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Simulation studies on the field flatness tuning of multi-cell
superconducting radio-frequency cavities
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(Shanghai Advanced Research Institute, Chinese Academy of Sciences, Shanghai 201210, China)

Abstract:  Perturbation theory of multi-cell superconducting radio-frequency (SRF) cavities, which is widely
used in analysis of field flatness adjustment, is briefly described, and theoretical calculation method of field flatness is
deduced. Multi-field coupled simulation calculations are performed for resonant cavities with minor longitudinal
deformation, the field flatness and its trend with deformation quantity are obtained. For two widely adopted methods
for SRF cavity development, including ‘first-single-then-the-whole pre-tuning > and ‘whole-cavity stretching/
squeezing’ during tuning process, theoretical analysis is carried out based on the capacitively coupled LC oscillator
model of perturbation theory for multi-cell cavities, and meanwhile further verifying multi-field coupled simulation
calculations are performed by combination of CST MWS and ANSYS for three typical SRF 9-cell cavities - for main
Linac of XFEL, TRIUMF e-Linac, and for injector of SHINE as a candidate. It is shown that theoretical analysis
results and simulation results are perfectly consistent with each other. The validity and feasibility of the two widely
adopted methods above are verified and proved to be correct in the scope of perturbation. Cavity shape structure with
excellent acceleration performance and field flatness can be obtained just by adding multi-physics field analysis to the
optimization design of single-cell, which makes the design process of cavity shape more efficient. It is illustrated that
the tuning sensitivity factors of optimized single-cells including end-cells and mid-cell should be as close or equal as
possible to maintain field-flatness during cavity deformation.
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Fig. 1 The model of equivalent circuit for N-cell
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Fig. 6 The geometry of a half-cell of an elliptical cavity
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Table 1 Geometry parameters of three types of 1.3 GHz 9-cell cavities for main LINAC of XFEL,
TRIUMF e-Linac, and for injector of SHINE as a candidate

Types of cavity cell RJ/mm Ry/mm A/mm B/mm a/mm b/mm L/mm

XFEL 103.3 35.0 42.0 42.0 12.0 19.0 57.7
Middle half-cell TRIUMF 103.3 35.0 42.0 42.0 12.0 19.0 57.7
SHINE 103.3 35.0 42.0 42.0 12.0 19.0 57.7
XFEL 103.3 39.0 42.0 42.0 9.0 12.8 56.7

Pick-up si
ick-up side TRIUMF 103.3 39.0 4.0 42.0 9.0 12.8 56.7

half-cell
SHINE 103.3 39.0 42.0 42.0 9.0 12.8 56.7
XFEL 103.3 39.0 40.34 40.34 10.0 13.5 55.7

Coupler side

TRIUMF 103.3 48.0 45.0 40.5 10.0 13.5 56.0

half-cell
SHINE 103.3 55.0 48.9 36.7 9.0 12.8 58.1
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Fig. 7 Structure diagram of 1.3 GHz 9-cell superconducting radio-frequency cavities without/with enhancement rings
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Table 2 Variation of resonant frequency due to different tuning force for XFEL, TRIUMF and
SHINE 1.3 GHz 9-cell SRF cavities without enhancement rings

Resonant frequency/MHz

Tuning force/kN (squeezed) Types of cavity cell
0-mode n-mode
XFEL 1275.748 1300
Middle half-cell TRIUMF 1275.748 1300
SHINE 1275.748 1300
XFEL 1287.78 1300
0, undeformed Pick-up side half-cell with beam pipe TRIUMF 1287.78 1300
SHINE 1287.78 1300
XFEL 1287.78 1300
Coupler side half-cell with beam pipe TRIUMF 1288.136 1300
SHINE 1288.827 1300
XFEL 1275.468 1299.745
Middle half-cell TRIUMF 1275.468 1299.745
SHINE 1275.468 1299.745
XFEL 1287.544 1299.78
2, deformed Pick-up side half-cell with beam pipe TRIUMF 1287.544 1299.78
SHINE 1287.544 1299.78
XFEL 1287.544 1299.78
Coupler side half-cell with beam pipe TRIUMF 1287.901 1299.781
SHINE 1288.653 1299.836
XFEL 1275.155 1299.569
Middle half-cell TRIUMF 1275.155 1299.569
SHINE 1275.155 1299.569
XFEL 1287.328 1299.574
4, deformed Pick-up side half-cell with beam pipe TRIUMF 1287.328 1299.574
SHINE 1287.328 1299.574
XFEL 1287.328 1299.574
Coupler side half-cell with beam pipe TRIUMF 1287.685 1299.574
SHINE 1288.492 1299.68

F3 AEEEHIEA =TGR 1.3 GHz 9-cell FR LM ERMK SR L ITEE
Table 3 Minor perturbations due to different tuning force for XFEL, TRIUMF and SHINE candidate

1.3 GHz 9-cell SRF cavities without enhancement rings

Tuning force/kN (squeezed) mia/10° €ena/10° €end2/10°
XFEL 0 0 0
0, undeformed TRIUMF 0 0 0
SHINE 0 0 0
XFEL 4.877 4.149 4.149
2, deformed TRIUMF 4.877 4.149 4.133
SHINE 4.877 4.149 3.062
XFEL 10.327 7.946 7.946
4, deformed TRIUMF 10.327 7.946 7.931
SHINE 10.327 7.946 5.894
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Table 4 Results comparison of field flatness between theoretical and simulation calculations for XFEL,

TRIUMF and SHINE 1.3 GHz 9-cell SRF cavities without enhancement rings

F, (Field flatness)

Tuning force/kN (squeezed)

Theoretical calculation value Simulation calculation value

XFEL 100% 99.95%

0, undeformed TRIUMF 100% 99.94%
SHINE 100% 99.92%

XFEL 98.79% 97.7%

2, deformed TRIUMF 98.74% 97.6%
SHINE 95.35% 93.9%

XFEL 96.03% 96.8%

4, deformed TRIUMF 95.99% 96.7%
SHINE 89.86% 89.0%

£S5 FEEEA=MEMEL 1.3 GHz 9-cell FREMIEA 0 85 o WIKIRTEHN RN
Table 5 Variation of resonant frequency due to different tuning force for XFEL, TRIUMF and
SHINE 1.3 GHz 9-cell SRF cavities with enhancement rings

. . Resonant frequency/MHz
Tuning force/kN (squeezed) Types of cavity cell
0-mode n-mode
XFEL 1275.748 1300
Middle half-cell TRIUMF 1275.748 1300
SHINE 1275.748 1300
XFEL 1287.78 1300
0, undeformed Pick-up side half-cell with beam pipe TRIUMF 1287.78 1300
SHINE 1287.78 1300
XFEL 1287.78 1300
Coupler side half-cell with beam pipe TRIUMF 1288.136 1300
SHINE 1288.827 1300
XFEL 1275.603 1299.857
Middle half-cell TRIUMF 1275.603 1299.857
SHINE 1275.603 1299.857
XFEL 1287.631 1299.855
2, deformed Pick-up side half-cell with beam pipe TRIUMF 1287.631 1299.855
SHINE 1287.631 1299.855
XFEL 1287.631 1299.855
Coupler side half-cell with beam pipe TRIUMF 1287.977 1299.848
SHINE 1288.638 1299.865
XFEL 1275.449 1299.708
Middle half-cell TRIUMF 1275.449 1299.708
SHINE 1275.449 1299.708
XFEL 1287.468 1299.695
4, deformed Pick-up side half-cell with beam pipe TRIUMF 1287.468 1299.695
SHINE 1287.468 1299.695
XFEL 1287.468 1299.695
Coupler side half-cell with beam pipe TRIUMF 1287.817 1299.688
SHINE 1288.448 1299.733
XFEL 1275.299 1299.558
Middle half-cell TRIUMF 1275.299 1299.558
SHINE 1275.299 1299.558
XFEL 1287.306 1299.534
6, deformed Pick-up side half-cell with beam pipe TRIUMF 1287.306 1299.534
SHINE 1287.306 1299.534
XFEL 1287.306 1299.534
Coupler side half-cell with beam pipe TRIUMF 1287.656 1299.529
SHINE 1288.257 1299.600

074001-7



weOoW s 5 Ol TR

F6 AREEEAMEA=FAMER 1.3 GHz 9-cell FR LM R SR ITEE
Table 6 Minor perturbations due to different tuning force for XFEL, TRIUMF and SHINE candidate

1.3 GHz 9-cell SRF cavities with enhancement rings

Tuning force/kN (squeezed) emia/10° €ena/10° Cena2/10°
XFEL 0 0 0
0, undeformed TRIUMF 0 0 0
SHINE 0 0 0
XFEL 2.526 2.620 2.620
2, deformed TRIUMF 2.526 2.620 2.796
SHINE 2.526 2.620 3.326
XFEL 5.208 5.485 5.485
4, deformed TRIUMF 5.208 5.485 5.610
SHINE 5.208 5.485 6.668
XFEL 7.820 8.333 8.333
6, deformed TRIUMF 7.820 8.333 8.441
SHINE 7.820 8.333 10.028

£7 AEEEAME=FAMER 1.3 GHz 9-cell SRR Z FTIEEFERTEASHETEEER I
Table 7 Results comparison of field flatness between theoretical and simulation calculations for XFEL, TRIUMF
and SHINE candidate 1.3 GHz 9-cell SRF cavities with enhancement rings

F, (Field flatness)

Tuning force/kN (squeezed)

Theoretical calculation value Simulation calculation value

XFEL 100% 99.95%

0, undeformed TRIUMF 100% 99.94%
SHINE 100% 99.92%

XFEL 99.84% 99.16%

2, deformed TRIUMF 99.27% 98.77%
SHINE 97.35% 98.48%

XFEL 99.54% 98.85%

4, deformed TRIUMF 99.17% 98.26%
SHINE 95.48% 96.66%

XFEL 99.14% 98.32%

6, deformed TRIUMF 98.85% 97.56%
SHINE 93.44% 94.27%
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