerating gradient E acc increases more prominently
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Figure 5. Variations of (a) E p /E acc , Bp /E acc and R/Q × G
with RT and (b) E p /E acc , Bp /E acc and R/Q × G with SBH.

than the peak field E p with increasing RT, and above this
value, the trend reverses. Similarly, for Bp /E acc , E acc
increases more prominently than the peak field Bp with
increasing RT up to 100 mm, and above this value, the
trend reverses. The parameter R/Q × G increases with
RT due to increasing E acc and decreasing heat loss on
the cavity surface. The heat loss on the cavity surface
decreases with increasing RT because to compensate
for the frequency reduction due to increasing RT and
IL, the volume of the magnetic field region is reduced
by decreasing the length of the spoke conductor. Here,
the surface area for heat loss reduces more prominently
than the increase in the magnetic field. The optimised
value of RT was considered as 83.66 mm, at which the
E p /E acc was minimum.
Finally, SBH was optimised. Here, we increased SBH,
simultaneously reducing the length of the loft part of the
spoke conductor to keep the resonant frequency constant. Variation of RF parameters with SBH is shown
in figure 5b. When we increase SBH by decreasing the
length of the loft part, the slanting of the loft surface
increases. This pushes the electric field lines towards
the loft surface and, hence, the values of E p and E acc
decrease by almost the same amount. Therefore, the
variation of E p /E acc with SBH is negligible. However,
R/Q × G reduces due to decreasing E acc . On the other
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hand, as the value of SBH increases, the surface area of
the spoke base increases. This reduces Bp on the spoke
base more prominently than the reduction in E acc . For
SBH > 65.40 mm, the reduction in E acc becomes more
prominent than the reduction in Bp because we increase
SBH towards the electric field region. The optimised
value of SBH was found to be 65.40 mm for minimum
Bp /E acc .
We would like to mention here that, during geometrical optimisation, various sharp edges in the geometry
have also been optimised simultaneously for the minimum peak field ratios. For a particular value of a
geometrical parameter, the bending radius of the corresponding sharp corner was varied to obtain the minima
of the peak field ratio. Thus, each point on the plots,
shown in figures 3, 4 and 5, corresponds to the minimum
peak field ratio at the particular value of the geometrical parameter with respect to the optimised bending
radius of the corresponding sharp edge. For the case,
where the minima of peak field ratio were not found,
the bending radius was optimised based on mechanical
feasibility at the location of sharp edges. The optimum
value of IABR, ICBR, ECBR, SBCBR, RABR, RCBR
and EICBR was found to be 10 mm, 40 mm, 20 mm,
10 mm, 10 mm, 20 mm and 40 mm, respectively.
The RF parameters E p /E acc , Bp /E acc and R/Q×G in
the optimised geometry of SR042 were found to be 3.5,
5.4 mT/(MV/m) and 3.39 × 104 2 , respectively. We
would like to mention here that the value of R/Q × G in
our optimised geometry is reasonably good and similar
to the values reported in refs [5,15,16]. Using the optimised values of E p /E acc and Bp /E acc , the maximum
possible accelerating gradient of the SR042 structure is
calculated to be 11.1 MV/m.
After having optimised the geometry of SR042 cavity for minimum peak field ratios with reasonably good
R/Q×G, the calculation of multipacting was performed
using the code CST-PS [24]. During the multipacting
study, the locations of multipacting-prone surfaces in
the SSR structure were identified and suitable geometrical modifications were done at those locations to reduce
the growth rate of secondary electrons [43].

2.4 Calculation of multipacting
During the multipacting study of the designed SR042
structure, it was found that the strong multipacting
occurred in (i) the corners, where the spoke conductor meets the cylindrical shell surface of the cavity and
(ii) the corners, where the end wall meets the cylindrical
shell surface of the cavity. This is visible by the trajectories of secondary electrons in figure 6. We would like
to mention here that the material for cavity walls was
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Figure 6. Multipacting prone surfaces: (a) corners of the
spoke base and (b) corners of the end walls in SR042 (figures are generated at E acc = 1.85 MV/m and RF phase = 0◦
at which multipacting was found). The blue patches show the
trajectories of secondary electrons.

Figure 7. The growth rate of multipacting in SR042 when
SBCBR = 10 mm and ECBR = 20 mm.

chosen to be niobium (baked at 300◦ C) and the Furman model was adopted for the calculation of secondary
electrons in the code CST-PS. In an SSR structure, the
first-order multipacting dominates in the region, where
the spoke conductor meets the cylindrical shell surface,
while the higher-order multipacting dominates in the
region, where the end walls meet the shell surface of SSR
[41]. The growth rate of multipacting was calculated for
the entire range of possible accelerating gradients in the
SR042 structure, which is shown in figure 7. The maximum value of the growth rate was found to be 0.1 ns−1
at the accelerating gradient of 8.9 MV/m.
To reduce the growth rate of multipacting, we varied
the ECBR and SBCBR. First, the growth rate was calculated for various values of ECBR, keeping the value
of SBCBR fixed at 10 mm, which is shown in figure 8a.
The optimised ECBR was found to be 125 mm at which
the multipacting barrier diminished above the operating
accelerating gradient of 5 MV/m, where the SR042 is
likely to be used.

Page 9 of 17

69

Now, keeping the optimised value of ECBR fixed at
125 mm, the growth rate was calculated at various values of SBCBR, which is shown in figure 8b. Note that,
for each simulation, the value of SBH was adjusted to
tune the cavity at the operating frequency. The minimum
value of the growth rate was found to be 0.035 ns−1
when the SBCBR was kept zero. The multipacting has
been suppressed for the entire operating range of the
SR042 cavity. There is a very narrow accelerating gradient regime, i.e., 1.5–2.5 MV/m, where the multipacting
occurs. However, the calculated growth rate is found to
be very less. Note that, multipacting occurs at all the RF
phases but the growth rate was found to be maximum
around the RF phase of 120◦ . We also tried variations in
other geometrical parameters to further reduce the multipacting growth rate. However, the minimum achievable
growth rate of multipacting is 0.035 ns−1 in our optimised geometry of SR042.
We would like to mention here that although the multipacting has been suppressed to a large extent by increasing the ECBR and reducing the SBCBR, the achievable
accelerating gradient has also been reduced in this process. The peak field ratios E p /E acc and Bp /E acc , which
were optimised at 3.5 and 5.4 mT/(MV/m) after the
geometrical optimisation, were increased to 3.8 and 5.8
mT/(MV/m), respectively, for the geometry optimised
to suppress the multipacting. Thus, the maximum possible accelerating gradient has been reduced from 11.1
to 10.3 MV/m for the SR042 structure. To operate the
cavity at 2 K with maximum accelerating gradient, the
dynamic cryogenic load per cavity is calculated to be
10.4 W. Here, the value of quality factor Q at 2 K is
calculated to be 0.71 × 1010 by considering the surface
resistance Rs as 14.4 n (taken from ref. [5]). A comparison of the RF parameters of our optimised SR042
cavity with the spoke resonators of some of the concurrent projects is shown in table 2. It can be seen from
the table that the RF parameters of the optimised SR042
cavity are comparable to the parameters of the spoke resonators being used in concurrent projects worldwide.
A similar procedure has been adopted for the optimisation of geometrical parameters for SR011 and SR021
cavities to minimise the peak field ratios with reasonably
good value of R/Q × G, and to minimise the growth
rate of secondary electrons during multipacting. In simulations, the multipacting is observed over the range of
accelerating gradient 1.5–3.5 MV/m and 2–4 MV/m
in the optimised SR011 and SR021 structures, respectively. However, the maximum growth rate of secondary
electrons is calculated to be 0.1 ns−1 and 0.05 ns−1 only
in SR011 and SR021 structures, respectively. The optimised geometrical and calculated RF parameters for all
three families of SSRs are listed in tables 1 and 3, respectively.
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Figure 8. Growth rate of multipacting in SR042 at (a) SBCBR = 10 mm and (b) ECBR = 125 mm.
Table 2. A comparison of RF parameters of SR042 cavity with some concurrent projects.
Sl. No.

RF parameter

1
2
3
4
5
6
7

RF frequency (MHz)
E p /E acc
Bp /E acc [mT/(MV/m)]
R/Q ()
G ()
Geometric beta, βg
Optimum beta, βopt

SR042, IFSR

SSR2, PIP-II

SSR040, CADS

DSR, ESS

325
3.8
5.8
304
103
0.42
0.50

325
3.51
5.66
297
115
0.398
0.475

325
3.7
8.3
246
–
0.40
–

352.2
4.3
6.8
427
133
–
0.50

Table 3. Calculated RF parameters of SSRs.
Sl. No.

RF parameter

SR011

SR021

SR042

1
2
3
4
5
6
7
8
9
10

E p /E acc
Bp /E acc [mT/(MV/m)]
R/Q()
G ()
Maximum possible E acc (MV/m)
Q (@2 K)
Geometric beta, βg
Optimum beta, βopt
Operating temperature (K)
Cryogenic load per cavity (W)

4.4
6.6
165
58
9.1
0.42 × 1010
0.11
0.145
2
2.2

4.1
6.2
298
84
9.7
0.60 × 1010
0.21
0.25
2
2.8

3.8
5.8
304
103
10.3
0.71 × 1010
0.42
0.50
2
10.4

So far, we have discussed the geometrical optimisation of SSRs from the point of view of better RF
performance in the operating mode. However, an SSR
can support several higher-order TM, TE and TEM
modes along with the fundamental TEM mode, which is
the desired operating mode. We have studied the HOMs
supported by the SSRs in the optimised geometry, which
is described in the following section.
3. Higher-order modes study
Like any accelerating structure, an SSR structure supports HOMs in addition to the fundamental accelerating

mode. The fundamental accelerating mode is excited
by the external source feeding RF power into the SSR
structure, and the HOMs are excited by the beam propagating through the structure. Amongst these HOMs,
monopoles and dipoles are more significant to be considered as they can affect a well-collimated, on-axis
beam. The strength of the HOMs is indicated by its R/Q
parameter, as the kick imparted to the beam particle is
decided by the amplitude of the Fourier component of
the beam current at a frequency close to the HOM frequency, and the value of R/Q for that mode [44,45].
HOMs also produce additional heat load on the cavity
surface. The kick imparted by a HOM depends on the
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phase of the particle and is different for different particles. The monopole HOMs impart kick to the particles in
the longitudinal direction, which may increase the longitudinal emittance of the beam. On the other hand, the
dipole modes, being deflecting in nature, impart kick to
the charged particles in the transverse direction. If this
kick is sufficiently strong, it may increase the transverse
emittance and may lead to beam loss. Calculation of the
kick due to monopole as well as dipole HOMs was performed and the result is discussed here.
Using CST-MWS code, the values of R/Q for the
monopole and dipole HOMs in the SR042 structure have
been calculated by applying appropriate boundary conditions [46]. The value of R/Q for fundamental mode
at 325 MHz is 304 . For all higher-order monopole
modes, R/Q is less than 10 , whereas for all dipole
HOMs, it is less than 3.1  /cm2 .
The rms energy spread due to the kick experienced by
a charged particle in the axial direction due to monopole
HOMs for SR042 cavity is calculated by the following
formula [44,45]:
 
e f 0 In R
W long. ≈ √
,
(1)
2 4 f Q 
where e is the electronic charge, f 0 is the HOM frequency, In is the nth Fourier component of the beam
spectrum, (R/Q) is the effective shunt impedance to
quality factor ratio for the monopole mode,  f is the
difference of HOM frequency and frequency of the
beam current spectrum line. Equation (1) is applicable for  f / f 0  1/2Q. The Fourier component of the
beam current for the IFSR accelerator is calculated up
to 2 GHz, which is shown in figure 9. Ideally, the HOMs
should be calculated up to the cut-off frequency of the
beam pipe, which is 4.6 GHz for the TM01 monopole
mode and 3.5 GHz for the TE11 dipole mode. However,
due to computational problems faced during the calculation of HOMs up to such a large cut-off frequency, we
have calculated the HOMs and the Fourier coefficients
of the beam current up to 2 GHz only. In ref. [5] also, a
similar approach has been adopted. The maximum R/Q
for the monopole HOMs in SR042 is found to be 9.2 
at 917.47 MHz. Here,  f and In (at 917.50 MHz) are
calculated to be 0.034 MHz and 0.011 mA, respectively.
The kick imparted to a charged particle in the axial
direction for the SR042 structure is calculated to be 0.49
eV due to the monopole HOMs. For the operating mode,
energy gain per SR042 cavity was calculated to be ∼ 2.5
MeV [1]. Therefore, it is quite clear that the kick and
the energy spread imparted by the monopole HOMs to
the beam is negligibly small compared to that due to the
operating mode.
The rms divergence generated due to the transverse
kick on a beam particle caused by dipole modes can be
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Figure 9. Fourier component In of the IFSR beam.

calculated by the following formula [44,45]:
Wtrans
,
σx , = √
2 pc
where
W trans

ec x0 In
≈
4π 2 f

(2)



R
Q


(3)
⊥

is the transverse energy gain due to the transverse kick,
c is the speed of light in vacuum, x0 is the beam offset from the beam axis, (R/Q)⊥ is the effective shunt
impedance to quality factor ratio for the dipole mode
and p is the momentum of the beam particle. The maximum value for (R/Q)⊥ in SR042 is found to be 3.1
/cm2 at a frequency of 1706.95 MHz. Here,  f and
In are calculated to be 0.047 MHz and 0.005 mA, respectively. The transverse kick on a particle at an offset of
1 mm is calculated to be 0.037 eV for the SR042 cavity.
Therefore, the rms divergence of a beam particle at the
beginning of the SR042 section (40 MeV) is calculated
to be 6.5 × 10−10 rad. From the beam dynamics study
of the IFSR accelerator [1], the rms beam divergence
in the SR042 section was found to be ∼10 mrad. From
this calculation, it can be concluded that the effect of
HOMs of the SR042 cavity on the beam particles is not
significant.
Similarly, the HOM calculations were also carried out
for SR011 and SR021 cavities. The values of maximum R/Q, the frequency of HOM having maximum
R/Q,  f and In are listed in tables 4 and 5 for the
monopole HOMs and the dipole HOMs, respectively, in
SR011, SR021 and SR042 resonators. With these values, the kick on a particle in the longitudinal direction
is calculated to be 1.1 × 10−4 eV and 1.9 × 10−2 eV
for SR011 and SR021 cavities, respectively. Moreover,
the transverse kick is estimated to be 4 × 10−4 eV and
2.3 × 10−4 eV for SR011 and SR021 cavities, respectively. At the beginning of SR011 and SR021 sections,
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Table 4. Longitudinal kick calculation due to monopole HOMs.
Sl. No.

Cavity

(R/Q)max ()

f HOM (MHz)

 f (MHz)

In (mA)

Wlong (eV)

1
2
3

SR011
SR021
SR042

1.15
2.74
9.21

413.66
396.30
917.47

0.36
0.10
0.03

4.5 × 10−4
9.7 × 10−3
1.1 × 10−2

1.1 × 10−4
1.9 × 10−2
0.49

Table 5. Transverse kick calculation due to dipole modes at 1 mm offset.
Sl. No.

Cavity

(R/Q)max (/cm2 )

f HOM (MHz)

 f (MHz)

In (mA)

Wtrans (eV)

1
2
3

SR011
SR021
SR042

0.62
0.95
3.10

805.30
728.69
1706.95

1.10
0.39
0.05

6.0 × 10−3
8.0 × 10−4
5.0 × 10−3

4.0 × 10−4
2.3 × 10−4
3.7 × 10−2

beam energy is 3 MeV and 10 MeV, respectively. Therefore, the rms beam divergence due to transverse kick at
the offset of 1 mm for SR011 and SR021 cavities is
calculated to be 1 × 10−10 rad and 1.6 × 10−11 rad,
respectively. Since the rms beam divergence in SR011
and SR021 sections is roughly ∼ 1–10 mrad, the calculated dipolar kick for SR011 and SR021 cavities is
insignificant. Therefore, we have observed that the problem of unwanted transverse and longitudinal kicks to
the beam particles due to HOMs is not significant in
the SSR section of the IFSR Linac. After the fabrication
of cavities, if a HOM comes close to the beam component frequency, the data given here will be useful for
estimating the dangerous effect.

4. Field perturbation due to azimuthal asymmetry
in SSRs
In an SSR, due to the lack of azimuthal symmetry in the
structure, the fields are not azimuthally symmetric even
in the fundamental mode [35]. This has an important
effect on the beam dynamics, which makes the beam
asymmetric in the azimuthal direction, as it typically
happens in the case of a quadrupole magnet. Larger
beam size in one direction compared to the other may
deteriorate the overall available aperture for the beam. It
is therefore important to analyse this effect before finalising the design. Figure 10 shows the transverse electric
and magnetic field components, i.e., E x , E y , Hx and
Hy , of the fundamental mode for the SR042 cavity, calculated at an offset of 10 mm from the beam axis [47].
Note that, here z is the direction of the beam axis and
the spoke conductor is placed along the y-direction. The
fields are obtained using the computer code CST-MWS,
assuming a stored energy of 1 J. In the figure, z = 0
is the position of the spoke conductor. One can easily

observe the asymmetry in transverse components of the
fields in the two RF gaps of the SR042 cavity.
The transverse kick imparted to a particle injected at
(r , α) can be calculated using the following equations
[48]:
px (r, α) c

 zf 
E x (r, α)
i kz
=
− i Z 0 Hy (r, α) e β dz,
e
β
zi
p y (r, α) c

 zf 
E y (r, α)
i kz
+ i Z 0 Hx (r, α) e β dz,
=
e
β
zi

(4)

(5)

where z i and z f are respectively the initial and final positions along the length of the SSR, Z 0 is the impedance
of free space and k (= 2π/λ) is the propagation constant of the RF wave. Here, px (r, α)c and p y (r,α)c
are functions of the radius r and the angle α on the
xy-plane, where α is an angle taken with respect to the
x-axis, i.e., α = 0 and π/2 correspond to x- and y-axes,
respectively.
To estimate the field asymmetry effect on the beam,
an asymmetry parameter, Q asym is defined by [48]
Q asym = 

px (r, 0)c − p y (r, π/2)c
 .
px (r, 0)c + p y (r, π/2)c /2

(6)

The asymmetry parameter is the ratio of the quadrupole
amplitude of the transverse kick to the averaged value
of the kick, which is equivalent to the monopole amplitude of the kick. The asymmetry parameter alone does
not carry full information regarding the transverse kick
as it does not measure the amplitude of the higher-order
multipoles of the kick except that of the quadrupole.
To have a complete picture of the radial component
of the transverse kick, a multipole expansion of the
radial momentum gain p R c (r, α) on the entire x −
y plane needs to be performed [48]. The variation
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Figure 10. Transverse (a) electric fields and (b) magnetic fields in SR042 cavity.

of p R c (r = 10 mm, α) with angle α is shown in
figure 11 for all three families of SSRs.
Expanding p R c (r, α), one gets [48]
p R c (r , α) = A0 (r ) +

∞


[An (r ) cos (nα)

n=1

+Bn (r ) sin (nα)],

(7)

where An (r ) ∝ nr n−1 and Bn (r ) ∝ nr n−1 are
the Fourier series coefficients of p R c (r, α), while
A0 (r ) ∝ r is the mean value. Here, An (r ) and Bn (r )
represent the normal and skew components of the multipole expansion, out of which one set of components has
non-zero values and the other vanishes depending on the
configuration of the resonator. Therefore, in the normal
configuration of the spoke resonator, where the spoke

conductor is aligned with one of the axis of the chosen
frame of reference, the coefficient An (r ) has non-zero
values and the coefficient Bn (r ) vanishes. This expansion gives the information of the amplitude of various
multipoles specified by the index n, where n = 1, 2, 3,
4 . . . refers to dipole, quadrupole, sextupole, octupole
and so on, respectively. Expanding the radial component p R c (r, α) up to the octupole term, the ratio of
multipole amplitude and the monopole amplitude has
been calculated at r = 10 mm for the optimum β for
each SSR, which are listed in table 6. Note that the multipole amplitudes are divided by r n−1 and the monopole
amplitude is divided by r to normalise for the dependence of these coefficients on r . From table 6, it is clear
that the amplitude of the quadrupole dominates over that
of the other multipoles, which is shown in bold letters in

Figure 11. p R c (r = 10 mm, α) as a function of the angle α for (a) SR011, (b) SR021 and (c) SR042.
Table 6. Multipole amplitude over the monopole amplitude for SSRs.

Sl. No.
1
2
3
4

Multipole amplitude
over the monopole
amplitude,
(An /r n−1 )/(A0 /r )
1st (mm)
2nd
3rd (1/mm)
4th (1/mm2 )

SR011

SR021

SR042

−1.27 × 10−4
4.89 × 10−3
1.16 × 10−4
1.37 × 10−5

−1.00 × 10−3
−3.65 × 10−2
4.23 × 10−5
2.98 × 10−5

−3.29 × 10−3
5.39 × 10−2
−2.36 × 10−4
−1.99 × 10−5
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table 6. Hence, the transverse field asymmetry of SSR
acts on the beam more like a quadrupolar field.
To understand the complete effect of asymmetry in
the transverse field of SSR structures on the beam, the
beam dynamics calculation of the SSR section was carried out using the beam dynamics codes GenLinWin and
TraceWin [49] with a 1D axial field which does not take
the effect of azimuthal asymmetry and 3D fields calculated from the EM code CST-MWS, which takes the
effect of azimuthal asymmetry. Note that the 3D fields
were taken up to the beam pipe radius around the zaxis. For beam dynamics calculation, we considered a
15 mA beam of H− ions for which the distribution was
obtained by tracking a 4D Waterbag beam consisting
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of 105 macroparticles through the LEBT, the RFQ and
the MEBT [21]. The lattice type for SSR sections was
taken from ref. [21]. The beam envelope calculations
were performed using both 1D and 3D EM fields and
their results were compared. Figures 12 and 13 show
the transverse rms beam size with the 1D axial field
and 3D field, respectively, for the SSR section. The evolution of rms beam sizes σx in the x-direction and σ y
in the y-direction are shown in red and blue colours,
respectively. It is quite clear that, in the case of the 1D
axial field, the beam sizes in both planes are the same
along the SSR section because the effect of asymmetry
in the transverse fields is not considered here. On the
other hand, in the case of the 3D field, the beam sizes

Figure 12. Transverse rms beam size in the SSR section calculated with the 1D axial field. The red and blue curves show the
rms beam sizes σx and σ y in the x and y directions, respectively.

Figure 13. Transverse rms beam size in the SSR section calculated with the 3D fields. The red and blue curves show the rms
beam sizes σx and σ y in the x and y directions, respectively.
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Figure 14. Evolution of normalised rms emittances in the two transverse planes in the case of (a) 1D axial field and (b) 3D
field.

of the transverse planes are found to be different within
±10% along the SSR section due to asymmetry in the
transverse fields. We would like to mention here that
the transverse rms emittance growth in the case of 3D
field is found to be larger by ∼2% than that in the case
of a 1D axial field, due to asymmetry in the transverse
fields of SSR, as shown in figure 14. The evolutions of
rms emittances in the x and y directions are shown in
red and blue colours, respectively. Moreover, the rms
emittances in the two transverse planes are found to be
different within ± 3% along the SSR section in the case
of the 3D field. However, the difference in the beam
sizes as well as in the rms emittances in the transverse
plane is not significant to affect the beam dynamics.

5. Summary and conclusion
In the low energy part of 1 GeV injector Linac for
the proposed IFSR, three families of superconducting
SSR structures at βg of 0.11, 0.21 and 0.42 have been
designed at 325 MHz frequency for the acceleration
of H− beam from 3 to 160 MeV. Optimisation of the
large number of geometrical parameters of an SSR is
a rather involved process. In this paper, we have presented a simple stepwise approach for the optimisation
of various geometrical parameters using the code CSTMWS, to maximise the achievable accelerating gradient
with a reasonably good value of the R/Q × G parameter. Another important design requirement is that the
geometry should be qualified for the multipacting free
operation. We have performed a detailed multipacting
analysis using the code CST-PS during the process of
geometrical optimisation of SSRs. The multipactingprone locations were identified in SSR structures, and
modifications at those locations were incorporated to
minimise the growth rate of multipacting.

After the finalisation of the geometrical parameters of
SSRs, the calculation of the R/Q parameter for higherorder monopole and dipole modes of SSRs was carried
out using the code CST-MWS. Due to these HOMs, the
kick imparted to the beam in the longitudinal as well as in
the transverse direction was calculated. The magnitude
of the kick due to HOMs was found to be negligible
compared to the energy gain by the EM field of the
operating fundamental mode. However, any comment
on the requirement of a HOM coupler in the SSRs to
avoid accidental resonant excitation of HOMs can only
be made after the calculation of heat load and the study
of beam instabilities due to HOMs. These calculations
are planned to be performed in near future.
In an SSR structure, the asymmetry of transverse
fields of the operating mode is an important topic, which
is also discussed in this paper. Due to the asymmetry of
the EM field in the transverse plane, the gain in radial
momentum (pr ) of an off-axis particle at a radial location is no more independent of its azimuthal position
(α). We have performed a multipole calculation for the
radial momentum gain in the transverse plane. From
the multipole calculation, it is found that the perturbation to the transverse field in SSR structures is mainly
quadrupolar, which results in the beam focussing in one
transverse plane and defocussing in the other transverse
plane. To observe the effect of this quadrupole asymmetry on the beam, we have also performed the beam
dynamics calculations using the realistic 3-D fields of
the SSR section. We found that the effect of the field
asymmetry on the beam dynamics in the SSR structures
of the IFSR Linac is within the acceptable limits. We
would like to mention here that several remedies have
been proposed to suppress the quadrupole asymmetry,
e.g., the elliptic shape of the aperture, ring shape of the
spoke conductor around the beam axis [50,51] and the
X or Y shape of the spoke conductor [52]. Since the
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effect of quadrupole asymmetry on the beam dynamics
is found to be within acceptable limits in our case, we
have preferred to keep the racetrack shape of the spoke
conductor, as adopted worldwide in the projects PIP-II,
CADS, ESS, etc.
Spoke resonator has the advantage that it can be used
as a multigap structure, as in the case of the doublespoke resonator (DSR) and triple-spoke resonator (TSR)
[53,54]. If the real estate accelerating gradient increases
in the case of multispoke resonators, it may reduce the
number of cavities used and hence the length of the
Linac. An example is the ESS project [17], where the
DSRs have been used after the DTL. We have also
explored the design of multispoke resonators, DSR as
well as TSR, as an option of SR042 cavities [55]. We
however observed that the maximum allowable E acc
reduces due to increasing peak field ratios, as the number of accelerating gaps in the spoke resonator increases.
Therefore, based on the considerations about the overall
Linac length, required number of focussing solenoids
and also the amount of niobium material, the single
spoke resonator SR042 is a more suitable choice in the
case of IFSR Linac. Multispoke resonators may however be used efficiently in two cases: first, if we want to
use it for a narrower range of velocity, due to a sharp
fall in the TTF as the beam energy deviates from the
optimum value, and second, where the beam dynamics
requires lower accelerating gradient.
Besides the peak surface electric and magnetic fields,
the multipacting and the cryogenic losses, there are a
few other factors that limit the accelerating gradient in a
superconducting cavity. These include the Lorentz force
detuning (LFD), microphonics and the pressure variation in the helium bath. These processes tend to detune
the cavity, which increases the RF power required to
maintain the desired accelerating gradient in the cavity. In the future, the studies of cavity detuning and the
measures needed to minimise the cavity detuning will
be performed to keep the RF power at a reasonable level.
We would like to mention that the other options for
superconducting accelerating structure in the low energy
region (0.1 < β < 0.5) is to use quarter-wave resonator
(QWR) and half-wave resonator (HWR). Due to the vertical asymmetry around the beam axis in QWRs, vertical
steering is induced on the beam due to the electric and
magnetic fields, which increases with frequency [56].
However, several ways have been proposed to minimise
this steering effect, i.e., by offsetting the central conductor and/or by shaping the central conductor and the
iris around the beam axis [57,58]. QWRs have generally been operated at frequencies below 200 MHz. Our
initial study on the option of HWR at 325 MHz shows a
marginal difference in the RF characteristics compared
to SSRs. In the future, we propose to perform a detailed
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design study for the HWR option too, before finalising the design of the low energy section of the injector
Linac.
To conclude, we have presented here a holistic
analysis of the SSR design process for the proposed
IFSR Linac. This includes geometrical optimisation for
obtaining maximum possible accelerating gradient with
reasonably good value of R/Q × G parameter and the
multipacting free operation of the cavity, and analysis of HOMs and transverse field perturbation due to
azimuthal asymmetry in an SSR structure.
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