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Solid state amplifier (SSA) technology is highly modular, scalable in radio frequency (RF)
power, has low voltage operation and offers graceful degradation. These features make it
technology of choice for both normal and superconducting cavity based accelerators. BARC
has worked successfully on SSA technology for its own program and for collaboration
program. These development activities on SSA technology have led to the development of
high power amplifiers starting from few watts to 20 kW at different frequencies. This SSA
technology is indigenous except for basic components like MOSFET, circulator etc. With the
help of innovative design and integration methodologies, the SSA parameters such as
overall power rating, power density, cost/W, availability etc. can be improved. BARC, DAE has
launched its ambitious domestic radio frequency (RF) accelerators program, which uses RF
power at various levels to set up RF field in RF cavities for beam acceleration. So, as a new
research and development activity, SSA systems in kW and MW level is conceptualized to
cater to this domestic RF power need. Conceptual design scheme of indigenous 50 kW SSA
at 325 MHz for medium energy high intensity proton accelerator (MEHIPA) and 280 kW
SSAs for radio frequency quadrupole (RFQ) or Drift Tube LINAC (DTL), at 352/325 MHz is
finalized. In continuation of same R&D efforts, a 1 MW SSA at 352/325 MHz for normal
conducting accelerator has also been conceptualized. The conceptual design schemes of
allthese indigenous SSAs are discussed and presented in this article.

KEYWORDS: ADS, AC to RF efficiency, MTBF, Particle Accelerator, Power divider and
combiner, Solid State
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Introduction

Application areas of accelerators include basic sciences,
energy, medical, and security systems. Accelerator
development in a country is one of its defining parameter to
measure technological advancement. Radio frequency (RF)
linear accelerator (LINAC) for accelerator driven sub critical
system (ADS) is being developed at Bhabha Atomic Research
Centre (BARC) as a multi-phase program. One of the major
research and development (R&D) activity involves
development of high power RF (HPRF) systems for Indian
accelerator program and DAE's international collaborations.
Worldwide, international laboratories including ANL [1][2],
BARC [3][4][5], RRCAT are pursuing HPRF systems based on
SSA technology among other options. With innovative ideas
and advance design techniques, BARC has designed and
developed high power solid state amplifier (SSA) systems with
acclaimed performance specifications for accelerator
application. This article presents conceptual design scheme
(CDS) of SSAinclusive of its architecture, innovative integration
and layout schemes for three SSAs of RF power levels 50 kW,
280 kW and 1 MW having features like high efficiency,
compactness and ruggedness.

The guiding factors of CDS of SSA

Theme of this CDS is based on four I's i.e. ideas,
innovate, implement and indigenise for self-reliance in high
power SSA technology. In SSA, with the help of these four I's,
four C's can be achieved i.e. comprehensive design, cost
effectiveness, compactness and competitive performance.

The important features of SSAs designed and developed
at BARC are high efficiency performance (~54 to 55% wall plug
efficiency), compact design (approximately 13.7 kW/m? power
density), cost effective implementation, compliance to
international standards (EMI/EMC and vibration standards) [5]
and, reliable operation. Efforts are made to constantly improve
SSA performance parameters by innovative design efforts. SSA
R&D for the RF accelerators presented in this article will
highlight these efforts, which incorporate innovative design
methodologies, new ideas of system integration and
implementthemto achieve better performance.

Conceptual Design of kW/MW SSAs

Medium energy high intensity proton accelerator
(MEHIPA) phase 1 is an accelerator program to develop a 40
MeV proton accelerator. It has normal conducting section up to
10 MeV incorporating RFQ and DTL and superconducting
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Fig.1: Architecture of 50 kW SSA at 325 MHz for MEHIPA-phase 1.

accelerator sections above 10 MeV incorporating Single Spoke
Resonator (SSR)).

As per LEHIPA measurement data, RF power requirement
for DTLs at 3-11 MeV and 11-20 MeV is around 800 kW (4
ports, 200 kW) each, and around 560 kW (2 ports, 280 kW) for
3 MeV RFQ. These RF power measurements are inclusive of
insertion losses across the RF power system and reflected
power from accelerator.

The maximum RF power requirement of superconducting
SSR cavities of MEHIPA with adequate margin is about 50 kW.
Hence, a SSA of 50 kW at 325 MHz is designed. Conceptual
designs of 50 kW SSA for SSR cavities, 280 kW and/or 1 MW
SSAs for RFQ/DTLs are presented in this article. Depending on
accelerator power requirements, the output power of SSAs can
be scaled up to 500 kW and 1 MW by combining multiple
280 kW SSA blocks. These SSAs can be built for both 325 MHz
and 352 MHz with minor modifications in IPA module and
Power combiner/dividers.

The main sub-systems of these SSAs are, a low power RF
(LPRF) driver, power amplifier (PA) modules, direct current (DC)
bias power supplies, power divider, power combiner, interlock
protection and monitoring system (IPMS), AC power
distribution arrangement and a number of directional
couplers. The first basic SSA tower uses a modular topology
where power output from multiple power amplifier (PA)
modules are combined via power combiner to achieve overall
high-power output.

The preliminary design of major sub systems of these
SSAs inclusive of innovative ideas and integration
methodologies to meet 4 C'sis discussed below.

[ Integrated PA (IPA) module: The number of
interconnecting cables increases with the number of PA
modules and DC power supplies (DCPS). This results in
increase in complexity of cable routing, requirement of more
space, increase in cable losses, system noise etc. A design
innovation by integrating PA module, DC PS and its protection
circuit, known as Integrated PA (IPA) module on a single heat
sink and with direct interface between them resolves most of
the issues. It reduces number of DC cables, noise, uses single
heat sink and single protection circuit for both PA module and
DCPS, ensuring high level of integration with power combiner.
This effectively reduces size and cost, increases efficiency,
increases availability due to increased mean time between
failure (MTBF) and reduced meantimetorepair (MTTR).
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Fig.3: Arrangement of HPRF section of 50 kW, 325 MHZ SSA.
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Gain of 50 kW SSA (Min) = Output power (Rated) — Available Input power (Max)
=77 dBm -6 dBm =71 dB

Gain of SSA=71.7 dB

RF in= . Power combiner RF out
+6 dBm Gain ‘,’f LPRF (51 .5 dB) Loss in Divider and Gain of directional coupler | +77 dBm
Lossesin RF | |Gain of LPRF Associated RF cables | 3} PA modules and associated RF L
™|| switch and cables Amplifier -0.5 dB 21dB cables
-3dB 54.5 dB -0.3dB

Output Power (LPRF): 500 W

IPA module Output-
1.3 kW (Max) each

Fig.2: SSA Gain budget for 50 kW, 325 MHZ SSA.

] Cables-less high power interfaces: Innovative interface
design of IPA modules and their direct mounting on cavity
combiner enables the cable-less high power RF interface. It
further improves compactness, and reduces cost, improves
efficiency and eases maintenance.

] Modular IPMS: Modular and distributed IPMS design
implementation helps simpler design, easy diagnosis, less
cabling, less noise and easy maintenance with improved
reliability.

[ Power combining methodology: Overall design concept
for power combining methodology for these three SSAs is same
exceptforlevels of combining. In 50 kW SSA, single stage cavity
combiner based power combining is used. The 280 kW SSA
design uses two stages of power combining and 1 MW SSA
design uses four stages of high power combining. Architectural
details and salient features of these SSAs are presented in this
section.

Design of 50 kW SSA at 325 MHz for MEHIPA

Architecture of the proposed design of 50 kW, 325 MHz
SSA for SSR cavities is shown in Fig.1. The 50 kW SSA
integrates all 48 IPA modules, each rated for 1.3 kW RF power,
by directly mounting on a single cavity combiner. This cavity
combiner and IPA arrangement achieves higher level of IPA
module integration with lower combining losses and linear
combining. Other sub systems of SSA like LPRF, AC-PDP, IPMS
will be housed in a separate cabinet, and will be located very
nearto SSAinstallation.

SSA design involves estimation of SSA gain requirements
and gain budget for various sub-systems. Gain budget of the
50 kW SSA at 325 MHz (assuming +6 dBm (maximum) input
from low level RF (LLRF)) and its sub-systems is shown in Fig.2.
Fig.3 shows the arrangement of high power RF components.
The power density of the complete 50 kW SSA is estimated at
around 13.6 kW/ m”.

Wall plug efficiency of the SSA is estimated at 53% (min.)
based on conservative efficiency values for sub-systems like
integrated PA module 58% (min.), and efficiency of cavity
combiner around 95% (min.). Some of the critical
specifications for this SSA are givenin Table 1.

Conceptual design of 280 kW SSA

To meet the requirements of RFQ and DTLs, innovative
design adopted for 50 kW has been extended for 280 kW SSAs
at 352 MHz for LEHIPA and 325 MHz for MEHIPA. In this SSA,
maximum possible input ports on the cavity combiner were
estimated based on the dimensions of cavity combiner and IPA
module. Redundancy of IPA module has also been considered
to increase SSA reliability. Cylindrical cavity combiner
operating in TM,,, mode at 325 MHz/352 MHz has its
resonance frequency related to its radius. The Radius of
cylindrical combiner cavity for resonance frequency of
352 MHz/325 MHz is approximately 350 mm. Cavity
dimensions and IPA module size dictates the maximum input
ports feasible on the cavity combiner. For these frequencies
and dimensions of IPA module, maximum 128 nos. of IPA
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Fig.4: Internal Scheme of 145 kW SSA block.
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modules can be integrated with the cavity combiner. With IPA
module rating at 1.3 kW, power of each SSA block or tower is
145 kW and offers redundancy of about 15 IPA modules for
nominal power of 140 kW. Internal RF Scheme of 145 kW SSA
tower isshownin Fig.4.

145 kW SSA blocks comprises of a 128-way power
divider, outputs of which feeds to 128 nos. of 1.3 kW IPA
modules. Output from these IPA modules is combined using a
128-way cavity combiner. 128 IPA modules are assembled
directly on the 128-way cavity combiner with cable-less RF
interface and hose-less water interface for compact and
efficient assembly. This scheme reduces footprint size and
cost of the implementation by saving inventory of RF cables
and water circuit.

LPRF (Driver) unit that feeds RF power to 128-way divider
of this SSA block comprises of 1.3 kW IPA module. AC power
distribution sub-system distributes and manages AC power
flow for reliable and safe operation of the SSA block. IPMS unit
is designed as distributed topology to provide functions like

RF Input

interlock, protection and monitoring of various parameters and
keep amplifier operational under normal operating conditions
and helps during diagnosis of failures.

Combining of two such SSA blocks is estimated to deliver
280 kW output which is sufficient to directly feed each ports of
DTL/RFQ. Output port of 145 kW SSA block is 8 - 3/16",
50-ohm flange. The two-way power combiner for combining
these two SSA towers will be coaxial line to waveguide type
combiner, whose output will be available on waveguide
WR2300 HH port. Some of the critical specifications of the
280 kW SSAare listedin Table 1.

Conceptual design scheme of ] MW SSA

The present R&D efforts for 1 MW SSA at 352 MHz are
aimed to provide overall scheme and mitigate the challenges
involved in its design and implementation to achieve compact,
cost effective, high efficiency and high availability. The design
is aimed at enabling self-reliance and ‘Make in India’ to reduce
import dependence. The architecture cum concept scheme
(Fig.5) of 1 MW SSA consists of three stages namely the input

3 phase AC input

A4
[ 1+8 Power Divider |

Input Stage | 1 Phase AC input

i—l

Phase Phase
shifter

11)

AC power
Distribution system

shifter

Phase Phase
AL shifter shifter
8 nos. of 1.3 kW IPA

module with Dir.
Coupler

—

Interlock and
Supervisory system

|

&

| 145 kW SSA blocks as
Power Stage
e 6 o o

N

\ 145 kW
—

145 kW 145 kW 145 K
—¥ —v
] [
2Xx1 Multiple stage of high 2X1
280 kW power combining | 280 kW
2X1 2X1
550 kW * * 550 kW
2X1

Y >1 MW (WR2300 FH)

Fig.5: General Block Diagram Super Power 1 MW, 352 MHz SSA System.

Table 1: Critical specifications of SSAs 352/325 MHz SSA.

Parameter values for 1 MW

Parameter values for 280 kW

Parameter values for 50 kW

SSA specification

n Guaranteed Output power at 352/325 MHz

IPA Bandwidth (-3 dB)

1 MW (CW and pulse)
=4 MHz

Power gain requirement =84 dB
Harmonics* < -25dBc
n Spurious* < -55dBc

I Ac to RF Efficiency®
Smallest amplification unit (Basic building block) 1.3 KW IPA module
n Smallest integrated amplification sub -system
Output connector and VSWR

Input connector and VSWR

System cooling

~ 40% (@1 MW)

~145 kW SSA block, 8 nos.

WR2300 FH/HH, <1.4
SMA (F), <1.2
Water cooled

280 kW (CW and pulse)
=4 MHz

=78.5dB

< -25dBc

< -55dBc

~ 42% (@280 kW)

1.3 kW IPA module

~145 kW SSA block, 2 nos.

WR2300 HH, <1.4
SMA (F), <1.2
Water cooled

50 kW (CW and pulse)
=4 MHz

=71dB

< -25dBc

< -55dBc

~50% (@50 kW)

1.3 kW IPA module
50 kW SSA block, 1 no.
6 1/8" EIA, <1.4

SMA (F), <1.2

Water cooled
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Fig.6: : Physical arrangement scheme of 1MW segment of 1 MW SSA.

stage, the power stage and high power combining stage. It uses
145 kKW SSA tower as the main building block as shown in Fig.5.
This scheme, has following salient features.

[ ] The ‘Input stage’ consists of an eight (8) - way power
divider that feeds the input RF power via phase shifter (to
provide flexibility in phase matching) to eight (8) numbers of
1.3 kW IPA modules. Output from these modules is fed to
145 kW SSA block.

] Power stage comprises of eight nos. of 145 kW SSA
blocks.

] Multi-stage high power combining: As described in
previous section, two 145 kW SSA towers are combined to
deliver 280 kW maximum power per port of normal conducting
accelerating cavity. However, if 500 kW or 1 MW output power
is needed. If power required per port is less that 145 kW, SSA
blocks will have more redundancy and availability, it can be
delivered by power combining as shown in Fig.5. Availability of
RF Power at 145 kW, 280 kW, 500 kW and 1 MW level provides
flexibility to the accelerator facility.

] Modular protection and monitoring at IPA module level
simplifies overall interlock, protection and monitoring system
(IPMS).

Some of the critical requirements cum design
specifications of this scheme of 1 MW SSA that can be
achieved are listed in Table 1.

Physical arrangement scheme of eight nos. of 145 kW
SSAblocks of is shown in Fig. 6 as cylindrical towers. To achieve
output power of 1 MW, further combining is done using
waveguide-based network. The design, development and
deployment experience of various waveguide components for
LEHIPAreducesriskinthese designs.
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*Harmonics and spurious levels of 1.1 kW PAmodule (on which
IPA modules of 1.3 kW are based) is -30 dBc and -60 dBc.
These values are standard acceptable range for accelerator RF
systems.

$The AC to RF efficiency is based on measured AC to DC
efficiency of DCPS, measured DC to RF efficiency of PA
modules, combining loss calculations based on gain
magnitude and phase spread.

Conclusion

BARC has focused on the design and development of
state of the art high power SSAs for Indian accelerator program.
Innovative design techniques and integration topologies
adopted to develop these SSA are aimed to achieve high
efficiency, compact and cost effective SSAs with reliable
operation. Objectives further include enabling self-reliance
and indigenous manufacturing of high end SSAs technology via
Indian industries. This further accomplishes 'Made in India
objectives of Govt. of India and provides critical import
substitute. Main features of these high power SSA design are
high power density from 12 kW/m? for 50 kW up to 15 kW/ m°
for 280 kW and 1 MW and low cost per watt.
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