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Abstract
The China Spallation Neutron Source (CSNS) upgrade project (CSNS-II) aims
to enhance the beam power from 100 to 500 kW. A dual-harmonic accelerat-
ing method has been adopted to alleviate the stronger space-charge effect in
rapid-cycling synchrotrons owing to the increased beam intensity. To satisfy
the requirements of dual-harmonic acceleration, a new radiofrequency (RF) sys-
tem based on a magnetic alloy-loaded cavity is proposed . This paper presents
design considerations and experimental results regarding the performance eval-
uation of the proposed RF system through high-power tests and beam commis-
sioning. The test results demonstrate that the RF system satisfies the desired
specifications and affords significant benefits for CSNS-II .
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Abstract: The China Spallation Neutron Source (CSNS) upgrade project
(CSNS-II) aims to enhance the beam power from 100 to 500 kW. A dual-
harmonic accelerating method has been adopted to alleviate the stronger
space-charge effect in rapid-cycling synchrotrons owing to the increased
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beam intensity. To satisfy the requirements of dual-harmonic acceleration, a
new radiofrequency (RF) system based on a magnetic alloy-loaded cavity is
proposed. This paper presents design considerations and experimental results
regarding the performance evaluation of the proposed RF system through
high-power tests and beam commissioning. The test results demonstrate that
the RF system satisfies the desired specifications and affords significant benefits
for CSNS-II.

Key words: Dual-harmonic acceleration; Magnetic alloy-loaded cavity; RF
system

1. Introduction
The rapid-cycling synchrotron (RCS) in the China Spallation Neutron Source
(CSNS) is dedicated to accelerating the proton beam from 80 MeV to 1.6 GeV
[?][?] and delivering a high-energy beam to the target station to generate neu-
trons for experiments and studies.

In the framework of the upgrade project (CSNS-II), the beam intensity will be
increased from 1.56 × 1013 to 7.80 × 1013 protons per pulse (ppp) to achieve
a higher beam power of 500 kW. However, higher beam intensity results in a
significant space-charge effect during the initial stages of acceleration, posing a
crucial challenge to both transverse and longitudinal beam dynamics. To miti-
gate the space-charge effect, the injection energy of the RCS will be increased
to 300 MeV. In addition, a dual-harmonic acceleration system [?][?] will be
adopted to achieve a uniform longitudinal beam distribution and large bunch-
ing factor, further alleviating the space-charge effect. Table 1 lists the main
parameters of the CSNS-II RCS. Although the CSNS-II project has not been
officially initiated, R&D efforts and prototypes have been underway for a few
years.

Fig. 1 [Figure 1: see original paper] illustrates the voltage and frequency pat-
terns of the fundamental and second harmonics during beam capture and ac-
celeration according to the beam dynamics design. The fundamental harmonic
has a peak voltage of 175 kV and operates over a period of 20 ms. In contrast,
the second harmonic, with a peak voltage of 100 kV, is necessary only during
the initial 6 ms of acceleration. This is because the space-charge effect gradu-
ally weakens as the beam energy increases, rendering the maintenance of a high
bunching factor with the second harmonic unnecessary [?]. The fundamental
harmonic is provided by the ferrite-loaded cavity, whereas the second harmonic
should be achieved by a higher-gradient radiofrequency (RF) cavity. This is be-
cause the reserved space in the ring is not sufficient for adopting ferrite-loaded
cavities due to their low saturation flux density.

The magnetic alloy (MA) core-loaded cavity has emerged as a promising solution
for achieving high-gradient acceleration, as demonstrated in facilities such as J-
PARC [?][?], HIAF [?], and XiPAF [?], where operation and test results have
showcased its effectiveness. This is attributed to the remarkable saturation
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flux density and permeability of the MA cores [?][?]. In addition, the MA cores
possess a low Q value, which contributes to their wideband characteristics. This
facilitates the realization of a simpler tuning-free RF system and enables the
generation of multiple harmonics. Therefore, the MA-loaded cavity was selected
for CSNS-II [?]. A prototype of the cavity has been developed and tested using
a beam.

However, the wideband property of the MA-loaded cavity, along with the RF
power source operating in class AB1 and the effect of beam loading, results in
the generation of multiple harmonics in the cavity voltage [?]. Compensation for
higher harmonics is crucial to ensure stable beam acceleration [?][?]. This poses
a challenge in achieving high-gradient operation of the cavity while effectively
suppressing the high harmonics. Therefore, careful consideration of the RF
system design is required.

In this paper, we present a new RF system for a CSNS-II RCS that utilizes
an MA-loaded cavity. We provide detailed information on the configuration
of the RF system and describe an evaluation of its performance through com-
prehensive high-power tests during the formal operation of the CSNS-II RCS.
The experimental results afford valuable insights for future system optimiza-
tion. Furthermore, we detail beam-commissioning experiments performed with
the proposed RF system providing both the fundamental and second-harmonic
RF voltages. The results of beam commissioning are also presented.

Table 1 Main parameters of the CSNS-II RCS

Parameter Value
Ring Circumference 227.92 m
Injection energy 300 MeV
Extraction energy 1.6 GeV
Beam power 500 kW
RF cavities 8 (H=2) + 3 (H=4)
RF voltages 175 kV (H=2) + 100 kV (H=4)
Number of bunches 2
Repetition rate 25 Hz
Repetition period 20 ms
Number of protons 7.80 × 1013 ppp

Fig. 1. RF voltages and frequency of the dual-harmonic RF system in 20 ms.
The left vertical axis represents the total RF voltage, while the right vertical
axis corresponds to the operating frequency of the RF cavity.
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2. System Design
2.1 High-Gradient MA-Loaded Cavity

Similar to the ferrite-loaded cavity [?], the MA-loaded cavity consists of three
𝜆/4 double resonators with three accelerating gaps that are connected in series
from the viewpoint of the beam. Meanwhile, the double resonators are coupled
in parallel with low impedance to the RF power source. Fig. 2 [Figure 2: see
original paper] shows a schematic of an MA-loaded cavity. Each 𝜆/4 resonator
is a water tank loaded with three MA cores. The tanks on the same side of
the gaps are connected in parallel via copper bars. Sampling capacitors are
strategically placed on both sides of the gaps to measure the RF voltage. These
data are then transmitted to a low-level RF (LLRF) system for feedback control
and monitoring. The essential cavity parameters are listed in Table 2 .

The design of compact gap structures having high withstanding voltages is cru-
cial for achieving high acceleration gradients. Fig. 3 [Figure 3: see original
paper] presents the profile of the newly designed gap structure, which is identi-
cal to the other two gaps in the MA-loaded cavity. The gap is a toroid fabricated
from 95% alumina micropowder using a high-temperature sintering process. It
has an outer diameter of 108 mm (R1), an inner diameter of 96 mm (R2), and
a length of 70 mm. Two stainless-steel pipes are inserted into the ceramic with
40-mm spacing between them.

This design effectively reduces the electric field on the ceramic surface along
the air side and ensures a short transit time for the beam in a vacuum. The
withstanding voltage property of this gap structure was validated using a high-
voltage test, as discussed in Section 3. The stainless-steel pipes are securely
welded to a ceramic toroid using Kovar. Two copper rings near the gap are
soldered onto the surface of the stainless-steel pipes, providing a connection
between the copper bars and the RF power source. This arrangement generates
a large RF electric field between the stainless-steel pipes for beam acceleration,
as depicted in Fig. 3.

Fig. 2. Structure diagram of the MA-loaded cavity.

Fig. 3. Cut view of an accelerating gap structure.

Table 2 Main parameters of the MA-loaded cavity

Parameter Value
Cavity length 1.8 m
Peak acceleration gradient 40 kV/m
Fundamental harmonic frequency 1.02–2.44 MHz
Second harmonic frequency 2.04–3.4 MHz (0–6 ms)
Number of gaps per cavity 3
Number of tanks 2
Number of MA cores per tank 3
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Parameter Value
Core outer diameter 850 mm
Core inner diameter 316 mm
Core thickness 25 mm
Power dissipation per cavity 72 kW
Type of MA core cooling Water cooling
Maximum/Minimum impedance 250 Ω/100 Ω

2.2 RF Power Source

To achieve the high gradient required for this compact cavity design, a two-stage
amplifier configuration is employed, as shown in Fig. 4 [Figure 4: see original
paper]. The final amplifier consists of two high-power tetrode tubes operating
in push-pull mode, directly connected to the copper rings on each side of the
ceramic gaps, as shown in Fig. 2. Because the MA-loaded cavity operates
in multiharmonic mode, a solid-state amplifier (SSA) with a bandwidth of 1
MHz to 8 MHz is utilized as the driver stage. An impedance-matching network
is implemented to ensure effective signal transmission between the SSA and
tetrode tubes. LC filter circuits are parallel to the grid, screen, and anode of
the tetrode tubes to prevent RF components from flowing backward into the
power supply. DC cut capacitors of approximately 20 nF are installed between
the cavity and the tetrode tubes, allowing only RF current to be fed into the
cavity. The detailed parameters of the RF system are listed in Table 3 .

The two tetrode tubes are operated in class AB1 to ensure appropriate work effi-
ciency. However, due to the cutoff of the anode current and wideband impedance
of the cavity, the voltage in the MA-loaded cavity contains rich higher harmon-
ics [?]. These higher harmonics introduce additional power dissipation into the
cavity and impose limitations on the cavity gradient, which must be effectively
suppressed by the LLRF control system.

Nevertheless, the working efficiency of the tetrode tube is constrained by the
relatively low impedance of the cavity within the operating frequency range of
the RF system, as indicated by the solid black line in Fig. 5 [Figure 5: see
original paper]. The horizontal axis represents the tested frequency and the
vertical axis represents the absolute value of the load impedance of the tetrode
tube. The shaded area corresponds to the operating frequency range of the RF
system. To address this limitation, an inductor is connected in parallel to the
cavity to enhance its impedance, as detailed in prior work [?]. Two air inductors
with an optimized value of 20 �H are designed, manufactured, and installed in
the final stage cabinet, parallel to the DC cut capacitors, as illustrated in Fig.
4. The load impedance of the tetrode tube after optimization is indicated by
the scattered triangles in Fig. 5. Evidently, the load impedance significantly
increases within the working frequency range. The improvement in tetrode tube
efficiency was demonstrated through high-power tests.
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Fig. 4. Block diagram of the RF power system.

Table 3 Main parameters of the RF power system

Parameter Value
Frequency range 1 MHz–8 MHz
Final stage amplifier Tetrode tube (TH558)
Repetition frequency 25 Hz
Duty cycle 20%
Anode dissipation 500 kW
Screen grid dissipation 15 kW
Control grid dissipation 150 W
DC anode voltage 15 kV
DC screen grid voltage 1500 V
DC control grid voltage -340 V

Fig. 5. Load impedance of the tetrode tube before and after optimization.

2.3 LLRF Control System

As aforementioned, the suppression of higher harmonics in the MA-loaded cav-
ity is crucial. To ensure stable operation of the entire RF system and effective
harmonic suppression, a multiharmonic feedback control algorithm was devel-
oped. Unlike the control logic employed in the J-PARC RCS [?], our approach
enables independent control of the two tetrode tubes, with the LLRF system
managing the two separate RF drive signals. The LLRF control system for
the MA-loaded cavity is simpler compared to the control system used for the
ferrite-loaded cavity in the CSNS RCS [?], as it does not require an active tun-
ing loop. A block diagram of the LLRF system is presented in Fig. 6 [Figure 6:
see original paper].

As shown in Fig. 6, the pickup signal is directly sampled by an analog-to-digital
converter (ADC) and forwarded to the feedback block for each harmonic, with
regulation extending up to H = 12. The feedback module adopts a classic
in-phase/quadrature-phase (I/Q) feedback structure. The I/Q set values are
transformed using the programmed data of the amplitude and phase of the RF
signal. A direct digital synthesizer (DDS) is used in both the demodulation and
modulation modules to generate sine and cosine signals with unity amplitude
due to its high accuracy. The I/Q components are filtered using digital filters
and compared with their set values to calculate the I/Q errors. These errors are
regulated using a proportional–integral (PI) feedback controller. Additionally,
to enhance tracking performance, the feedforward module generates feedforward
components using an adaptive feedforward algorithm (implemented exclusively
for driving harmonics). The combined feedforward and feedback output sig-
nals are amplified and transmitted to the RF cavity. The phase offset signal
compensates for the phase response of the I/Q feedback loop, which is crucial
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for maintaining stable feedback control. All modules are implemented in a field-
programmable gate array (FPGA) using digital circuits operating at a frequency
of 60 MHz. With adequate FPGA memory support, the I/Q waveform of each
harmonic is recorded not only for commissioning and monitoring the feedback
but also for further analysis.

The requirement for multiharmonic feedback control is to maintain higher har-
monics below 1 kV, while for the fundamental voltage, the amplitude ripple and
phase ripple should be controlled to $±$1.0% and $±$1°, respectively.

Fig. 6. Block diagram of the LLRF system.

3. High-Power Test Results
Because the MA-loaded cavity exhibits the potential to function as a funda-
mental cavity by appropriately selecting the Q value, the dynamic response
characteristics of the RF system under both fundamental and second-harmonic
sweeping modes for the CSNS-II RCS were examined through high-power exper-
iments. These experiments encompassed various aspects, including maximum
acceleration gradient testing of the MA-loaded cavity, evaluation of harmonic
compensation performance, and assessment of control accuracy pertaining to
the amplitude and phase of the LLRF control system.

3.1 RF Test System Configuration

The RF system test stand and its key components are depicted in Fig. 7 [Figure
7: see original paper], which provides a comprehensive overview of the experi-
mental setup. Fig. 7(a) shows the MA-loaded cavity with thermometers and
flowmeters at each tank outlet to facilitate temperature rise monitoring. As
shown in Fig. 7(b), the final stage cabinet houses two tetrode tubes, with each
tube connected in series with a DC-cut capacitor and in parallel with an LC filter
circuit. Air conductors, which are essential for optimizing the load impedance
of the tetrode tube, are parallel to the DC-cut capacitor. The SSAs and LLRF
control systems are illustrated in Fig. 7(c) and 7(d), respectively. Fig. 7(e)
shows the power supply responsible for energizing the entire RF system. To en-
sure successful execution of the high-power tests, specific operating parameters
were defined for the RF power source, as outlined in Table 3. These parameters
serve as critical guidelines for maintaining stable and reliable operation during
the experimental phase.

Fig. 7. High-power test stand and details. (a) MA-loaded cavity. (b) Tetrode
tubes in the final stage cabinet. (c) LLRF control system. (d) SSAs. (e) RF
power supply system.

3.2 Maximum Field Gradient Tests

The highest acceleration gradient in the MA-loaded cavity was observed in the
second-harmonic sweeping mode. Fig. 8 [Figure 8: see original paper] presents
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the voltage waveforms captured at the ends of the acceleration gap, referred to
as‘upstream’and‘downstream.’Notably, the RF voltage waveforms at both
ends exhibited the same amplitude but opposite phases due to the push-pull
operation mode. The synthetic voltage reflects the voltage difference between
the two gap ends and corresponds to the acceleration voltage experienced by
the beam during its traversal through the gap. Remarkably, we achieved a
peak synthetic voltage of 72 kV (26 kV per gap) without gap flashover. This
noteworthy result translates to an impressive acceleration gradient of approxi-
mately 43 kV/m, surpassing the gradient achieved by the ferrite-loaded cavity,
making it highly suitable for applications within the CSNS-II RCS. However,
further gradient enhancement of the MA-loaded cavity was not achieved due to
screen-grid overcurrent in the tetrode tube. To address this issue, we devised
plans to upgrade the anode power supply of the tetrode tube, thus paving the
way for future improvements.

Fig. 8. Voltage waveforms on both sides of an accelerating gap. The synthe-
sized waveform is obtained through the subtraction of these two waveforms.

However, in fundamental harmonic sweeping mode, the acceleration gradient is
lowered by the power dissipation of the cavity, primarily resulting from a high
duty cycle reaching up to 50%. The power dissipation of the cavity is calcu-
lated using the temperature increase and flow rate [?]. The maximum peak
voltage supplied by the cavity is only approximately 39.5 kV, corresponding to
an acceleration gradient of approximately 22 kV/m. The cavity power dissipa-
tion reaches approximately 72 kW, which is close to the safety threshold for the
cooling capacity of the cavity [?].

3.3 Inductor Impact Tests

Furthermore, we investigated the impact of the designed inductor on power dis-
sipation reduction for both the cavity and tetrode tubes. Figs. 9(a) and 9(b)
indicate that the installed inductor has a minimal effect on cavity power dissi-
pation, whereas it significantly reduces the power consumption of the tetrode
tubes. This observation can be attributed to the optimized load impedance of
the tetrode tubes within the operating band, as shown in Fig. 5, which decreases
the output current. Conversely, the power dissipation of the cavity remained
relatively unaffected, as it is primarily determined by the cavity voltage (V) and
the shunt impedance (𝑅𝑝) of the cavity [?]:

𝑃 = 𝑉 2

2𝑅𝑝
(1)

Here, 𝑅𝑝 primarily depends on the performance of the MA core. Because V
is controlled by the LLRF control system, extremely small changes in its har-
monic components occur after installation of the air inductor. By delivering
the required cavity voltage while reducing the output current, the tetrode tube
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exhibits improved load-driving capability. This experiment highlights the sig-
nificance of optimizing the load impedance as it enhances the performance and
efficiency of the RF system.

Fig. 9. High-power test results of the RF system under the fundamental
sweeping mode. (a) Power dissipation of the MA-loaded cavity with and without
the air conductor installation at different peak voltages. (b) Power dissipation
of the tetrode tubes with and without the air conductor installation at different
peak voltages.

3.4 Higher Harmonics Suppression Tests

Although the synthesized voltage waveform appears as a nearly pure sinusoidal
wave in Fig. 8, the RF voltage waveform selected at both the upstream and
downstream ends of the cavity contains several harmonics. The presence of
higher harmonics does not contribute to beam acceleration but increases cavity
power dissipation. Therefore, compensating for these harmonics using an LLRF
control system is necessary.

For brevity, only the test results for the fundamental sweeping mode are pre-
sented herein. In this mode, the peak voltage tested was set at 28 kV, corre-
sponding to an upstream and downstream voltage amplitude of 4.7 kV in each
gap, as indicated by the fundamental component (H = 2) in Fig. 10(a) [Figure
10: see original paper]. The horizontal axis represents the harmonic number,
whereas the vertical axis shows the amplitude of each harmonic calculated using
fast Fourier transform (FFT) analysis. Evidently, the second harmonic (H =
4) was prominent prior to applying feedback control. However, the amplitudes
of the higher harmonics (H = 4, 6, and 8) were effectively suppressed after
applying feedback control, as indicated by the orange bars in Fig. 10(a). More-
over, Fig. 10(b) shows that cavity power dissipation decreased by approximately
10%. This decrease in power dissipation can facilitate further improvement of
the cavity gradient during high-duty-cycle operation, which will be verified in
the future via an upgrade of the RF power source supply system.

In addition, interestingly, the state of the tetrode tube was observed to be
associated with the order of harmonic compensation, as depicted in Figs. 10(c)
and 10(d). The horizontal axis represents the order of harmonic compensation,
whereas the vertical axis denotes the power dissipation of the tetrode tubes
and the signal amplitude driven to the tetrode tubes. The results indicate that
compensating for the even harmonic (H = 4) leads to a significant increase in
tetrode tube power dissipation and driven signal amplitude. This phenomenon
will be further investigated through high-power tests and numerical analysis of
the tetrode tube operation in the future.

Fig. 10. Higher harmonics suppression test results of the RF system under
the fundamental sweeping mode. (a) Harmonic components of the test voltage
before and after harmonics compensation. (b) Cavity power dissipation before
and after harmonic compensation. (c) and (d) Power dissipation of the tetrode
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tubes and the driven signal amplitude to the tetrode tubes with different orders
of harmonic compensation.

3.5 Amplitude and Phase Stability Tests

In addition to higher harmonic compensation, ensuring the stability of the pro-
grammed RF voltage during the fundamental and second-harmonic sweeping
modes is crucial for stable beam acceleration in the CSNS-II RCS. The voltage
amplitude envelope of each cycle under these two modes is shown in Fig. 1,
with peak voltages of 28 and 72 kV. When only feedback control is applied,
the amplitude and phase are poorly controlled in either mode, as indicated by
the red lines in Figs. 11(a)–(d). For the fundamental mode, the peak-to-peak
stability of the amplitude is worse than -2% to +2%, and that of the phase is
worse than -0.5° to 2°; the requirements are therefore not satisfied. The stabil-
ity appears to be worse in the second-harmonic mode. Although increasing the
feedback gain is a common approach to improve peak-to-peak stability, it may
increase the risk of instability and degrade the noise level. Thus, alternative
control algorithms need to be developed to enhance tracking performance. In
this regard, adaptive feedforward control is a promising candidate because the
RF voltage is repeated in every cycle. The feedforward component of each cycle
is the sum of the feedback and feedforward components of the previous cycle.
The long-term stability of adaptive feedforward control has been validated in
an RF system based on a ferrite-loaded cavity [?].

With the combined effect of feedback and feedforward control, the amplitude
and phase dynamic control errors in one cycle are improved to within $±$1%
and $±$1° for both modes, as indicated by the green lines in Figs. 11(a)–(d),
satisfying the RF system design requirement.

Fig. 11. (a) Amplitude dynamic control errors of fundamental in one cycle.
(b) Phase dynamic control errors of fundamental in one cycle. (c) Amplitude
dynamic control errors of second harmonic in one cycle. (d) Phase dynamic
control errors of second harmonic in one cycle. Here, ‘FB’denotes feedback
control while ‘FF’denotes feedforward control.

4. Beam-Commissioning Results
The performance of the new RF system based on the MA-loaded cavity was
further validated during actual beam operation by meticulously selecting the
working point of the tetrode tube. With the invaluable assistance of the CSNS
beam-commissioning group, the new RF system was successfully and officially
operated. During the beam-commissioning process, the ferrite-loaded cavity
supplied the fundamental voltage for beam acceleration, as shown in Fig. 1.
However, the disparity between the second-harmonic voltage provided by the
MA-loaded cavity, as depicted in Fig. 12 [Figure 12: see original paper], and
that shown in Fig. 1 must be noted. This discrepancy arises because a single
MA-loaded cavity was utilized in this particular case, resulting in a different
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voltage pattern than when three MA-loaded cavities were employed. The second-
harmonic generation was activated only during the initial 2.5 ms of acceleration,
with a maximum voltage of approximately 22 kV/gap (11 kV for each end).
To reduce beam loss in the arc region and mitigate beam instability, it was
necessary to increase the fundamental voltage after 2 ms to lower the bunching
factor. Consequently, the MA-loaded cavity supplied a maximum fundamental
voltage of approximately 6 kV/gap.

Beam loading was compensated for up to the third harmonic (H = 6). It is
evident from Fig. 12 that the third harmonics, both upstream and downstream,
were effectively suppressed below 0.7 kV/gap, indicating the effectiveness of
multiharmonic feedback control. However, small oscillations notably appeared
on the fundamental voltage, as shown in Fig. 12. Adaptive feedforward control
was not applied during the beam-commissioning phase; its implementation may
help suppress these oscillations in the future.

Fig. 12. Voltage captured at the upstream end (left) and downstream end
(right) of one gap of the cavity.

Fig. 13. (a) Comparison of the beam longitudinal distributions between the
dual-harmonic and single-harmonic modes. (b) Comparison of the bunching
factor between the dual-harmonic and single-harmonic modes from 0 to 2.5 ms.

With the operation of the dual-harmonic acceleration system, the longitudinal
distribution of bunches became more uniform. The bunch shape is shown in
Fig. 13(a). In this scenario, the bunch factor, as shown in Fig. 13(b), exhibited
a significant increase during the initial stages of acceleration compared to the
case of single-harmonic acceleration. This enhancement in the bunching fac-
tor effectively reduced the space-charge effect, allowing for an increase in beam
intensity from 1.95 × 1013 to 2.184 × 1013 ppp for the two bunches. Conse-
quently, the beam power has been successfully increased to 140 kW since the
commencement of daily operation of the dual-harmonic acceleration system in
March 2023. These results underscore the significant progress achieved through
the development of the RF system based on the MA-loaded cavity for CSNS-II.

5. Summary
A prototype MA-loaded cavity was developed for dual-harmonic acceleration in
the CSNS-II RCS. An impressive maximum acceleration gradient of 43 kV/m
was achieved. Through successful commissioning of the multiharmonic feedback
control, the distortion in the voltage waveform resulting from the wideband
nature of the cavity and the dynamic characteristics of the tetrode tube was
effectively mitigated. This ensures the stability and reliability of the RF systems.
The performance of the RF system during the beam-commissioning phase was
extensively validated. The utilization of dual-harmonic acceleration led to a
significant increase in the bunching factor and beam power. This noteworthy
achievement has contributed to the advancement of CSNS, laying the foundation
for its further development.
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