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Abstract
We are exploring methods to generate short X-ray pulses

in SPEAR3 on the order of 1 ps to enable studying ultrafast

processes in materials. We are developing a 2-frequency

crab cavity scheme with two sets of crab cavities at the 6th

and 6.5th harmonics of the 476MHz ring RF frequency. In

previous work we studied a normal conducting crab cavity

for SPEAR3. In this work we explored two superconducting

cavity options: a traditional elliptical cavity and the Quasi-

waveguide Resonator. We found that the Quasi-waveguide

Resonator cannot meet our field uniformity specifications

due to higher order multipole fields. We then optimized

a traditional elliptical cavity with the input, Lower Order

Modes, and Higher Order Modes couplers following the

Argonne Advanced Photon Source design.

INTRODUCTION
Synchrotron Light Sources based on storage rings produce

photon pulses on the order of 20 ps RMS [1, 2]. Developing

short x-ray pulse capability in storage rings would enable

several scientific applications including material research

for efficient solar energy conversion [3–6], ultrafast optical

control of structural dynamics, nanoscopic thermal transport

& thermoelectrics [7], and the development of an incoherent

time-resolved alternative to X-ray Photon Correlation Spec-

troscopy. These applications require a photon flux of more

than 1 × 1012 ph/s [8].
There are several methods to enable short x-ray pulse ca-

pability in storage rings: low-alpha modes, pseudo single

bunch operation [9], resonant crabbing [10], short pulse

injection from the LCLS-II Superconducting (SC) linac

[11, 12], single frequency crab cavities [13–18], longitu-

dinal bunch compression using 2-frequency accelerating

SC cavities [11, 19], and transverse bunch crabbing using

2-frequency crab cavities [11, 20] that is the focus of this

paper.

In the 2-frequency crab cavity scheme there are two sets

of crab cavities at the 6th and 6.5th harmonics of the ring

RF frequency of 476 MHz. As these two frequencies beat,

in half of the buckets the beam is left unaffected while in

the other half it is tilted. A high charge so-called camshaft

bunch is injected in one of the tilted buckets to generate a

short X-ray pulse. A normal conducting crab cavity design

has already been explored for SPEAR3 [20]. In this work we

investigate a SC crab cavity alternative. We begin by review-

ing the design requirements and then show optimization data
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for two different cavities: the elliptical and the single-cell

Quasi-waveguide Multi-cell Resonator (QMiR) [21].

DESIGN REQUIREMENTS
The design requirements for the crab cavity are sum-

marized in Table 1. The SPEAR3 RF frequency is

476.314MHz and the crab cavities will operate at the 6th

and 6.5th harmonics. The wakefield-related requirements

are identical to the warm two-frequency crab cavity system

we previously explored [20]. The beam aperture throughout

the cavities should be larger than 3.6 cm in the horizontal

plane to accommodate for the large initial oscillations of

the injected beam in the ring. One important requirement

for SPEAR3 is the kick uniformity on the transverse plane,

and specifically the maximum allowable magnitude of the

sextupole component of the deflecting RF fields.

MULTIPOLE EXPANSION
For a non-axisymmetric cavity there will be a kick varia-

tion within the aperture V (r, φ) = Vd + ΔV (r, φ), where Vd

is the nominal deflection at the beam axis, and r and φ are
the transverse polar coordinates. To calculate the multipole

components of the RF fields we fit on the relative transverse

kick variation
ΔV (r ,φ)

Vd
in the azimuth for different radius the

following expression:
∑∞

n=1 rn [an sin (nφ) + bn cos (nφ)],
where the term n = 1 to the quadrupole component, n = 2
to the sextupole component, etc. We can write the kick vari-
ation due to the sextupole component K2L/2 =

√

a2
2
+ b2

2
as

ΔV (r ,φ)
Vd

=
E
√
a2
2
+b2
2

Vb
r2, where E is the beam energy 3GeV.

For our machine parameters we need
ΔV (r ,φ)

Vd
≤ 150r2.

Table 1: Superconducting Crab Cavity Design Requirements,

Adapted from Li et al. [20]

Parameter Value

1st crab cavity frequency f1 2.858GHz

2nd crab cavity frequency f2 3.096GHz

1st crab cavity voltage V1 1.0MV

2nd crab cavity voltage V2 0.93MV

Beam aperture d > 3.6 cm

Bunch kick factor kd < 1500VpC−1 m−1

Sextupole field K2L < 0.2m−2

Long. wake impedance Zn/n < 8.3 kΩ@ 3GHz
Trans. wake impedance Zx < 4.7MΩm−1

Trans. wake impedance Zy < 1.9MΩm−1
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10 cm
Beam Axis

Elliptical Bump

(a) Quarter of the single-cell QMiR ge-

ometry as simulated with HFSS.

(b) Sextupole coefficients a2 and b2 ver-
sus ellipse shape.

(c) Kick variation in x and y for
bump ellipse aspect ratio 0.3.

(d) Kick variation in the az-

imuth at different radius for

bump ellipse aspect ratio 0.3.

Dotted line is simulation data,

solid line is multipole fit.

Figure 1: QMiR crab cavity optimization.

QUASI-WAVEGUIDE RESONATOR
The QMiR crab cavity shape was proposed for APS [21].

The single-cell QMiR cavity shown in Fig. 1a has a charac-

teristic bump that traps a deflecting mode. This cavity has

the advantage that the deflecting mode is the fundamental

mode and therefore there are no Lower Order Modes (LOM),

while Higher Order Modes (HOM) are dumped through the

beam pipe. However, this shape has substantial sextupole

and other high-order components, which are an issue for

SPEAR3 operation. To cancel the sextupole component we

made the bump profile elliptical. Fig. 1b shows the results

of the optimization of the ellipse on the bump. At bump

ellipse aspect ratio of 0.3 the sextupole component is mini-

mized. Fig. 1c and Fig. 1d show the kick variation with x
and y and azimuthally for different radius having multipole

fields of order n = 1,2,4,8. Although we have cancelled

the sextupole coefficients a2 and b2, the higher order terms,
especially the terms a4 and b4, are substantial as shown in
Fig. 1d. We therefore concluded at this point that the QMiR

crab cavity shape is not suitable for SPEAR3.

10 cm

1

0

Figure 2: Elliptical crab cavity with optimized shape.

Figure 3: Accelerating and parasitic deflecting mode fre-

quency versus cavity ellipse aspect ratio for constant working

mode frequency.

Figure 4: Sextupole coefficients a2 and b2 versus beam pipe
ellipse shape.

ELLIPTICAL CAVITY
Subsequently we optimized an elliptical cavity, shown in

Fig. 2. First we made the the beam pipe cylindrical with 4 cm

diameter and optimized the ellipse aspect ratio of the cavity

to maximize the spacing between the accelerating, working

deflecting, and parasitic deflecting fields. The results are

shown in Fig. 3. For further optimization we set the ellipse

aspect ratio to be 1.2. Then we made the beam pipe elliptical,

maintaining a 4 cm aperture on the horizontal plane in order

to minimize the sextupole component. At beam pipe ellipse

aspect ratio of 1.12 the sextupole component is minimal.

The results are shown in Fig. 4. The final cavity is shown in

Fig. 2.

The optimal shape of the elliptical crab cavity was as-

sembled with the input, LOM, and HOM couplers as shown
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10 cm

Fundamental 
Mode Coupler

LOM Coupler

HOM Coupler

Notches

Figure 5: Elliptical crab cavity with the input, LOM, and

HOM couplers.

(a) Kick variation in x and y,

comparison with and without

the couplers.

(b) Kick variation in the az-

imuth at different radius. Dot-

ted line is simulation data, solid

line is multipole fit.

Figure 6: Kick variation for the elliptical crab cavity with

the couplers.

in Fig. 5. We followed one of the APS coupler configura-

tions [16], having a two-port LOM waveguide connected

to the front of the cavity, and three HOM waveguides in

a Y shape from the back. The LOM waveguide cutoff is

approximately 2.1GHz, slightly below the frequency of the

monopole mode. The dimensions of the LOM waveguide

were optimized to minimize the loaded quality factor of the

monopole mode. The HOM waveguide cutoff is approxi-

mately 3.0GHz, in-between the frequencies of the working

and parasitic dipole modes. The power coupling waveguide

is connected to one of the three HOM waveguides through a

taper. The length of this transition was optimized to obtain

the desired total quality factor of the target dipole mode.

Notches were added in the HOM as shown in Fig. 5 to elim-

inate a mode that was trapped there.

Table 2: Lowest Order Modes in the 6th Harmonic Cavity

with Input, LOM, and HOM Couplers

Mode Frequency Loaded Q Factor

Monopole 2.12GHz 417

Working Dipole 2.858GHz 2 × 106
Parasitic Dipole 3.12GHz 178

Table 2 summarizes the frequencies and quality factors

of the three lowest order modes. We were not able to fur-

ther reduce the quality factor of the monopole mode. Ta-

ble 3 summarizes the achieved parameters of the cavity. The

longitudinal and transverse wake impedances were calcu-

lated using the resonator approximation [22] from the HFSS

eigenmode data. The longitudinal wake impedance is sub-

stantially higher than the specification, but similar to the

values APS reported in [15]. We can potentially accept this

high value if we use a longitudinal bunch-by-bunch feed-

back system. The y transverse wake impedance is extremely

high, similar to the APS design [15], which is expected since

this is a superconducting cavity. Fig. 6a and Fig. 6b show

the kick variation with x and y and azimuthally for differ-

ent radius having multipole fields of order n = 1,2,3,4,5.
Even with the coupler, the sextupole component is within the

specifications. The coupler also induces a quadrupole-like

component in the y-direction.

CONCLUSION
In this work we explored two superconducting crab cavity

options for short X-ray pulse production in SPEAR3. One

was the single-cell QMiR cavity. We found that with this

shape we cannot meet our field uniformity specifications

due to higher order multipole fields. Then we optimized a

traditional elliptical cavity with the input, LOM, and HOM

couplers following the APS design. The longitudinal wake

impedance is substantially higher than the specification, but

we can potentially mitigate this issue using a longitudinal

bunch-by-bunch feedback system. The sextupole compo-

nent meets our specifications. The input coupler induces a

quadrupole component, the effect of which we will investi-

gate in future work.
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Table 3: Parameters for the 6 Harmonic Cavityth

Parameter Value

Frequency f1 2.858GHz

Beam aperture horizontal width dx 4 cm

Intrinsic quality factor Q0 1 × 109
Total quality factor Qt 2 × 106
Resistive losses for 0.5MV kick 5.7W

Power for 0.5MV kick 2.9 kW

Kick impedance Rt 87.3M�

Rt/Q 43.65�

Peak surface E-field for 0.5MV kick 39MVm−1

Peak surface B-field for 0.5MV kick 100mT

Sextupole field K2L 0.03m−1

Monopole impedance @ 2.12GHz 46.8 k�

Dipole wake impedance x 0.45M�m−1

Dipole wake impedance y 5.3G�m−1
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