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Abstract
This paper presents a highly integrated solid-state mod-

ulator designed to drive high-power klystrons in linear ac-
celerators. The modulator employs a vertically integrated
architecture in which the solid-state module array is directly
combined with the high-voltage pulse transformer. This con-
figuration eliminates long high-voltage cable connections,
reduces parasitic inductance, and improves compactness and
maintainability. The proposed modulator has been experi-
mentally validated in high-power tests with an 80 MW S-
band klystron at the Hefei Advanced Light Facility (HALF),
achieving the required pulse waveform quality and stability.
In addition, with limited modification, the same architecture
can be adapted to higher repetition-rate applications such as
the Super Tau-Charm Facility (STCF) injector, demonstrat-
ing its scalability for future large-scale accelerator facilities.

INTRODUCTION
High-power pulse modulators are essential for driving

klystrons and other high-power microwave sources in linear
accelerators [1]. The quality and stability of the modulator
output directly affect beam performance and operational re-
liability in large-scale accelerator facilities. Owing to the
lifetime limitations and maintenance burden of conventional
thyratron-based systems, solid-state modulators based on
insulated gate bipolar transistors (IGBTs) have become the
mainstream solution in modern accelerator applications [2].
Their adoption in recent light-source facilities, including
APS-U, MAX IV, and HEPS, has demonstrated the advan-
tages of solid-state technology in reliability, controllability,
and long-term operation [3–5].

Despite this progress, important engineering challenges
remain in the practical deployment of high-power solid-state
modulators. In conventional separated architectures, the
power module array and the pulse transformer are often
connected through long high-voltage transmission paths [6].
This arrangement increases parasitic inductance, which may
aggravate voltage overshoot and transient waveform distor-
tion. In addition, complex interconnections and enclosed
modular layouts can reduce maintenance accessibility and
prolong the mean time to repair, which is undesirable for
accelerator facilities requiring high availability and efficient
operation.
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To overcome these challenges, this paper presents a novel
solid-state modulator featuring a vertically integrated ar-
chitecture that directly combines the power module array
with the high-voltage pulse transformer. By eliminating
long-distance high-voltage cabling and shortening the main
current path, the proposed configuration reduces parasitic
inductance and improves compactness and maintainability.
The modulator has been experimentally validated in high-
power operation with an 80 MW S-band klystron at the
Hefei Advanced Light Facility (HALF). In addition, the
adaptability of the same topology to higher repetition-rate
applications, such as the STCF injector, is briefly discussed.

SYSTEM ARCHITECTURE AND DESIGN
To meet the stability, reliability, and maintainability re-

quirements for driving high-power S-band klystrons, the
proposed solid-state modulator adopts a highly integrated
system architecture. As shown in Fig. 1, the system consists
of four main parts: a primary high-voltage charging power
supply, a modular solid-state power array, an integrated pulse
transformer, and a central control and health management
unit.

Figure 1: Block diagram of the proposed solid-state modula-
tor system, including the primary charging supply, modular
solid-state power array, integrated pulse transformer, and
central control unit.

In operation, the primary charging supply provides a sta-
ble and adjustable DC input to the solid-state module array.
When a synchronous trigger is applied, the active modules
conduct simultaneously and generate a high-current primary
pulse, which is delivered to the primary winding of the pulse
transformer. The transformer then steps up the pulse to the
required high-voltage level for driving the klystron cathode.
Auxiliary power supplies are also included for the filament,
focusing coils, and ion pump.

The proposed modulator features a vertically integrated ar-
chitecture. Instead of using a conventional separated layout,
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the solid-state module array is assembled as an indepen-
dent enclosure and mounted directly on top of the pulse
transformer oil tank, as shown in Fig. 2. This arrangement
shortens the main pulse-current path and eliminates long
external high-voltage cable connections between the module
array and the transformer. As a result, distributed parasitic
inductance is reduced, electrical layout is simplified, and
maintenance access is improved. The compact layout also
improves power density and facilitates installation and main-
tenance in large-scale accelerator facilities.

Figure 2: 3D mechanical model of the proposed vertically
integrated modulator, with the solid-state module array
mounted directly on the pulse transformer oil tank.

The main design parameters of the modulator for the
80 MW S-band klystron used in the HALF linac are sum-
marized in Table 1. The system is designed to deliver an
output pulse voltage above 415 kV and an output pulse cur-
rent above 485 A, with a pulse stability better than 200 ppm
(RMS) and a rise jitter below 10 ns. These specifications are
set to satisfy the beam quality requirements of the injector
system.

Table 1: Main Design Specifications of the Proposed Modu-
lator for the 80 MW S-band Klystron in the HALF Linac

Parameter Specification

Modulator Peak Power ≥ 200 MW
Output Pulse Voltage ≥ 415 kV
Output Pulse Current ≥ 485 A
HV pulse flattop width ≥ 1 µs
Pulse repetition rate 1 −10 Hz
Pulse Voltage Stability (RMS) ≤ 200 ppm
Output Pulse Rise Jitter (RMS) ≤ 10 ns

KEY DESIGN FEATURES
The proposed modulator adopts a vertically integrated

architecture in which the solid-state module array is directly
combined with the pulse transformer. Furthermore, partic-
ular attention is also given to the control and health man-
agement capability of the modulator, since reliable long-
term operation requires effective supervision, diagnosis, and

maintenance of the large parallel module array. In the present
system, the central control unit coordinates the charging, trig-
gering, protection, and diagnostic functions of the modulator,
while continuously supervising the operating states of all
power modules.

For the 120-module array, the control system continuously
acquires key status information from each module, including
fault state and thermal condition, thereby providing the basis
for real-time status monitoring. Once an abnormal module
is detected, the corresponding disconnect circuit is activated
to isolate the faulty unit from pulse generation, while the
remaining healthy modules continue operation under the re-
dundant configuration. After isolation, the fault information
is further mapped to the physical position of the module
array, allowing rapid identification of the failed location and
reducing maintenance time. Based on the real-time status
distribution of the full module array, a quantitative health
index is then calculated and presented to the operator as an
intuitive indication of overall system condition and redun-
dancy margin. The control and health-management interface
is shown in Fig. 3. These functions improve the fault tol-
erance and maintainability of the integrated modulator and
support reliable high-power klystron operation.

Figure 3: Control and health-management interface of the
modulator, showing real-time module status, fault location,
and the calculated health index of the module array.

To further support pulse-to-pulse reproducibility, the mod-
ulator is supplied by a high-precision programmable SiC
DC charging power supply, and a synchronous isolation
mechanism is introduced between the charging stage and the
modulator array. By electrically isolating the primary sup-
ply from the high-current discharge process, the disturbance
imposed on the voltage regulation loop is suppressed, pro-
viding the electrical basis for the stable flattop performance
demonstrated in the high-power tests.

EXPERIMENTAL RESULTS AND
APPLICATIONS

To verify the engineering performance of the proposed
modulator, high-power tests was carried out at the HALF
linac test facility. As shown in Fig. 4, multiple solid-state
modulator units were deployed in parallel for klystron condi-
tioning, serving as the high-power test platform at the HALF
linac.

The output high-voltage pulse was measured through a
high-voltage divider, and the flattop stability was evaluated
using a differential amplifier together with a digital oscillo-
scope. A representative oscilloscope waveform used in the
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stability measurement is shown in Fig. 5, where the differen-
tial flattop-fluctuation signal, the timing trigger, and the di-
vided pulse-voltage waveform are simultaneously recorded.

Figure 4: High-power test platform of the proposed solid-
state modulator at the HALF linac facility.

Figure 5: Representative oscilloscope traces used for pulse-
to-pulse stability measurement, showing the differential
flattop-fluctuation signal, the timing trigger, and the divided
pulse-voltage waveform.

Under the rated operating conditions of 390 kV and 10 Hz,
the modulator generated a stable high-voltage pulse with a
well-defined flattop and no significant overshoot. To evalu-
ate pulse-to-pulse reproducibility, continuous measurements
were performed over 5,000 pulses. The statistical result,
shown in Fig. 6, indicates a pulse amplitude stability of
136 ppm (RMS) at the flattop. This value is well below the
design limit of 200 ppm and confirms that the proposed mod-
ulator can satisfy the stability requirement for high-power
klystron operation in the HALF injector. The other key per-
formance parameters, including output pulse voltage, output
pulse current, flattop width, repetition rate, and pulse rise
jitter, were also verified to satisfy the design requirements
listed in Table 1.

Furthermore, the same modulator topology is suitable for
higher repetition-rate systems. One representative case is the
STCF injector, which requires a large-scale pulsed power
system operating at up to 90 Hz to support the swap-out
injection scheme [7].

For this operating regime, the main adaptation is associ-
ated with average-power handling and thermal management
rather than a fundamental change of the architecture. On
the basis of the validated integrated topology, the upgrade
mainly involves enhanced cooling for the solid-state module
array and high-voltage components. This engineering path

Figure 6: Measured pulse-to-pulse flattop stability of the
modulator over 5,000 consecutive pulses at rated operating
conditions.

preserves the structural advantages of the proposed modu-
lator while extending its applicability to more demanding
high-repetition-rate accelerator facilities.

CONCLUSION
This paper has presented a highly integrated solid-state

modulator for high-power klystron applications, with partic-
ular emphasis on its vertically integrated architecture. The
proposed system also incorporates control and health man-
agement functions for real-time module monitoring, fault
isolation, fault localization, and quantitative condition eval-
uation, thereby improving maintainability and operational
availability in accelerator service.

High-power tests at the HALF linac has demonstrated
stable operation with an 80 MW S-band klystron, including a
measured pulse-to-pulse flattop stability of 136 ppm (RMS),
which satisfies the design requirement. The same topology
can be extended to higher repetition-rate applications such
as the STCF injector with limited engineering adaptation,
mainly in thermal management. These results indicate that
the proposed modulator architecture provides a practical
and scalable solution for future accelerator pulsed power
systems.
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