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Abstract

SSRF (Shanghai Synchrotron Radiation Facili-
ty)/SXFEL (Shanghai Soft X-ray FEL) Facility has de-
veloped an advanced variable polarization transverse
deflecting structure TTDS (two-mode transverse deflect-
ing structure) to perform variable polarization based on
the design of a dual-mode RF structure. The 15-cell pro-
totype of the TTDS was fabricated at SSRF/SXFEL. Be-
cause the two modes operate in the same structure, any
geometric change will affect both modes. A new RF de-
sign of the regular cell is proposed to improve rf perfor-
mance. The two modes are coupled independently in two
pairs of side coupling holes. The work presented in this
paper is focused on the new design and the rf parameters
compared with the initial design.

INTRODUCTION

Transverse deflecting structure (TDS) is a key part of
accelerators which provides the particle beams with the
transverse deflecting kick. It is widely used in accelera-
tors such as beam measurement, particle separator, emit-
tance exchange, collision angle compensation.

In recent years, several advanced applications based on
TDS technology have been proposed for proton therapy
and particle accelerators, two of which are currently under
development as FLASH [1] and multidimensional beam
tomography. FLASH is a new proton therapy technique
with ultrahigh radiation dose rates averaging over 300
Gy/s and it requires an ultrafast switching of the beam
path at 1ms. However, the conventional TDS can only
deflect the beam transversely in a fixed polarized direc-
tion. Furthermore, by changing the deflecting direction, a
TDS can extend the characterization in beam measure-
ment from a single longitudinal length to a multidimen-
sional reconstruction through the projection of the bunch
distribution along any transverse axis [2].

Hence, variable polarization is now the research fron-
tier of next-generation TDS development to meet the
needs of the above experiments. Recently, a design called
TTDS (two-mode transverse deflecting structure) was
proposed and fabricated at SSRF/SXFEL to achieve the
fast switching of bunches [3]. In that design, two deflect-
ing modes, the HEM11 and HEM12 modes, which have
mutually perpendicular polarizations, operate simultane-
ously in one structure. The structure is fed by two power
sources, and the deflecting direction is controlled using an
ultrafast low-level radio-frequency (LLRF) system [4] to
realize ultrafast polarization control. The time scale for
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switching is equivalent to the switching speed of the
LLRF system, about 100 ns to 1 ps. The dual-mode TDS
can deflect beams in any polarized direction and can
change the direction in an ultrashort time, therefore, it can
perform the fast solid angle switching required by
FLASH. However, both modes are coupled in the centre
beam hole on the regular cell, which increase the difficul-
ty of optimization in cell design and measurement after
fabrication. Therefore, an improved design of the regular
cell is proposed at SSRF/SXFEL.

The research discussed in this paper is focused on the
redesign and comparison of the regular cell in TTDS.

First the theory and component of the TTDS are discussed.

After analysing the electromagnetic field distribution of
the two modes, a new rf design of the regular cell is pro-
posed. Finally, the rf parameters of the new regular cell is
compared with the initial one in [3].

THEORY AND COMPONENT OF THE
TTDS

As shown in Fig. 1, two traveling wave deflecting
modes with perpendicular polarization directions are
running in the TTDS at the same time, and the phase of
the deflecting voltage is synchronized with the bunch, so
that the bunch is subjected to a stable transverse deflect-
ing force. By adjusting the magnitude and proportion of
the deflecting voltages of the two modes, the beams can
be deflected to any solid angle.

The layout of the TTDS system is shown in Fig. 1. The
system uses two power sources at 2856 and 5712MHZ as
input signals that enter the TTDS from two input ports
through a dual-frequency coupler. The two input signals
excite linearly polarized modes in the structure whose
polarization directions are perpendicular to each other.
The two modes will not be coupled because of the double
frequency difference. At the output of the TTDS, another
identical dual-frequency coupler separates the two modes
into two output ports. Additionally, a bandpass filter is
needed on the low-frequency port to prevent flow-through
of the high-frequency signal.

2.856GHz 2.856GHz

. 4
Figure 1: Schematic(left) and layout(right) of TTDS.

5.712GHz 5.712GHz
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Because the frequency of the HEM;; mode is nearly
twice that of the HEM;; mode, this mode combination is
more convenient in terms of the use of power sources.
The HEM,; and HEM, modes are selected as the operat-
ing modes in the vertical and horizontal directions, re-
spectively. The phase advances selected in this design are
QHEMI1 = 2/5m and QHEMI12 = 4/5m.

The rf design of each component is given below. For
clarity, the subscripts for the two modes are replaced by 1
and 2 instead of HEM,; and HEM,,.

Regular Cell

The conventional TDS adopts the constant impedance
disk-load waveguide structure as regular cell and the
HEM11 mode as the deflecting mode. This rf structure is
also suitable for the HEM12 mode, so it is possible to run
these two operating modes simultaneously in one regular
cell. The cell shape is adopted as elliptic to tune the two
modes simultaneously and separate the HEM modes from
its degenerate mode to fix the polarized direction. The
longitudinal electric field distribution of the two HEM
modes is shown in Fig. 2.

]

JL

Figure 2: Longitudinal electric field distribution of the
HEM,; (left) and HEM; (right) mode.

Dual-frequency Coupler

From the point of view of compactness, for a two-mode
operation TDS, the power of both frequencies needs to be
fed into one coupling cell. Based on the conventional
coupling cell, the cell shape is also adopted as elliptic and
a similar coupling port is added on the cavity wall of the
polarized direction of the HEM12 mode. The geometry of
the dual-frequency coupler is shown in Fig. 3(a).

(a) (b)
Figure 3: (a) Geometry of the dual-frequency coupler (b)
The electric field distribution of HEM; mode in match.

Figure 3(b) shows the electric field distribution of the
HEM,, mode after optimization. It can be seen that alt-
hough the HEM > mode is successfully excited, part of
the power is output from the corresponding port of the
HEM,; mode, which will lead to power waste and damage
to the power source. Therefore, it is necessary to load a
bandpass filter at the low-frequency port that allows S-
band power to pass and blocks the C-band power.
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Bandpass Filter

The geometry of the bandpass filter is shown in Fig 4.
It is essentially a low-pass filter with standard rectangular
waveguides of S-band at both ends, the disk-load struc-
ture in the middle can be equivalent to a pair of capacitors
and inductors, and the entire isolator can be equivalent to
a string of LC resonant circuits. For the passband, the
centre frequency is 2856 MHz, the amplitude of Sy is
—54.1 dB, and the bandwidth of =30 dB is 71 MHz. For
the stopband, the centre frequency is 5712 MHz, and the
amplitude of Sy, is —89.1 dB.

i
Figure 4: Geometry of the bandpass filter.
NEW REGULAR CELL DESIGN

In the regular cell, if only the centre beam hole is used
for coupling between cells, the two deflecting modes will
share a single coupling hole. The coupling strength of the
two modes at the centre beam hole is affected by the size
of the beam hole, which is not conducive to the design
and optimization of the regular cell. To solve this prob-
lem, more coupling holes are added to introduce more
adjustable parameters. The relationship between the posi-
tion of coupling holes and the coupling strength, or group
velocity precisely, has been studied and analysed in detail
in [3] and shown in Fig. 5. To summarize, the increase in
the longitudinal electric field or transverse magnetic field
leads to an increase in the absolute value of the group
velocity v,. If the coupling hole is located in the area of a
larger longitudinal electric field, the group velocity of the
mode is positive, on the contrary, if the coupling hole is
located in the area of the larger transverse magnetic field,
the group velocity becomes negative. In the initial design,
a pair of side coupling holes are added in the polarized
direction of the HEM;; mode and at the maximum of the
HEM,; electric field. As shown at point in Fig. 5(a)(c),
the centre beam hole simultaneously couples two HEM
modes and the pair of side coupling holes almost only
couple the HEM;; mode. Specifically, the pair of side
coupling holes provide stronger electric coupling to the
HEM;; mode than the centre beam hole, so the HEM;
mode is a forward wave as a whole and HEM ;> mode is a
backward wave.

However, some flaws in the initial design were found
out during optimization and simulation. In order to bring
the group velocities of the two modes close together,
namely |Vgicentre| T [Vl sidel = [V, the side coupling holes
need to provide stronger electric coupling |V centre| >
[Vg|. But the aperture of the side coupling holes cannot be
too large in order to avoid excessive coupling to the
HEM12 mode, so the range of the group velocity of the
two modes is limited. Secondly, because the HEM; mode
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has both electrical and magnetic coupling, its field distri-
bution along the central axis will have a "phase rebound"
phenomenon. This phenomenon will cause certain inter-
ference to the measurement in experiments. Hence, an
improved rf design of the regular cell is proposed.
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Figure 5: Group velocity of the HEM;; and HEM > modes
versus the offset distance of the side coupling hole in the
vertical direction (a), in horizontal direction (b) and ver-
sus the radius of the centre coupling hole (c).

The geometric structure and parameter definition of the
new design are shown in Fig. 6. The coupling holes of the
two modes are selected to be opened in pairs in their
respective polarized directions, and meanwhile, the radius
of the centre beam hole r; is greatly reduced so that the
two modes cut off here. As shown at point in Fig. 5(a)(b),
the positions of the two pairs of coupling holes are select-
ed at the maximum of the HEM,, electric field and maxi-
mum of the HEM,, magnetic field, so that the HEMy,
mode is a forward wave and the HEM,, mode is a back-
ward wave. In this case, the two modes are coupled from
their respective side coupling holes, which is conducive to
subsequent optimization and tuning work.

Figure 6: Geometry and parameter definition of the new
regular cell.

SIMULATION RESULT

The optimization process of the new regular cell is the
same as that in [3], neural network algorithm and multi-
step optimization algorithm are adopted. The rf parame-
ters is given in Table 1 compared with the initial design. It
can be seen that the new design has a larger group veloci-
ty with little change in other rf parameters, which pro-
vides a larger choice range for the performance design of
TTDS.
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Table 1: Rf parameters of the Initial and New Design

Initial design New design

Rfparameters oy /gEM12  HEMIU/HEMI2 O™t
fo 2.856/5.712 2856/5.712  GHz
Ve 0.79/-0.81 1.69/-1.75 %
Q 9257/11785 10377/11079
R. 22.7/22.4 263/255  MQ/m
« 0.4071/0.6296  0.1705/0.3106

The normalized Poynting vector S’; [5] distribution of
the two modes in Fig. 7 shows that in the new design,
each pair of the side coupling holes almost have the ener-
gy flow of only one mode, which means the coupling of
the two modes is successfully separated. In addition,
although Sc has not been studied specifically, the synthet-
ic deflection field shows the potential to reduce maximum
Poynting vector S¢ max. Further studies will be carried out
in the future.

Figure 7: S’¢ distribution of the HEM,;, mode (left),
HEM,, mode(middle), and their combine field(right).

CONCLUSION

To meet new requirements from proton FLASH therapy
and advanced beam diagnostics, the new design of the
TTDS has been proposed to provide a variably polarized
deflecting field at SSRF/SXFEL. The TTDS is a dual-
mode structure and its 15-cell prototype has been de-
signed and fabricated at SSRF/SXFEL. Driven by two
different power sources, it can work on both the HEM11
and HEM12 modes in vertical and horizontal deflecting
directions simultaneously. In the processing of optimiza-
tion and measurement, some limitations of the initial
design were exposed. SSRF/SXFEL has proposed a new
rf design of the regular cell to improve the rf performance
of the TTDS. Another pair of side coupling holes are
added in the polarized direction of the HEM12 mode and
the centre beam hole is reduced to cut off both HEM
modes.

After optimization, the new regular cell operates the
two modes in their corresponding operating frequency
and coupled the two modes independently in the two pairs
of side coupling holes. Simulation results show that the
new design have lager adjustable range of the group ve-
locity and potential to reduce maximum Poynting vector.
Further study will also be performed at SSRF/SXFEL.
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