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Abstract
Superconducting SSR2 spoke cavities provide accelera-

tion of the H- in PIP II SRF linac from 35 to 185 MeV. The
RF and mechanical design of the SSR2 cavities has been
completed and satisfies the technical requirements. However,
our resent results of the high RF power tests of fully dressed
SSR1 cavities show considerably strong multipacting (MP),
which took significant time to process. On the other hand,
the new results of the tests of balloon cavity showed signifi-
cant mitigation of MP. In this paper we present the results of
the improved design of the SSR2 cavity, based on the balloon
cavity concept. The electromagnetic design is presented, in-
cluding RF parameter optimization, MP simulations, field
asymmetry analysis, High Order Mode (HOM) calculations.
Mechanical analysis of the dressed cavity is presented also,
which includes Lorentz Force Detuning (LFD) optimization,
and reduction of the cavity resonance frequency sensitiv-
ity versus He pressure fluctuations. The design completely
satisfies the PIP II technical requirements.

INTRODUCTION
PIP-II stands for Proton Improvement Plan-II [1]: it is

Fermilab plan for future improvements to the accelerator
complex, aimed at providing LBNE (Long Base Neutrino
Experiment) operations with a beam power of at least 1 MW
on target. The central element of the PIP-II is a new super-
conducting linac, injecting into the existing Booster. The
PIP-II 800 MeV linac derives from Project X Stage 1 de-
sign. The room temperature (RT) section includes a Low
Energy Beam Transport (LEBT), RFQ and Medium Energy
Beam Transport (MEBT), accelerating H- ions to 2.1 MeV
and it creates the desired bunch structure for injection into
the superconducting (SC) linac. PIP-II will use five SC
cavity types: one 162.5 MHz half wave resonator (HWR),
two single spoke resonator sections at 325 MHz (SSR1 and
SSR2), lastly two families of 650 MHz elliptical cavities low
beta (LB) and high beta (HB). The technology map of the
PIP-II linac, Fig. 1, shows the transition energies between
accelerating structures, and the transition in frequency.

Figure 1: PIP-II linac technology map.
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This article will discuss the electromagnetic (EM) de-
sign of the second type of spoke resonators (SSR2): the
design has been updated again mainly to mitigate multi-
pacting, while trying to preserve the cavity performance.
The phenomenon of multipacting (MP) consists in electron
multiplication at surfaces exposed to an oscillating electro-
magnetic field, which can represent a serious obstacle for
operation of particle accelerator and their RF components.
Multipacting, in the previous designs of SSR2, has been
studied in [2, 3]: the results in [2] showed higher intensity
and wider power range than for SSR1 cavities, already built
and tested at FNAL [4, 5], results in [3] show already im-
proved MP but yet non-negligible barriers were present in
the operating gradient range. The new design presented here
improves both MP intensity reduces the gradient range in
which it occurs. The main modification to the cavity geom-
etry concerns the end-walls : now they have an elliptical
profile to reduce multipacting as suggested from the balloon
spoke developed at TRIUMF [6,7]. This article summarizes
all the studies on SSR2 design for PIP-II: EM parameters,
quadrupole field asymmetry,HOMs and multipacting simu-
lations are presented. In addition preliminary multi-physics
studies are included: LFD and df/dP have been calculated
and optimized.

GEOMETRY AND RF PARAMETERS
SSR2 is a single spoke resonator operating at 325 MHz,

it will be used in PIP-II linac to accelerate H- from 35 MeV
to 185 MeV. Figure 2 shows the new SSR2 RF design Y-Z
cross-section where Z represents the beam axis. All the
main geometry parameters values are reported in Table 1.
Electric and magnetic 3D fields have been simulated with
CST Microwave studio and are plotted in Fig. 3.

Figure 2: New SSR2 cavity Y-Z cross-section.

The value of 𝛽opt = 0.47 has been chosen after optimiza-
tion of the SSR2 section of PIP-II in [8]. SSR2 new design
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Table 1: Main Geometric Parameters

Parameter [mm]

L_cav 500
R_cav 273.2
R_spoke 114
D_aperture 40
Gap_to_gap 185.9

(a) (b)

Figure 3: Electric field (a) and magnetic field (b) in SSR2
cavity.

v3.1 and previous design v2.6 EM parameters are compared
in Table 2. One can see how the two designs deliver equiva-
lent EM performance. SSR2 v3.1 has slightly higher peak
surface fields, still it allowing safe operation at maximum
gradient. The gradient Eacc is defined over the effective
length 𝐿eff = 𝛽opt𝜆, where 𝜆 is the electromagnetic field
wavelength at 325 MHz.

Table 2: SSR2 EM Parameters Design Comparison

Parameter SSR2 v3.1 SSR2 v2.6

Frequency [MHz] 325 325
Optimal beta 𝛽opt 0.472 0.475
Effective length 𝐿eff [m] 0.436 0.438
Epeak/Eacc 3.51 3.38
Bpeak/Eacc [mT/(MV/m)] 6.75 5.93
G [Ohm] 115 115
R/Q [Ohm] 305 297
Bpeak at 5 MeV [mT] 77.4 67.7

TRANSVERSE FIELD ASYMMETRY
The lack of azimuthal symmetry in spoke resonators af-

fects transverse electric and magnetic fields, introducing a
perturbation to beam dynamic: a particle will be subject to
non-uniform radial kick. This could be a potential issue since
the focusing in SSR2 cryomodules relies upon solenoids,
which provide uniform radial correction. Transverse field
asymmetry has been studied for all PIP-II superconducting
cavities [9], since the design of SSR2 has been updated it
was necessary to study its transverse field perturbation. The
transverse momentum gain can be calculated using the for-

mulae 1, 2, where 𝛽 = 𝑣/𝑐 is considered constant through
the cavity, 𝑍0 is the impedance of free space and 𝛼 is the
angle on the x-y plane with respect to the x axis.

Δ𝑝𝑥(𝑟, 𝛼)𝑐 = ∫
𝑧𝑓

𝑧𝑖
(𝐸𝑥(𝑟, 𝛼)

𝛽 − 𝑍0𝑖𝐻𝑦(𝑟, 𝛼)) 𝑒𝑖 𝑘𝑧
𝛽 𝑑𝑧 (1)

Δ𝑝𝑦(𝑟, 𝛼)𝑐 = ∫
𝑧𝑓

𝑧𝑖
(

𝐸𝑦(𝑟, 𝛼)
𝛽 + 𝑍0𝑖𝐻𝑥(𝑟, 𝛼)) 𝑒𝑖 𝑘𝑧

𝛽 𝑑𝑧 (2)

Since the transverse field asymmetry will induce a
quadrupole kick, one can define the parameter 𝑄, defined
in Eq. (3), which is directly proportional to the quadrupole
strength.

𝑄 =
Δ𝑝𝑥(𝑟, 0)𝑐 − Δ𝑝𝑦(𝑟, 𝜋/2)𝑐

(Δ𝑝𝑥(𝑟, 0)𝑐 + Δ𝑝𝑦(𝑟, 𝜋/2)𝑐) /2
, (3)

Figure 4 shows the difference between the transverse com-
ponents of electric and magnetic fields for SSR2 cavity v2.6.
Integrating the transverse fields for all the particle 𝛽 between
35 and 185 MeV one can calculate the asymmetry parameter
𝑄. Figure 5 compares the quadrupole parameter for SSR2
v2.6 and v3.1, both curves show a significant x-y asymme-
try for the momentum gain. SSR2 v3.1 shows the same
quadrupolar strength as SSR2 v2.6. Since the quadrupole
of SSR2 v2.6 could be managed by the existing corrector
design the same applies to SSR2 v3.1 field asymmetry.

(a) (b)

Figure 4: Transverse electric (a) and magnetic (b) fields in
SSR2 v3.1 at 10 mm offset.

Figure 5: Q parameter vs 𝛽 from 35 to 185 MeV.
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MULTIPACTING MITIGATION
Particular attention has been put in the MP mitigation of

SSR2 since the very beginning of the design process [2].
Then a first geometry change was implemented [3]: it con-
sisted in adding a small step at the transition of the cylindrical
shell and end-wall, as shown in Fig. 6 v2.6. An additional
optimization has been carried out going to elliptical profile
for the end-wall: SSR2 v3.1 also in Fig. 6. This last geom-
etry change has been suggested from the MP results of the
balloon spoke resonator built and tested at TRIUMF [6, 7].

Figure 6: Difference between SSR2 v2.6 (double step) and
SSR2 v3.1 (elliptical end-wall profile).

Multipacting simulations have been carried out using CST
particle studio. It is crucial to enhance the mesh quality near
the cavity surface since the MP develops mostly in this re-
gion; see Fig. 7. Both field levels, electric and magnetic, and
particle tracking are affected by the mesh quality. CST offers
various choices for Niobium secondary emission yield, in
this paper only the lowest yield is considered corresponding
to discharge cleaned niobium.

MP Figure of Merit
Once the cavity fields have been simulated and the elec-

trons have been tracked for several RF periods, if MP is
present, particle multiplication over time can be noticed
from the plot of total number of particle vs time. A typi-
cal resonant multipacting scenario is presented in Fig. 8(a),
where the number of particles is exponentially increasing
with time: once the MP process is started the number of
particles 𝑁(𝑡) can be written as 𝑁(𝑡) = 𝑁0𝑒𝛼𝑡. Given the
exponential behavior of the number of particles vs time, one
can define the growth rate, 𝛼, as the exponential coefficient
of the particle number fit. Taking into account the last few
(usually 3-4) RF periods one can calculate 𝛼 as shown in
Fig. 8(b).

MP Results
The new SSR2 design (v3.1) shows improved multipact-

ing characteristics compared to the older design iteration:

Figure 7: Electrons trajectories in SSR2 v3.1 at V=1.24 MV
(maximum MP intensity).

(a) (b)

Figure 8: Particle number exponential growth (a) and growth
rate, 𝛼, calculation (b).

MP is not suppressed but its intensity and gradient range
are reduced especially around operating voltage (≈ 4-5 MV).
The Fig. 9 shows growth rate for both SSR2 v3.1 and v2.6
on the left. In addition, on the right of Fig. 9 SSR2 v3.1
and SSR1, already built and tested at FNAL, growth rate
have been compared. The new SSR2 design has the lowest
growth rate; this is a good indication that the multipacting
in SSR2 v3.1 is going to be easier to overcome during cold
tests.

HOMS ANALYSIS
The spoke resonator geometry is complex but taking ad-

vantage of different boundary conditions one can select
which kind of modes to simulate. The two transverse planes
can be set to induce the Electric field continuity (E) or mag-
netic field continuity (M). In general, there are four main
categories of mode polarizations:

• Monopoles: these modes are found with MM bound-
aries, like the accelerating mode they have E compo-
nents on axis.

• Horizontal Dipoles: EM boundary conditions, zero E
field on the vertical transverse plane.

• Vertical Dipoles: ME boundary conditions, zero E field
on the horizontal transverse plane.

• Quadrupoles: EE boundaries, electric field is zero on
both transverse planes, not at 45 degrees.
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(a)

(b)

Figure 9: Growth rate comparison from CST PIC simu-
lations: SSR2 v3.1 and SSR2 v2.6 (a), SSR2 v3.1 and
SSR1 (b).

In Fig. 10 it is represented the transverse field pattern for
modes belonging to the two dipole families and quadrupoles.

Figure 10: HOMs polarizations: horizontal dipole (left), ver-
tical dipole (center) and quadrupole (right) field transverse
pattern.

All monopole, dipole and quadrupole modes have been
simulated for frequencies up to around 1 GHz. HOMs R/Q
vs beta curve is calculated to understand how efficient all
modes are at exchanging energy with the particles. R/Q vs
𝛽 for all monopoles is plotted in Fig. 11. The first HOM
shows R/Q higher than the accelerating mode in the low part
of the beta range, but its frequency is not multiple of any
main of the beam harmonics, so the overall energy exchange
is minimal.

R/Q has been calculated at 𝛽opt = 0.472 for all dipole
and quadrupole modes, the results are shown in Fig. 12.
SSR2 cavity is not equipped with HOMs dampers: all higher
modes will be attenuated through the fundamental power
coupler, Fig. 13 presents the Qext values simulated for all
HOMs through the FPC antenna.

Figure 11: R/Q vs beta for all monopole modes of SSR2
cavity up to 1 GHz.

Figure 12: R/Q at beta optimal calculated for all dipole and
quadrupole modes of SSR2 up to 1.2 GHz.

Figure 13: Qext for SSR2 v3.1 HOMs through the fundamen-
tal power coupler.

LORENTZ FORCE DETUNING AND df/dp
Multi-physics simulations have been run with COMSOL

which allows easy coupling between mechanics and RF
solvers, combined with moving mesh capabilities. The cav-
ity eigen-frequency is calculated first for unperturbed geom-
etry; then either an external pressure is applied to the Helium
volume (df/dp) or an electromagnetic pressure is applied to
the RF surface (LFD). After the mechanic solver is done
computing the displacements, the mesh nodes are updated
by the moving mesh solver and the eigen-frequency is re-
calculated by the RF solver. All displacements have been
cross-checked between COMSOL and Ansys, Fig. 14 shows
the SR2 v3.1 displacement due to 2.05 bar He pressure. Nio-
bium shell thickness has been set to 3.75 mm. This value
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is obtained from raw Niobium sheet thickness considering
the various contributions to its reduction: from the forming
process to the final cavity light chemical processing. In [10]
a full summary of the mechanical design of the new SSR2
cavity is reported including all consideration for df/dp and
LFD and their optimization.

Figure 14: SSR2 v3.1 displacements (in mm) due the
2.05 Bar of He pressure.

Figure 15: Cavity shell deformation in m under Lorentz
pressure calculated at Eacc = 10 MV/m.

When calculating both LFD and df/dp the tuner stiffness
has been taken into account and it has been applied to the
cavity beam tube, only where the tuner will be installed. Fig-
ure 15 shows the Niobium shell deformation due to Lorentz
pressure normalized at Eacc = 10 MV/m. Magnetic Lorentz
pressure is positive, while the electric field contribution is
negative. A design optimization of both cavity and He ves-
sel has been performed to minimize LFD coefficient, also
taking into account the ease of manufacturing. The tuner
stiffness is considered to be 70 kN/mm and corresponds to an
LFD coefficient of −3.65 Hz/(MV/m)2 requirement for PIP-
II is 4 Hz/(MV/m)2. For the optimized cavity df/dp value is
<1 Hz/mbar –- well below the required value (25 Hz/mbar).

CONCLUSION
SSR2 cavity for PIP-II EM design is completed, cav-

ity performance are appropriate for machine operation.

Quadrupole field asymmetry, MP and HOMs have been stud-
ied and do not represent an issue. LFD and df/dp have been
analyzed and mitigated to guarantee easier cavity operation.
Multipacting has been mitigated by modifying the cavity
end-wall curvature: the new SSR2 v3.1 shows lower MP in-
tesity than SSR1 cavity already built and tested. The cavity
design is now ready for mechanical study and optimization,
presented in [10].
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