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forcword

Radio-Frequency Technology

Radio Frequency Technology for Accelerators and Spin-offs

ne of the Amritkaal targets is indigenous development of GeV range, high current proton

accelerator. Globally, such accelerators employ high power RF sources, along with associated

RF control and instrumentation systems, to set-up and stabilize oscillating electromagnetic

fields in resonant cavities used for acceleration. Accelerator Control Division (ACnD) is
developing Radio Frequency (RF) Systems for different types of accelerators.

Meeting the challenges in RF power systems catering to high power demands, both peak and average,
necessitates focus on high efficiency. Development of indigenous, robust, reliable, and high efficiency
solid-state amplifiers (SSA) by ACnD is an important milestone achieved, which will play a major role in
self-reliance in this area. Significant efforts are being made by the division to meet future requirements
using the latest technology.

Development of an integrated RF control solution (IRFCS), comprising of low-level RF control system,
resonance control System, RF phase distribution system, and RF protection & interlock system is
necessary for successful, smooth and reliable operation of high intensity proton accelerator. ACnD has
developed and deployed IRFCS for a variety of accelerators associated with the Indian accelerator
program. Starting from primarily analog based systems, the present day RF control and instrumentation
systems take advantages of the advancement in digital technology. This has enabled achieving better
speed of response with the flexibility of implementing the sophisticated algorithms and features with
better accuracy and precision.

Apart from developing RF systems for variety of accelerators associated with the Indian accelerator
program, ACnD has also been developing and delivering RF systems to Fermi National Accelerator
Laboratory, USA.

Application of machine learning for optimal and adaptive control of accelerator for efficient operation
is also becoming feasible. Use of a real time emulator of high-power RF system, incorporating a cavity, for
the development of RF control system, is alsobecoming a reality.

Spin-off of this work on accelerator RF has been very useful in applications like RF-plasma based
disinfection and quantum computing initiative.

This thematic issue of BARC Newsletter is a collection of articles on RF systems for accelerators and
other applications. I sincerely hope that this newsletter will provide an insight into the expertise and
experience available within ACnD for utilizing it for future accelerator development plans.

As the thematic issue of BARC Newsletter on Radio Frequency Technology for Accelerators and
Spin-offs is being published for the first time, I take this opportunity to thank all the authors and
associate editors for their time and efforts in preparing this issue.

U. D. Malshe
Director, Multidisciplinary Research Group
Bhabha Atomic Research Centre
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Self-reliance in critical RF Systems

Accelerators and Spin-offs

important developments at Accelerator Control Division (ACnD) associated with radio
frequency (RF) technology. The Division has been contributing towards RF systems for
accelerators, plasma-based applications, quantum computing initiative etc.

It provides us immense pleasure to bring out this thematic issue of BARC Newsletter on

This theme-based newsletter issue is a compendium of fifteen articles. Six articles explain
indigenous development of RF systems for accelerators at BARC. Of these, one article provides a
quick glance on very critical and challenging MW level solid state RF systems envisaged in the
incoming decade. Two articles are dedicated to on-going developments in the cavity emulator to
serve as a test bed for RF control system, and application of artificial intelligence in RF systems of
accelerators, respectively.

Four articles pen the developments carried out under international collaborations, which are
also very useful for upcoming Indian accelerators.

The remaining five articles present spin-offs. Two of these articles elaborate on developmental
aspects of the RF systems for pulse positron spectrometer, and hollow cathode atmospheric
pressure cold plasma device, respectively. Remaining three articles are devoted to
superconducting qubit-based quantum computing initiative.

We sincerely hope that this issue of newsletter will enrich the scientific community at large
towards development of state-of-the-art RF systems developed indigenously in line with the
broader spirit of 'Atma Nirbhar Bharat'.

We take this opportunity to acknowledge all the authors for their valuable contributions. We
are thankful to Director, Multidisciplinary Research Group, BARC and Director, BARC for their
constant support and guidance. We sincerely appreciate and acknowledge the hard work and
efforts of the newsletter editorial team of SIRD for the composition of the articles, creative and
artistic work in designing the cover page, and for their dedicated efforts in bringing out this BARC
Newsletter issue in a time-bound manner.

Dr. Manjiri Pande M. Y. Dixit Dr. Gopal ]oshl
Head, RFSS, ACnD ACSS, ACnD Head, ACnD

July-August 2024 BARC newsletter 5



FOREWORD: U. D. Malshe, Director, Multidisciplinary Research Group, BARC 3
ASSOCIATE EDITORS’ MESSAGE: Dr. Gopal Joshi, Dr. Manjiri Pande, M. Y. Dixit 5
Téte-a-téte with Dr. Sumit Som, Director, Variable Energy Cyclotron Centre (VECC), Kolkata by Dr. Manjiri Pande 9

R&D IN RF SYSTEMS FOR ACCELERATORS, AND TECHNOLOGY SPIN-OFFS

High Power Radio Frequency Systems for LEHIPA 15
Manijiri Pande, Sandip Shrotriya, Ramarao B. V. N., R Patel, Shiju A., J. K. Mishra, Snigdha S., Shyam Sunder Jena, Muthu S., and Gopal Joshi

Low Level RF Systems for LEHIPA 20

Alok Agashe, P. D. Motiwala, Radhika Nasery, Shyam Mohan, P. Jyothi and Gopal Joshi

RF Protection Interlock and Monitoring Systems for Accelerators 24

Sujo C. I, R. T. Keshwani, Sandeep Bharade, Mayur M. Sutar and Gopal Joshi

Development & Commissioning of Beam Position Monitor Electronics Systems for LINAC of SPIRAL2 at GANIL, France 29
Gopal Joshi, Paresh D. Motiwala, Sandeep Bharade, G. D. Randale, Alok Agashe, P. Jyothi and Shyam Mohan

RF Cavity Emulator for Superconducting and Normal Conducting Cavity 35

Radhika Nasery, Sandeep Bharade, Alok Agashe, M. Y. Dixit and Gopal Joshi

Solid-State Amplifier Systems of kW and MW level at UHF for Accelerators 38

J. K. Mishra, B. V. Ramarao, Sandip Shrotriya, Snigdha Singh, S. S. Jena, Niranjan Patel, Shiju A., S. Muthu, Manjiri Pande and Gopal Joshi
Navigating the Landscape: Machine Learning Applications and Modern Control Techniques for Mitigating 44
Some Challenges for Particle Accelerators

Radhika Nasery, Sandeep Bharade, R. T. Keshwani and M. Y. Dixit

Indigenous 325 MHz Solid State Power Amplifiers 571

Manijiri Pande, J. K. Mishra, Snigdha Singh, Sandip Shrotriya, Shyam Sundar Jena, N. R. Patel, B. V. Ramarao, A. Shiju, S. Muthu and Gopal Joshi
Reference Phase Generation Systems 55

Sujo C. I., Satyam Rawat and Gopal Joshi

Integrated RF Control System Developed for Accelerators Under IIFC 58

Nibandh Kumar, Radhika Nasery, Alok Agashe, Sujo C.I., Sandeep Bharade, R. T. Keshwani, Surendra Singh Saini, G. Randale, P. Jyothi
Paresh Motiwala and Gopal Joshi

Integrated RF system for Positron Annihilation Lifetime Spectrometer 67

Sandip Shrotriya, S. S. Jena, A. Shiju, N. Patel and Manjiri Pande

Indigenous RF Systems for Hollow Cathode Based Cold Atmospheric Plasma (HC-CAP) Devices 71
S. S. Jena, N. Patel, A. Shiju, Shyam Mohan, Sandip Shrotriya, Surendra Singh Saini, C. I. Sujo, Manjiri Pande, Gopal Joshi,

R. T. Keshwani, Rajib Kar, Vanita Sekar, Namita Maiti, R. L. Bhardwaj and Martin Mascarenhas

Designing a Tunable Coupler: Simulations with Two Qubits 79

Sumita Sura, Deepak Paste, Praveen Kumar Suggisetti, M. Y. Dixit, Gopal Joshi and R. Vijayaraghavan

Control and Measurement System for Superconducting Qubits 85

Satyam Rawat, Radhika Nasery, Sandeep Bharade, Deepak Paste, Praveen Kumar Suggisetti, R. T. Keshwani, Sujo C. I., M. Y. Dixit,
Gopal Joshi and R. Vijayaraghavan

Integration of Quantum Software Stack Qiskit to Custom Arbitrary Waveform Generator for Qubit Calibration 90

and Gate Operations
Radhika Nasery, Sandeep Bharade, M. Y. Dixit, Gopal Joshi and R. Vijayaraghavan

NEWS & EVENTS

[ Trombay Colloquium: Championing Health Equity 95
Insights from renowned Former WHO Chief Scientist Dr. Soumya Swaminathan

AWARDS & HONORS
@ Rashtriya Vigyan Puraskar-2024 96

OBITUARY
@ Dr. V. K. lya: Champion of Radioisotope Program in India 97

TECHNOLOGY MANAGEMENT

@ Industry Beckons BARC’s Nuclear Spin-off Technologies

O 660 0660 OO0 0900000CO

6 BARC newsletter July-August 2024



FORTHCOMING ISSUE

¢ Fluorescence Up-Conversion Technique in Investigating Mechanistic & Kinetic Details of
Ultrafast Photoinduced Processes

¢ Hot Carriers in Halide Perovskites and how to follow them with Femtosecond Transient
Absorption Spectroscopy?

¢ 2D Infrared Spectroscopy: An Innovative Technique for Probing Molecular Dynamics

in Ultrafast Time Scale
¢ Interface-Selective Nonlinear Spectroscopy at Soft Interfaces using Ultrafast Laser
¢ Femtosecond Laser-Induced Breakdown Spectroscopy: Advancing Analysis of Complex Materials

ANIMN N TQ

July-August 2024 BARC newsletter 7



This page intentionally left blank



exclusive interview

Dr. Sumit Som

Director
Variable Energy Cyclotron Centre (VECC), Kolkata

Dr. Manjiri Pande*: DAE has been launching
accelerator programs in a very big way. Your view on
Indian ADS program, DAE accelerator program and
its role in progress of India

Dr. Sumit Som: The Indian accelerator driven sub
critical reactor system (ADS) program is an
ambitious and very useful program of DAE. ADS has
attracted worldwide attention for its superior safety
feature, incineration of minor actinides and
transmutation of long lived fission products. From
Indian perspective, it has additional and very
important dimension of nuclear energy generation
utilizing thorium as fuel. The major systems of ADS
are sub critical core, spallation target and power
accelerator.

DAE has made significant progress in accelerators
and related technologies. Among the others,
recently, low energy high intensity proton
accelerator (LEHIPA) has accelerated proton beam
up to 20 MeV energy.

Under in-kind international collaborations, DAE has
delivered and deployed many indigenous accelerator
technologies. Under Indian Institutes and Fermilab
Collaboration (IIFC), for Proton Improvement Plan-II
Injector Test facility (PIP2IT), BARC has delivered
nine 325 MHz solid state RF amplifiers, magnets
accelerator and RRCAT has delivered 650 MHz solid
state RF amplifiers and high beta elliptical cavities.
Along with this, VECC has delivered two numbers of
650MHz low beta (LB650) single-cell SRF cavities
that have achieved the high accelerating gradient.

Under Facility for Antiproton and Ion Research
(FAIR) project in Germany, DST & DAE jointly have
delivered ultra-high vacuum (UHV) chambers, power
converters via Indian industries and development of
high energy detectors is in progress under the
leadership of VECC. This definitely establishes the

competence of DAE laboratories and local industries
in accelerator field. These accomplishments have
generated a lot of confidence on the proposed energy
frontier future accelerators.

The journey of achieving 1GeV accelerator is going
to give rise to a lot of exciting spin-offs in the uses of
low and medium energy beam from intermediate
accelerators. This will immensely help and open the
doors of wide opportunities for Indian Micro, Small
and Medium Enterprises (MSME) or Small and
Medium Enterprises (SME) in both domestic and
international markets.

Dr. Manjiri Pande: Accelerators are increasingly being
used for medical and societal applications. How do
you envisage indigenous accelerators making
significant contributions in these fields?

Dr. Sumit Som: India is a populous country. It is
envisaged that the percentage of cancer inflicted
population will increase multi-fold in near future.

As per information published in Indian Journal of
Med Research (IJMR) in its Oct-Nov 2022, issue
(DOI: 10.4103/ijmr.ijmr_1821_22), the estimated
number of cases of cancer in India for the year 2022
was found to be 14,61,427 (approximate rate:100.4
per 100,000). The incidence of cancer cases is
estimated to increase by 12.8 per cent in 2025 as
compared to 2020.

DAE is developing a number of indigenous medical
cyclotrons and electron accelerators. These
accelerators, especially medical cyclotrons will be
critically useful, especially in cancer scenario.

These will be immensely beneficial in every aspect of
the cancer scenario i.e. starting from its early
detection and diagnostics to cure by generation of
radio isotopes for treatment. This will be greatly
valuable in increasing the quality of life and life
expectancy of cancer afflicted patients. 000
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BARC

Dr. Manjiri Pande: How participation of Indian Micro,
Small and Medium Enterprises (MSME) or small and
medium enterprises (SME) can be increased
substantially in accelerator technology”?

Dr. Sumit Som: The Indian MSME and SME are
already contributing in the accelerator sector. Their
footprint in accelerator domain can be increased
substantially in quality and quantity. Their
participation will improve significantly by
handholding between the accelerator scientists,
technologists, engineers and their industry
counterparts. This will assist in transferring
indigenously developed technologies into deployable
engineering products. MSME and SME should join
hands with accelerator community in participating
in flagship initiative of Government of India like
public private partnership (PPP), Atal Innovation
Mission (AIM) etc. to promote the culture of
innovation and entrepreneurship in India. This will
further establish the requisite infrastructure and
skilled manpower or human resources in the
country. All these amalgamated efforts may
converge in opening the doors of international
accelerator market for these SME and MSMEs. This
would lead to extra drive towards ‘Make in India’,
under ‘Atmanirbhar Bharat’ initiative and
substantial import substitute.

Dr. Manjiri Pande: Today, Artificial Intelligence (Al) is a
buzz word. Al is making inroads in every field. What
will be the role and usefulness of Al in accelerators
and in related technology?

Dr. Sumit Som: Particle accelerator is a complex
machine. It’s a combination of a variety of
subsystems and components related to different
technological domains. An accelerator has to
operate cohesively with a huge number of sensors
and considerable number of subsystems to deliver
the required beam. An artificial intelligence (Al)
based algorithm(s) can aid to monitor the
performance of accelerator, to perform automated

10 BARC newsletter July-August 2024

... The journey of achieving 1Gel
accelerator will gwe rise lo exciling
spin-offs in the use of low and
medium energy beam from
intermediate accelerators. This will
tmmensely help and also open new
and prospective avenues for Indian
industry ...

Dr. Sumit Som

beam tuning of the machine, to detect the
operational concerns or issues, to identify the faults
w.r.t. specific subsystem etc. This would enhance
the reliability of particle accelerator and hence
availability of the accelerated beam. The Al
approach can further be configured to analyse the
available operational data that can predict most
probable failure scenarios. This will help the
scientists in improvisation and enhancement in
accelerator operation and also can assist in advance
planning and maintenance of the accelerator
inventory.

Dr. Manjiri Pande: RF systems play a very significant
part in accelerators as well in other fields and many
other scientific applications. What are the futuristic
options for RF Technology?

Dr. Sumit Som: Radio-frequency (RF) systems are
critical and integral part of linear and circular
accelerators and deliver the power to attain and
change the energy of a charged particle beam. RF
Accelerators are large users of energy, mostly RF
power.

In accelerator, the RF system is the key element that
provides RF power for generation of electric field for
beam acceleration. Integrated RF system drives the
major part of the accelerator performance. Many
state-of-the-art technologies are used in design and
development of the RF systems, such as vacuum
science, high-voltage / high current technology,
surface physics, advanced materials, high speed
controls, protections, advanced mechanical
fabrication and processing etc.

In addition to particle accelerators, RF systems or
technologies are used in broadcasting,
communications, wireless power, medicine etc. Very
high frequency (VHF) and ultra-high frequency
(UHF) are used in the communication systems by
military and industry sectors.

VHF frequencies are able to penetrate walls and eee
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other structures. It can also enter deep into the
human body without causing any damage and
hence, medical devices use VHF for deep penetration
in human body. UHF penetrates at further deeper
level. Medical institutions or medical fraternity use
these properties to monitor internal organs and
their respectively functions in a patient. In remote
surgery, higher-frequency mm - wave based
technology can be used by enabling precision
operations with ultra-reliable data connections and
with extremely low latency (lag).

Smart RF-systems comprising of RF transmitters,
receivers, and transceivers send / receive data over
the air. These are used in satellite communication,
in defence for securing critical communications, to
provide reliable Wi-Fi on trains and for high-
performance private wireless networks.

Very high reliable data connectivity can be ensured
using mm - wave frequencies in driverless car
technology, intelligent traffic light controls and
traffic-management etc. The high end RF / MW
technologies are being developed for quantum
technologies.

To summarize, RF technology is used in a variety of
important fields and hence, will always remain in
high demand and has a very promising future.
Globally, it will experience significant growth and
innovation in the coming years.

Dr. Manjiri Pande: Globally, food security is an
important topic. How RF systems can participate in
such a prominent domain?

Dr. Sumit Som: Food security, as defined by the
United Nations' Committee on world food security,
means that all people, at all times, have physical,
social, and economic access to sufficient, safe, and
nutritious food that meets their food preferences
and dietary needs for an active and healthy life.

Food security is an important global need. Safe and
nutritious food can be achieved by customizing RF

... Al based algorithm(s) can aid the
accelerator development communuity in a
variely of functions, including
monitoring the performance of
accelerator, performing automated beam
tuning and several others thereby
contributing to enhancing the reliability
of particle accelerator as well as
avatlability of the accelerated beam...

Dr. Sumit Som

as an innovative technology, in numerous food
processing and preservation purposes like
inactivation of pathogens, pasteurization, fungi
inactivation, and disinfestation etc. RF drying
technology for food and agricultural products have
characteristics like fast, steady, and volumetric
heating, high energy efficiency and moisture
reduction. However, the RF drying as a single stage
method may be insufficient or can have drawbacks.
Utilizing multi-stage drying approach in conjunction
with RF technology can effectively address the
limitations of one-stage strategy using diligently the
combination of other drying methods.

DAE has designed and developed a variety of
matured indigenous RF technologies, which can be
customized for RF drying of food and agricultural
produce for our domestic purposes. This will
enhance the quality and storage life of these items
and thereby will contribute to food security.

Dr. Manjiri Pande: World is transitioning towards
Green Energy. How the upcoming technology
initiative of 'Radio Frequency Energy Harvesting’ can
contribute towards this?

Dr. Sumit Som: In today’s modern era, most
miniature electronic devices are being used in
automation, medical treatment, environmental
monitoring etc. In these applications, electronic
devices are conventionally battery-powered to
ensure their operation. But, as power source, these
batteries impose serious limitations because of their
size, lifespan, bio-compatibility etc. Consequently,
electronic device gets affected in their weight,
portability, miniaturization, lifetime etc.

Additionally, limited battery life and need for regular
replacement greatly limits the performance and
reduce the quality of service. In some special
implanted electronic devices, the replacement and
maintenance cost of the battery is very expensive.

In recent years in particular, the disposal of ooo

July-August 2024 BARC newsletter 11



exclusive interview

BARC

battery waste has become a significant environment
issue. Battery waste is primarily disposed off in
landfills that contribute to land pollution and the
contamination of underground water due to the
harmful chemical contents of the battery. This
problem is more aggravated with Lithium batteries,
as they are considered hazardous and their safe
disposal poses a huge challenge.

Therefore, moving towards green energy, it is
meaningful and very natural to develop the low-cost
and pollution-free energy resource to replace the
battery.

Our mother earth’s natural environment, have
abundant energy resources in the form of solar
energy, motion/vibration energy, thermal energy,
wind energy, tidal energy and man-made RF energy.

Globally, huge interest is generated in energy-
harvesting technologies that use ambient power
sources such as heat, vibration, and
electromagnetic waves. Radio frequency energy
harvesting (RF-EH) is a promising technology that
operates using electromagnetic waves. This
advanced RF-EH technology proposes the supply of
wireless power to battery-free devices, thus making
it a potential and strong alternative energy source
for future applications.

In addition to the dynamic energy recharging of
wireless devices and a wide range of environmentally
friendly energy source options, the RF-EH
technology is advantageous in facilitating various
applications that require quality of service.

The proposed RF-EH technology possesses
numerous distinctive advantages such as, it can
function in any location with a strong radio
frequency signal, including areas with no sunlight
or indoor spaces with specialized transmitters. As
RF energy is not much influenced by weather and
location, it can be effectively used by RF-EH system.
It is an alternative method to reduce the cost of
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...RF" technologies can play a
cructal role in addressing food

security: The bouquet of DAL RIP
technologies can be customized to
meel the challenges faced in food
preservation chain, particularly for
maintaining high quality and safe
post-harvest storage. . .

Dr. Sumit Som

regular maintenance in terms of device
improvement. It will be cheaper and eco-friendly.
Thus, RF energy harvesting proposes a very
worthwhile and workable substitute that
circumvents some of the environmental issues or
limitations.

Dr. Manjiri Pande: Nationally and internationally, large
accelerator programs with latest science and
technology are either being commissioned or are
upcoming. What is your advice to the young budding
engineers, scientists on having a career interwoven
with accelerator and RF?

Dr. Sumit Som: Accelerator is an ever developing
field and is progressively attaining higher energy
frontiers. Ambitious accelerator programs are being
launched both nationally and internationally.
Science and technology of accelerators is growing
very fast, which gives opportunity to learn many
new and advance technologies and do the scientific
researches as well. Working in accelerator and in RF
is a very challenging job.

The young budding engineers and scientists will
gain multi-disciplinary knowledge and exposure
while working in accelerators. The knowledge gained
in these RF and accelerators field will be at par with
international laboratories. The young scientists and
engineers should utilize this perfect opportunity and
give their valuable contribution for our motherland.

*Dr. Manjiri Pande is currently heading Radio Frequency
System Section of Accelerator Control Division in BARC.
Dr. Manjiri specializes in diversified areas that include
particle accelerators, klystrons, Solid State RF technology,
RF breakdown and multipacting, high power RF systems
etc. She is a recipient of DAE Scientific and Technical
Excellence Award, DAE Group Achievement Awards,
S.N. Seshadri Award and VEDA award.



INTEGRATED RADIO
FREQUENCY (RF) SYSTEMS
FOR PARTICLE ACCELERATOR

Integrated RF systems are
crucial for the performance
of an accelerator.

The state-of-the art RF
systems are equipped with
advanced control features
to enable acceleration of
charged particles
effectively within the
structural framework of
the accelerator
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Accelerator Technologies
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High Intensity Proton Accelerator

—
High Power Radio Frequency

Systems for LEHIPA

*Manjiri Pande, Sandip Shrotriya, Ramarao B. V. N., R Patel, Shiju A., J. K. Mishra, Snigdha S.,
Shyam sunder Jena, Muthu S., and Gopal Joshi
Accelerator Control Division, Bhabha Atomic Research Centre (BARC), Trombay-400085, INDIA

ABSTRACT

The Low Energy High Intensity Proton Accelerator (LEHIPA) has been indigenously built and
proton beam has been accelerated to an energy of 20 MeV. This has been achieved by
driving a cascade of three accelerator cavities; Radio frequency quadrupoles (RFQ) and two
stages of Drift Tube Linacs (DTL) i.e. 10 MeV DTL and 20 MeV DTL by each of the three
klystron based high power 1 MW at 352 MHz systems. The thoroughly tested radio
frequency (RF) and DC components and/or sub systems, power supplies, measurement
and diagnostics, interlock and protection systems were integrated, tested and
commissioned as a consolidated high power RF (HPRF) system. The RF power from klystron
RF system is transmitted through high power rectangular waveguide WR2300 systems
towards accelerating cavity. A solid-state power amplifier of 10 kW has been developed and
powers the buncher cavity.

KEYWORDS: Accelerator, Buncher, Interlock and protection, RF, Klystron, LEHIPA, Proton,
Waveguide

*Author for Correspondence: Manjiri Pande
E-mail: manjiri@barc.gov.in
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Accelerator Technologies

Introduction

High energy proton accelerators have applications in the areas
of scientific, medical etc. BARC is embarked upon the
development of high energy proton accelerator for its
ambitious program of Accelerator Driven Sub-critical reactor
(ADS). In ADS [1], proton beam from proton accelerator is
coupled to a sub critical reactor, which can be operated in sub-
critical mode and have inherent safety features. As a front end
of a high energy proton accelerator development, LEHIPA has
been developed and commissioned at BARC and accelerated
the proton beam up to 20 MeV. LEHIPA has three accelerator
cavities viz., 3 MeV Radio frequency quadrupole (RFQ), 10 MeV
and 20 MeV Drift Tube Linacs (DTL) that are powered by each of
Klystron based high power radio frequency (HPRF) system. The
article describes details of klystron based HPRF system, its
wave guide (WG) based transmission system and a solid state
amplifier (SSA) for buncher cavity.

Klystron Based MW Level HPRF Systems

Radio frequency (RF) particle accelerators use RF fields
in the accelerator cavities for particle acceleration, which is
generated by RF power. The HPRF system is an important
critical system that generates electric field across the cavity for
beam acceleration.

LEHIPA (20 MeV) - a front end of ADS, uses three 352
MHz, 1 MW Kklystron (TH2089) based HPRF systems [2] to
power its three accelerating sections viz. 3 MeV RFQ, 10 MeV
DTL and 20 MeV DTL. These three accelerating sections are
coupled in series via their respective beam transport lines viz.
low energy beam transport (LEBT) between ion source and
RFQ, and medium energy beam transport (MEBT) between RFQ
and 10 MeV DTL. The MEBT section includes a buncher cavity,
which is powered by a 10 kW solid state RF power amplifier. The
three klystron RF systems have been successfully designed,
developed, tested and then, integrated with RFQ and both the
DTLsto accelerate the proton beamto 20 MeV energy.

HPRF systems are complex and comprise of a variety of
sub-systems. These systems incorporate high voltage and high
current subsystems in addition to RF Power components,
measurement & diagnostics and interlock & protection sub
systems. All these except klystron and circulator are
indigenous including high efficiency & compact-bias supplies,
waveguide components with reduced insertion losses, fast
protection system against arcing & other fault conditions [2].
Mitigation of RF radiated & conducted emission [3] and proper
thermal management has ensured the reliable operation of
HPRF system.

Fig.1: Klystron HPRF system.

Fig.2: Klystron HPRF with WG line.

Each of the 1 MW at 352 MHz RF system (Fig.1 & 2)
comprises of 1 MW klystron, RF components like harmonic
filter, directional coupler, circulator, RF loads, interlock and
protection system (Fig.3), eight low voltage (LV) and high
voltage (HV) bias supplies, wave-guide window, and WR2300
wave-guide components, like straight sections, magic tees,
bends etc. Except klystron and circulator, all the sub systems
and components of 1 MW RF system [4] are indigenously
developed by Micro, Small & Medium Enterprises(MSME) i.e
local industries based on BARC design. Fast acting Interlock
and Protection system (IPS) (Fig.3) [5] is used for safe and
reliable operation of high power RF system. All the bias
supplies of the HPRF system are controlled by IPS, which have
to function satisfactorily in RF interference (RFI) environment.
Each RF system is cooled by low conductivity water (LCW)
having total inventory of almost 2000 Ipm per system

HPRF systems of LEHIPA are physically spread over three
floors or levels of the building. In its basement, there are
klystron gallery and Linac gallery housed in two parallel
tunnels. Linac gallery houses three accelerating cavities.
Klystron gallery (Fig.1 and 2) houses the major RF components
like Kklystron, circulator, RF Load (Fig.4), Harmonic filter etc.
handling 1 MW RF power [6]. It also houses major part of HV
sub-systems of all the three HPRF systems. RF power from
each of the three HPRF systems is coupled to each of the
(resp.) three accelerating sections via a long wave-guide WR
2300 based transmission line. The mezzanine floor
accommodates IPS and LV bias supplies (Fig.3) of the three
HPRF systems. The regulated high voltage power supply
(RHVPS) (100 kV, 25 A) is used for biasing cathode of each
klystron and is physically located on the ground floor. Each of
the three HPRF systems that is spread over large area, is
expected to operate and perform at design parameters while
overcoming on-field challenges.

Table 1: Parameters of Klystron HPRF system.

Parameter

Frequency 352.21 MHz

RF Power 750 KW
Gain 41 dB

Efficiency 60 %

2nd & 3rd Harmonics

-25 dBc & -30 dBc
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Fig.3: Interlock and protections systems and LV supplies.

HPRF system may cause radiated emissions (RE) and
conducted emissions (CE). Hence its constituent components
and sub systems that are spread over large space may get
exposed to conducted and radiated emissions. So,
electromagnetic compatibility (EMC) of IPS and other
subsystems has been ensured. The techniques of filtering,
glavanic isolation, effective grounding topology, shielding, EM
suppression practices have been followed to achieve EMC. By
integrating the multi-disciplinary sub-systems/components
andtechniques in the domains of RF, HV, high current, low level
signal instrumentation, RFl suppression, vacuum, thermal
management etc., each of the three 1 MW Kklystron-based
HPRF systems has been designed, developed and tested
independently on RF load. Each HPRF system then, separately
integrated and tested with 3 MeV RFQ, 10 MeV DTLand 20 MeV
DTL sections. Using these RF power systems LEHIPA has been
successfully tested and proton beam accelerated to 20 MeV
energy.

Indigenous Waveguide Transmission Systems

The three independent WR2300 based waveguide (WG)
systems [7] have been designed, developed and
commissioned for three accelerating sections for 20 MeV
accelerator [4]. One WG line is for RFQ and one each for 10 and
20 MeV DTL. These WG systems constituting various types of
waveguide components, like, straight sections, tapers,
directional couplers, 30 and 45-degree bends, phase shifters,

Fig.5: Waveguide transmission line from Klystron HPRF to 3 MeV RFQ.

Fig.4: Circulator (1 MW) and 0.8 MW RF Load.

water-based WG RF loads, windows etc. and having both half
height and full height structures, have been designed and
developed using local MSME parties and commissioned with
the respective accelerating cavities.

Waveguide system for 3 MeV RFQ

The RFQ required more than 600 kW RF power at 352
MHz to be coupled across its two ports for proton acceleration
from 50 keV to 3 MeV energy. RF power from HPRF system is
divided in two parts and coupled to each of the two ports of 3
MeV RFQ. The waveguide transmission line (Fig.5) involves
various components like E-plane and H-plane bends to rotate
the polarisation, Magic Tee to divide and generate two RF
power outputs with equal amplitude and phase, water cooled
RF loads at various locations to dissipate the unwanted and
unbalanced reflected power from RFQ, directional couplers to
measure the RF power in both forward and reverse modes at
various locations across WG line, RF windows to transmit RF
power while simultaneously providing isolation between air
and vacuum inside the RFQ. All these waveguide components
were designed with stringent specifications at 352 MHz and
were fabricated with local Indian industries. These were
characterised for their RF performance parameters, and then
installed and commissioned with RFQ for 3 MeV operation.

Waveguide system for 10 MeV DTL-1

The 10 MeV DTL-1 accelerator section required a total RF
power of ~800 kW at 352 MHz and has four coupling ports for
coupling the RF power. Hence, the RF power from HPRF system
has been split into 1: 4 by two successive stages of 1:2 power
dividersi.e., using a two-stage binary divider into two sets of in-
phase and anti-phase vectors. The anti-phase vectors are

Fig.6: Installed and commissioned waveguide systems of 10 MeV DTL.
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Fig.7: Installed and commissioned waveguide systems of 20 MeV.

again rotated using an additional path length of waveguides to
feed in phase power into four ports of DTL-1. Each waveguide
line (Fig.6) has directional couplers at various locations to
measure both forward and reflected power for diagnostics and
in some cases for protection against faults. A total of eight
directional couplers are used in the system. The water-based
WG RF loads located at the centre of magic tees are used to
dissipate the unbalanced reflected power from the DTL side.

Waveguide system for 20 MeV DTL -2

Almost similar waveguide system (Fig.7) with similar
layout as that of 10 MeV DTL -1 has been tested, installed and
commissioned for 20 MeV DTL-2 accelerator. All the three
waveguide systems for 3 MeV RFQ, 10 MeV DTL-1, 20 MeV
DTL-2 have been commissioned with their respective
accelerator section.

Solid-state RF power amplifier for buncher cavity

LEHIPA uses buncher cavity between RFQ and 10 MeV
DTL to bunch the incoming protons from RFQ using RF power
from a solid-state RF power amplifier. Indigenous 10 kW,
352.21 MHz Solid-State Amplifier (SSA) [8] (Fig.8), housed in
the klystron gallary, has been designed and developed along
with coaxial transmission line for coupling the RF power to the
buncher cavity of MEBT (Fig.8).

This SSA has been designed using the solid-state
transistor technology. It consists of 16 power amplifier
modules, two 8-way power combiners, a two-way combiner, a
two-way divider, two 8-way dividers, pre-driver, driver modules,
DC power supplies, sensors, and an interlock and protection

Offs 90.30 dB
Att 10 dB
Ref 42.66 kW

1ap |10 kW
Clrw

RBW 300 kHz
¥ VBW 100 kHz
* SWT 100ms

M1[1] 10.308688821 kW

352.000000000 MHZ

100 pW

10wy
CF 352.0 MHz

Span 10.0 MHz|

Buncher Cavity RF Buncher Cavity and Its RF
System transmission line System

Fig.8: SSA (10 kW at 352.21 MH?z) (in klystron gallary) for Buncher
cavity (on the left) and its coaxial transmission line in Linac
gallary(on the right).

Table 2: Salient technical specifications of SSA

Values

Parameters
Centre Frequency 352 MHz
Bandwidth (3 dB) >30 MHz
Max. power output 12 kW
Harmonics <25 dBC
Coolant water

QOutput Connector 3-1/8” EIA Flange

Efficiency >60% both pulse and CW

Power gain >70 dB

system. The output of the RF power amplifier is coupled to the
buncher cavity using 3-1/8”, 50 Ohm coaxial transmission
system. This transmission system incorporates directional
couplers for power measurement, bends for rotation of wave
front, and straight sections. All these are made in rigid 3-1/8
inch transmission line. The salient technical specifications of
SSAare giveninTable 2.

The RF power waveform during testing and after coupling
to Buncher cavity are shown in Fig.9. The RF power waveforms
of 3 MeV RFQ and 10 MeV DTL during proton beam
accelerationare shownin Fig.10.

FE0=E RRE

a6.a43 v

A0L19 my

0.6 v

28 Flle Horlzontal Trigger Vertical Math Cursor Meas

Fig.9: RF Power Waveform of SSA and RF waveforms recorded after RF amplifier was integrated with buncher.
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Fig.10: RF Power Waveforms across 3 MeV RFQ and 10 MeV DTL.

Conclusions

In LEHIPA, three klystron based HPRF systems along with
WG transmission lines have been successfully operating with
3 MeV RFQ, 10 MeV DTL1, 20 MeV DTL2 respectively for
20 MeV proton beam acceleration. RF power waveforms
recorded across 3 MeV RFQ & 10 MeV DTL operation are shown
in Fig.10. All these RF systems have been locally designed,
tested and commissioned.
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High Intensity Proton Accelerator

o
Low Level RF Systems for LEHIPA

*Alok Agashe, P. D. Motiwala, Radhika Nasery, Shyam Mohan, Jyothi P. and Gopal Joshi
Accelerator Control Division, Bhabha Atomic Research Centre (BARC), Trombay-400085, INDIA

ABSTRACT

The indigenous design and implementation of a digital Low-Level RF (LLRF) control system
for the Low Energy High-Intensity Proton Accelerator (LEHIPA) at BARC, Mumbai is
presented. The LLRF system facilitates precise control over the amplitude and phase of RF
field in RFQ, Buncher, DTL1 and DTL2 cavities. Leveraging a cPCl based digital board
equipped with ADCs, DACs, FPGAs, and clock synthesizers, the system implements required
signal processing and control. The firmware is optimized to minimize latency and includes
diverse processing modules for effective LLRF operation. Successful commissioning of the
LLRF systems enables simultaneous locking of multiple cavities, resulting in the attainment
of 20MeV proton beam acceleration in LEHIPA.

LLRF system KEYWORDS: Accelerator, Buncher, cPCl, RF, Klystron, LEHIPA, Proton, LLRF
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Introduction

A carefully and judiciously designed LLRF system based on
digital techniques and incorporating FPGA offers unique
advantages of precision, improved digital signal processing
capabilities, possibility of implementing complex algorithms in
FPGA, flexibility, programmability, repeatability and powerful
diagnostic capabilities.

LLRF control system is one of the key subsystems in RF
accelerator. Accelerator Control Division (ACnD), BARC has
designed, developed and commissioned digital LLRF systems
to control the amplitude and phase of RF field in resonant
cavities in LEHIPA at BARC, Mumbai. LEHIPA consists of a
50keV ECR ion source, LEBT, 3MeV RFQ, Buncher cavity and
Drift Tube Linac (DTL) section to deliver 20MeV proton beam.
LEHIPA has a total of four LLRF systems for control of RF field in
RFQ, Buncher,DTL1 and DTL2 as shown in Fig.1.

The LLRF system developed for LEHIPA is a compact cPCI
based system, employing full digital approach, not requiring Up
and Down converters. The hardware of the system consists of
an Analog conditioning module (ACM) and a cPCl based digital
board built around an FPGA. The ACM consists of input
buffer/attenuation and the output drive amplifier sections.
Pickup, Forward power and reflected power signals are
digitized and processed. Windows based GUI application
software has been developed for Control and display of
parameters and data. The LLRF systems have been
commissioned successfully for all the cavities of LEHIPA
enabling extraction of 20 MeV proton beam. LLRF system has
been modified for DTL so that it drives two RF Tanks (as shown

RF Power in

RF Power in

in Fig.1) with single RF drive using Vector sum control method.
Hardware Description

Fig.2 shows the module level block diagram of the LLRF
system. It consists of mainly two parts, namely,

a.Analog Conditioning Module (ACM), and
b. Digital Board.

RF signals from the field are received and conditioned by
the ACM before feeding them to the digital board. High speed
ADCs on the digital board digitizes the incoming RF signals and
feeds the digital data to the FPGA for further processing. The
LLRF system employs direct digitization scheme where it
samples the incoming 352MHz RF signals directly without
down-conversion. Feedback loop with PI controller is
implemented in the FPGA for generating RF drive signal which
after suitable amplification in the ACM, is fed to the Klystron
through RF switch. The LLRF system supports pulsed and CW
modes of operation. Itis used in open loop mode during the RF
cavity conditioning, and in closed loop mode during normal
operation. Fig.3 is photograph of commissioned LLRF for RFQ
at LEHIPA.

Analog conditioning module (ACM)

Itis an FPGA based 19-inch rack mountable stand-alone
module (Fig.4), remotely operated via Ethernet through Control
System Studio (CSS) based application software. Analog
signals are conditioned in this module to utilize the full dynamic
range of the high speed multi-channel ADC's situated on the
digital board. One ACM contains nine buffer channels and two

RF Powerin Ef: RF Powerin E:

BUNCHER piqp

F'I»cup
Plup1
LLRFS

DTL] DTL2

F'I-cup
LLRF4
RFOUT

Fig.1: LLRF Systems for 20 MeV LEHIPA
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Fig.2: Modules in the LLRF System

Fig.3: LLRF system for RFQ, commissioned at LEHIPA
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Fig.4:Analog conditioning Module

Fig.5: Analog Conditioning Module EPICS CSS GUI

amplifier channels and it can cater to two cavities. Buffer
channel provides buffering and suitable programmable
attenuation (O to 15 dB) along with band-pass filtering to cavity
RF signals. It protects Digital board from High levels of RF field
signals. ACM also processes the RF drive out signal produced in
the digital board. It buffers, filters and amplifies the drive out
signal by 30db, which is further connected to the cavity via high
power RF Amplifier. Fig.5 Shows the CSS GUI for ACM.

Fig.6: cPCl based Digital Board

Digital Board

The cPCl-based digital board, shown in Fig.6, includes an
eight-channel ADC of suitable resolution for RF signal
digitization, a high-density FPGA for data processing, and
sufficient SRAM for storage, three low-speed DACs for tuner
output and diagnostics, clock synthesizers for synchronized
clock generation, and a dedicated cPCI controller for interface
management. External 352 MHz RF signal, serves as the
reference clock input. On board programmable clock
synthesizers produce stable sampling clocks for ADCs and
DACs. The digital board can simultaneously acquire and
process eight analog signals, enabling control of two RF
cavities. The firmware, optimized for minimal latency, includes

FPGA Set_point_| ff_I Digital Board
1_LP
Pickup| Demodulator 1 | al Pl 1_PI |, )
== | g PHASE =
»aoct |- iMW'? | LPF | |romator| J controter | rsoacs| | Moduiet il

A Q1_LP at SUF % 1l -

= Q N

= LOin

Cavity Amplifer . —\ 352 MHz

Fig.7: Implementation of feedback loop in digital board.
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Fig.8: LLRF GUI in Amplitude and phase loop in lock condition for DTL.
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Fig.11: Pickup Amplitude for DTL1

various processing modules like quadrature demodulators, Pl
controllers, and data acquisition modules, ensuring smooth
LLRF system functioning. The software facilitates
communication with hardware for control diagnostics and data
retrieval.

Feedback Control Loop

The pickup signal undergoes necessary signal
conditioning and processing, as illustrated in the block
diagram in Fig.7. The programmable gains in digital controller
is useful in attaining optimal response for stabilizing the RF
field within the cavity. Subsequently the on-board analog
modulator generates the RF OUT which is conditioned and
amplified by ACM for feeding to the klystron.

Software

The LLRF software controls all four LLRF systems at
LEHIPA. Fig.8 shows main GUI of the system for DTL. It shows
the amplitude and phase in DTL in locked condition.

Results

Fig.9 shows a screenshot of the oscilloscope, showing
forward power and pickup signal for following conditions

DTL: 400kW Power, Pulse-Width =200us, Repetition rate=2Hz.

Fig.10 shows the pickup signals from RFQ, Buncher, and
DTL1 under locked condition for 6.8 MeV operation. The yellow
trace represents the phase of the DTL1 pickup, which falls
within acceptable limits. Data for pickup amplitude (Fig.11)
and phase (Fig. 12) for DTL1 has been acquired and amp and
phase jitters have been found to be less than 0.2% and 0.2
degrees rms, respectively.

Buncher power = 10 kW
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Fig.10: RFQ, Buncher and DTL1 locked at LEHIPA
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Fig.12: Pickup Phase for DTL1
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RF Protection Interlock and Monitoring
Systems for Accelerators

*Sujo C. I., R. T. Keshwani, Sandeep Bharade, Mayur M. Sutar and Gopal Joshi
Accelerator Control Division, Bhabha Atomic Research Centre (BARC), Trombay-400085, INDIA

ABSTRACT

Accelerator Control Division, Bhabha Atomic Research Centre has developed VMEG4x
based RF Protection Interlock (RFPI) and monitoring systems presently functional and
installed at different accelerator facilities including Low Energy High Intensity Proton
Accelerator (LEHIPA) at BARC, Horizontal Test Stand (HTS) at RRCAT and PIP2IT at Fermilab.
RFPI systems monitor different outputs of different sensors such as Directional Couplers,
Photo Multiplier Tube (PMT), Field Emission Probes, RF antenna, Temperature Sensors etc.
installed in an accelerator facility and if any of the monitored signals exceeds the set limit,
switches OFF RF power to the RF cavity within 1-2us. All the monitored signals are digitised
and stored in memory, which is available for post fault analysis. The design architecture
followed for RFPI has been extended to realize Interlock Protection and Monitoring system
for protection of 325 MHz,7 KW RF power amplifiers developed under IIFC.

One RFPI system with four VME modules

KEYWORDS: Accelerator, EPICS, fast protection and interlock, RF, VME64X
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Introduction

ACnD has designed, developed and installed RF Protection and
Interlock system which protects high power RF components,
such as, RF windows, Couplers, RF power sources, waveguide,
RF cavity etc. of an accelerator facility. RFPI system monitors
sensor outputs installed in these sub-systems as well as status
signals from other sub-systems, such as vaccum and cooling in
an accelerator. Upon detecting a fault, it switches OFF RF input
to the RF power source within 1-2us. RFPI system has been
installed at LEHIPA, BARC and at HTS, RRCAT. Two RFPI systems
have been delivered to Fermilab, USA under lIFC.

RFPI Architecture

The RFPI system has been designed based on VME
protocol and is modular and scalable in nature. 6U, single
width modules have been fabricated and the system is easily
expandable depending on the number