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Abstract

The superconducting parallel-bar cavity has properties
that makes it attractive as a deflecting or crabbing rf
structure. For example it is under consideration as an rf
separator for the Jefferson Lab 12 GeV upgrade and as a
crabbing structure for a possible LHC luminosity
upgrade. In order to maintain the purity of the deflecting
mode and avoid mixing with the near accelerating mode
caused by geometrical imperfection, a minimum
frequency separation is needed which depends on the
expected deviations from perfect symmetry. We have
done an extensive analysis of the impact of several
geometrical imperfections on the properties of the
parallel-bar cavities and the effects on the beam, and
present the results in this paper.

INTRODUCTION

The superconducting parallel-bar cavity [1] has been
optimized to meet the requirements of net deflection and
dimensional constraints for the applications of 499 MHz
deflecting cavity for Jefferson Lab 12 GeV upgrade and
the crabbing cavity for the LHC luminosity upgrade
operating at 400 MHz. The optimized 499 MHz and 400
MHz designs are shown in Fig. 1. A detailed optimization
[2] carried out on the parallel-bar cavity shows that the
compact design has lower surface fields, and high shunt
impedance compared to other deflecting and crabbing
structures. Further analysis of HOM properties [3]
performed on the design shows the existence of only
higher order modes where the fundamental deflecting
mode has the lowest frequency. The cavity properties of
the two designs are shown in Table 1.

Figure 1: Optimized 499 MHz (left) 400 MHz (right)
parallel-bar structures.
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Table 1: Properties of Parallel-bar Structures

Parameter 499 400 KEK .
MHz MHz Cavity UMits
Freq. of © mode 499.2  400.0 501.7 MHz
A2 of © mode 3004 3747 299.8 mm
Freq. of 0 mode 517.8 4110 ~700.0 MHz
Cavity length 3944 4447 299.8 mm
Cavity width 290.0  300.0 866.0 mm
Cavity height 304.8  383.2 483.0 mm
Bars width 67.0 55.0 - mm
Bars length 284.0  330.0 - mm
Aperture diameter 40.0 84.0 130.0 mm
Deflecting voltage (V7 ) 0.3 0.375 0.3 MV
Peak electric field (Ep)  1.85 2.2 432 MV/m
Peak magnetic field (Bp)  6.69 7.9 12.45 mT
Energy content (U") 0.031 0.271 - J
Geometrical factor 67.96 74.1 220 Q
[R/Q]r 933.98 413.34 46.7 Q
Rr R 6.3x10* 2.06x10* 1.03x10°  ©Q°

AtE; =1 MV/m

Mechanical deformations in any cavity design may lead
to variations in the electro-magnetic field and properties
of the cavity. Furthermore imperfections leading to
asymmetries on the cavity structure may also affect the
final achievable gradient from the cavity. The large flat
surfaces of the geometry make the parallel-bar structure
prone to deformations. These deformations may occur
during fabrication and while in operation. Hence a
comprehensive analysis of different cavity imperfections
on the parallel-bar cavity is performed.

ANALYSIS OF DESIGN
ASYMMETRIES

The parallel-bar cavity has two fundamental degenerate
modes identified as the deflecting mode (# mode) and the
accelerating mode (0 mode). The degeneracy in frequency
is eliminated with the inclusion of the beam aperture and
curving the edges of the cavity. The main contribution to
the resultant deflection in the deflecting mode is by the
transverse electric field between the bars, with zero
longitudinal electric field. However various asymmetries
in the design introduce a longitudinal electric field in the
deflecting mode, leading to a mixing of the two modes.

Simulation Results

The amount of longitudinal electric field present due to
different geometrical asymmetries as shown in Fig. 2 is
analyzed for the 499 MHz parallel-bar cavity using CST
Microwave Studio.
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Figure 2: Parallel-bar designs with geometrical

asymmetries by (a) cavity width (b) curving radius of
edges (c¢) bar width (d) bar length and (e) separation
between parallel bars.

The frequency separation between the two fundamental
modes is mainly due to the curving radius of the cavity
edges. Therefore the dependence of the curving radius of
the cavity edges on mixing at different asymmetries is
analyzed as shown in Fig. 3. The mixing for each
asymmetry is evaluated for deviations of = 5 mm. The
amount of mixing is quantified by the ratio of V;/Vr
given by

oo _joz
J.jEZ(z,x:O)e ¢ dz
Ve _ = (1)
v, T teo _joz

I[ET(z,x:O)+j(l7Xl§(z,x:O))T:|e sz

—oco

The curving radius of the edges of the parallel-bar
cavity has no relative dependence on the mixing of the
modes due to geometrical asymmetries. The imperfection
in the separation between the parallel bars has the highest
contribution to mixing of modes of 3% which is low.

The consequent effect on the frequency separation, in
the two fundamental modes of the parallel-bar cavity due
to the asymmetry in parallel-bar separation is shown in
Fig. 4. The maximum change in frequency separation due
to mixing is less than 1 MHz thus the effect on the
required separation is minimal.
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Figure 3: Vz/Vr for different geometrical asymmetries
with varying curving radius of cavity edges.
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Figure 4: Frequency separation for the asymmetry in
separation of parallel bars with varying curving radius of
cavity edges.

Field Analysis

The maximum transverse (V1) and longitudinal (V)
voltages in the parallel-bar cavity are given by Eq. 2 and
3 respectively.
+oo

J. [Ex (z)cos(art +¢)+cB, (z)sin(er +¢)]dz
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The contribution to the transverse voltage from the
vertical magnetic field (B,(z)) is significantly small. The
functions E,(z) is an even function of z where E,(z) is an

odd function, as shown in Fig. 5.
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Figure 5: Transverse electric field (left) and longitudinal
electric field (right) along the beam line.

The Vr and V7 seen by a particle with an rf phase of @,
are given by

Vr(9,) =V sin(g,) “)
V2 (8,) =V;"" cos(g,) )

The amount of mixing due to any asymmetry,
experienced by a particle passing through the beam line
depends on the corresponding rf phase of the particle. A
crabbing cavity operating at 0 rf phase experiences the
highest longitudinal voltage, therefore has maximum
effect due to mixing. However for a deflecting cavity
operating at /2 phase receives minimum effect due to
mixing.
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OFF-AXIS FIELD ANALYSIS

The deflecting voltage (Vr) is analyzed off-axis (in x
and y directions). The normalized deflecting voltage
variation shown in Fig. 6, for the 499 MHz design is
symmetric in both transverse directions. The change in Vr
is given by Eq. 6 for 499 MHz and by Eq. 7 for 400 MHz,
where Ax and Ay are the offsets in mm.
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Figure 6: Normalized transverse deflecting voltage
variation in X (red) and y (blue) directions.

The small change in Vr clearly shows that the parallel-
bar cavity has uniform fields across the beam aperture.

CONCLUSION

A detailed study of numerous design imperfections of
the parallel-bar design was performed to determine their
effect on mixing between the fundamental deflecting and
accelerating modes. The asymmetry in separation
between the parallel bars gives a larger longitudinal
voltage along the beam axis, yet with a smaller resultant
contribution in comparison with the transverse deflecting
voltage. Also the analysis of off-axis deflecting voltage
shows that the parallel-bar deflecting/crabbing cavity has
uniform fields across the beam aperture cross section. The
detail analysis shows that the parallel-bar cavity is a
robust design in terms of deformations and off-axis field
variations.
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