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Abstract 

The Los Alamos Neutron Science Center (LANSCE) 
uses a coupled-cavity linac (CCL) to accelerate H- ions 
from 100 to 800 MeV. It is powered by forty-four 1.25 MW 
805 MHz klystrons, each capable of 150 kW of average 
power. A prototype solid-state amplifier (SSA) that meets 
these requirements is in development. Commercial silicon 
LDMOS transistors have reduced power above 600 MHz 
and are also limited by the maximum drain to source break-
down voltage. We are using high voltage Gallium Nitride 
(GaN) on Silicon Carbide (SiC) high electron mobility 
transistors (HEMT) to reduce the number of active devices 
and the complexity of power combining smaller amplifiers. 
These wide bandgap semiconductors can operate at high 
channel temperatures around 200 degrees Celsius without 
shortened life. We are testing new devices up to 5 kW of 
peak power at 100 volts. Operating in saturation mode, out-
phasing modulation is used to maintain high device effi-
ciency to reduce thermal dissipation, compared to conven-
tional class AB linear amplifiers. The power supply re-
quires stored energy with a capacitor bank. Power combin-
ing uses a combination of 2-way Gysel, 40-way radial and 
magic tee combiners in waveguide. 

INTRODUCTION 
The LANSCE facility uses a room-temperature copper 

CCL to accelerate H- ion beam from 100 to 800 MeV. This 
structure is powered by forty-four 1.25 MW 805 MHz 
klystrons, which all together provide approximately 
44 MW of peak RF power and 5.3 MW of average power. 
These klystrons have been manufactured essentially un-
changed since their introduction in 1968. LANSCE is ex-
pected to provide beams beyond 2050, which has raised 
concerns about relying solely on this vacuum electron tube 
technology for 24 years or more.  

The LANSCE klystrons require 86 kV beam voltage 
supplied from conventional AC mains charging power sup-
plies and capacitor banks, which present their own set of 
difficulties. The magnetic components (transformer and 
regulator) are no longer available from the original source. 
Seven capacitor banks, each feeding 6-7 klystrons, rely on 

a large number of oil-paper insulated series/parallel capac-
itor strings. It is common for component failures to result 
in collateral damage in the bank due to the 230 kJ of stored 
energy. These high voltage equipment challenges are ex-
acerbated as we add a younger engineering team less fa-
miliar with high voltage engineering than the designers 
who built the systems 54 years ago.  

 This institutionally funded R&D has been underway 
since 2024, to develop a replacement RF power amplifier 
that can fit in the space of one klystron and its modulator 
tank [1, 2]. Three-hundred and twenty solid-state amplifier 
(SSA) pallets are to be combined to produce equivalent or 
better performance than that of a klystron. This can replace 
the legacy high voltage vacuum electron tube technology 
with state-of-the art low voltage RF amplifiers. As an 
added benefit, this development has attracted and hired 
early-career engineers to help us form a strong R&D team.  

 
SSA DESIGN CONSIDERATIONS 

Applicable Transistor Technologies 
Peak power capability has been a hallmark for vacuum 

tubes, where the thermal mass is large and the peak to av-
erage power ratio is very high. For a SSA, the most reliable 
approach is operating in continuous mode, and this has en-
abled silicon laterally diffused metal-oxide semiconductor 
(LDMOS) transistors to be combined to replace klystrons 
or inductive output tubes at dozens of synchrotrons and 
storage rings worldwide. Pulsed operation at the LANSCE 
CCL requires understanding the intrinsic peak capability 
of the individual junctions or channels inside the devices, 
their packaging for thermal design, and using energy stor-
age with capacitors at one thousandth of the voltage of 
klystrons. Lessons learned from published SSA develop-
ments and discussions with staff from other accelerators 
using LDMOS were reviewed for this project.  

LDMOS has been a mature technology from multiple 
manufacturers since 1990s, used for wireless communica-
tion, military, industrial and broadcast transmission. Tran-
sistors are made from large wafers in conventional silicon 
foundries so the price per watt is attractive. Rated at a max-
imum operating Vds (drain to source) voltage of 50-65 volts 
these field-effect transistors generate up to 1.9 kW of satu-
rated peak power below 400 MHz. A recent exception is a 
4 kW peak LDMOS device operating at 75 Volts up to 
450 MHz. At 805 MHz the peak power capability is re-
duced significantly. The drain to source capacitance of 
large LDMOS devices limit their maximum frequency-
times-power product. Conventional linear amplification 
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(class AB) requires back off of the power from the satu-
rated datasheet value, Psat, which is measured with a spe-
cific amount of gain compression. This reduces the desired 
power capability to below 1 kW in the ultra-high frequency 
(UHF) band.  

There are an increasing number of applications at UHF 
to low microwave ranges that are moving to wide bandgap 
semiconductors such as GaN. The bandgap is 3.4 eV com-
pared to 1.1 eV for LDMOS. As a result, the breakdown 
field in the device is 2 MV/cm whereas in LDMOS it is ~ 
300 kV/cm. Output shunt capacitance (Cds) is ~1/4 that of 
LDMOS and input capacitance (Cgs) is 50% less. Power 
density is 5-20 W/mm of gate periphery for HV GaN and 
2 W/mm for 50 volt LDMOS. By adjusting the doping and 
gate field plate design, GaN on SiC HEMT have been de-
veloped for 150 volt drain to source voltage (Vds) at UHF 
to L band frequencies [3, 4]. Impedance matching from the 
drain tab to 50 ohm loads is improved with higher drain 
voltage, as determined by this relationship: 

Optimal load resistance, R = (Vds−Vsat)2

2∗Pout
(1) 

where Vsat is approximately 10 volts for GaN HEMT. The 
number of components and size of the output circuit is re-
duced when drain load is closer to 50 ohms. 

The pallet is a functional block of HEMT plus passive 
matching circuits and DC bias networks. A pair of pallets 
is combined to make a 10 kW blade, which has a local pro-
tection and communication board, gate bias sequencer with 
drain overcurrent sensors, and puck circulators for each 
pallet.  Forty blades are summed together in a radial power 
combiner to reach 350 kW, ¼ of the total power of the en-
tire SSA.  

We have evaluated push-pull 3.6 kW HEMTs from a 
transistor fab with HV GaN on SiC optimized for pulsed 
RF power. The IGN815 device uses conventional Ag-Sn 
die attach in a Gemini package and is designed for 12% 
duty factor (Fig. 1). A 5 kW pallet was designed using a 
pair of new IGN825 single-ended HEMTs, combined on 
the pallet (Fig. 2). This is the final configuration that will 
be used for the LANSCE power amplifier.  

Figure 1: 3.6 kW pallet using IGN815 HEMT. 

Our SSA lab is equipped with pallets on water-cooled 
plates, RF source, driver amplifier and loads, and a high-
current power supply along with local electrolytic capaci-
tors, We are testing 16 pallets for repeatability of power, 
gain, efficiency, phase response, all with varying duty 

factors and temperatures [5]. Table 1 shows measured data 
from both types of HEMTs. 

Figure 2: 5 kW Pallet using IGN825 HEMTs. 

Table 1: Comparison of Two HEMT Pallets 

Thermal Considerations 
Like the klystrons that it could replace, the SSA will re-

quire a similar amount water cooling, through cooling 
plates with many flow and temperature interlocks. This is 
a design space that heavily impacts the piping layout as 
well as the instrumentation and control design. In silicon 
LDMOS it is typical to operate the semiconductor at 150 – 
170 degrees C. GaN on SiC, on the other hand, can operate 
with channel temperatures higher than 200 deg C. Arrhe-
nius plots suggest one million hours is achievable at 
225 ℃ [6]. It has been especially important to work with 
the HEMT manufacturer using their thermal parameters 
measured using advanced techniques [7].  The balance of 
circuitry of the overall system should set the limit for SSA 
mean time to repair, and this analysis is ongoing.  

Outphasing Modulation Method 
Linear class AB amplification implies peak power oper-

ation below Psat. Operating at reduced power with high 
drain voltage raises the drain power dissipation as the effi-
ciency is lower with this poorly matched loadline (eq. 1). 
In the selected HEMT, high peak power and 12% duty fac-
tor results in ~260 watts of average power that will be dis-
sipated at full power. This will increase as drive power is 
reduced. Unlike a klystron that dumps power into a mas-
sive collector regardless of RF drive, GaN HEMTs must 
consider specific situations: 

• When conditioning a CCL cavity
• Ramping up power slowly to minimize sparking
• During accelerator beam tuning
• Normal uneven RF power distribution along linac
• Fast power fluctuation for beam loading

805 MHz 1mS 
PW, 120 pps 

 IGN815  IGN825 

Vds (DC)  100 100 
Pout  (W) 
Gain (dB) 
DC/RF (%) 
Efficiency 

 3600 
19.2 
71.5 

4659 
18.1 
68.5 



The outphasing modulation technique of Chireix has 
been resurrected from historic tube use [8, 9]. Fundamen-
tally, it uses a pair of identical amplifiers operating at max-
imum (saturated) efficiency. Linear amplitude modulation 
is then obtained using nonlinear amplifiers operating with 
varying phase-relationships prior to recombination. This 
PM to AM modulation prevents the HEMT from operating 
at low efficiency at any time.  Figure 3 illustrates the gen-
eral concept. This scheme doesn’t come without a another 
problem. Reflected power back to each PA varies with the 
phasing, being highest when both amplifiers are at 180 
degrees opposition. Circulators and magic-tee waveguide  
combiners are used in the SSA, and the amount of 
outphasing is restricted by design.  

Figure 3: Outphasing Amplifier (adopted from Godoy, 
IEEE Trans MTT, Dec. 2009).  

Outphasing modulation for amplitude control is devel-
oped in the digital low level RF controller [10-12]. Phase 
modulation for the overall SSA is developed with conven-
tional PI feedback loop outside of the outphasing system. 
14 dB (50-1250 kW) of controlled dynamic range is re-
quired, where faster outphasing will be used for amplitude 
feedback for beam loading compensation and pulse-flat-
tening while slower power reduction via switching off des-
ignated pallets will handle larger power adjustments 
needed. RF modelling is underway to determine the impact 
of shutting off selected pallets to accommodate these 
power reductions that are not handled with outphasing.   

Combined Pallets 
For a SSA with 320 RF pallets, combining networks 

must have low loss and the highest number of combined 
blades to be most efficient. The limiting power level of a 
blade is 10 kW peak and 1.2 kW average, determined by 
the coaxial RF connector, a modified 7/16 DIN type. A ra-
dial waveguide combiner with 40 input ports and wave-
guide flange for output is being fabricated by a passive RF 
components manufacturer. Two of these will be powered 
back-to-back with 40 phase matched cables using a klys-
tron as a power source, to test the combiner peak and aver-
age ratings. This experiment will be conducted at the SNS 
klystron test facility at Oak Ridge National Laboratory. A 
matching 40-way splitter to drive the blades is also in de-
velopment. This ¼ module generates 350 kW peak power 
with 40 blades. It is combined with three others using 
waveguide magic tees to the final combination for 
1.25 MW (Fig. 4). One high power circulator will be 

between the final magic tee and the CCL, similar to what a 
high efficiency klystron requires. Testing of passive com-
ponents for the complete combining network has been de-
scribed previously [13]. Measurements have characterized 
5 kW circulators from various manufacturers over elevated 
temperatures and with proximity to each other (stray mag-
netic field), in search for the best devices for this SSA.  

Figure 4: Overall power amplifier architecture. 

AC/DC Power 
As the SSA is a pulsed load, DC power must have suffi-

cient stored energy for pulse flatness and to avoid signifi-
cant flicker on the AC power network. We are studying the 
optimal location of this storage, likely to be a combination 
of bulk capacitance at the converters as well as distributed 
capacitance closer to the pallets. The exiting AC grid sup-
plies 4.16 kV AC to the mains power supply for LANSCE 
klystrons. This would be reconfigured to accommodate 
switch-mode power converters with 480 V mains voltage. 
Work is ongoing to define the optimal capacitors values 
and types to store energy.   

CONCLUSION 
A new SSA is being developed to supplant 805 MHz 

high power klystrons at LANSCE. Various trade studies 
are underway for the engineering details of the amplifier. 
Prototype GaN on SiC HEMT are being tested, and plans 
for the remaining year include testing higher power com-
binations to test effectiveness of outphasing modulation. 
Leading-edge technologies are being used to overcome 
shortcomings that would otherwise make a 1.25 MW 
pulsed SSA at 805 MHz very complex, physically large 
and inefficient. GaN on SiC devices allow us to design a 
more compact SSA that will not become obsolete within a 
few decades. 

REFERENCES 
[1] J. Lyles et al., “New Concepts for a High power 805 MHz 

RF Amplifier for LANSCE using Gallium Nitride Semicon-
ductors” in Proc Linac’24, Chicago, IL., USA, Aug. 2024, 
pp. 238-240. 
doi:10.18429/JACoW-LINAC2024-MOPB088 

[2] S. Russell et al., “A High Power 805 MHz RF System Based 
on Solid-State GaN on SiC HEMT Amplifiers for the 
LANSCE High-Power Proton Accelerator”, presented at the 
17th International Particle Accelerator Conf. (IPAC’26), 
Deauville, France, May 2026, paper TUP7345, this confer-
ence. 

http://doi.org/10.18429/JACoW-LINAC2024-MOPB088


[3] G. Formicone, “A Highly Manufacturable 75-150 VDC 
GaN-SiC RF Technology for Radars and Particle Accelera-
tors”, IEEE Trans. On Semiconductor Manufacturing, 
vol. 31, no. 4, pp. 440-446, Nov. 2018.
doi:10.1109/tsm.2018.2866209

[4] G. Formicone, J. Custer, “An Emerging Solid-State UHF 
Technology Based on 100 VDC GaN for Powering Particle 
Accelerators” in Proc. 25th Conf. on Applications of Accel-
erators in Research and Industry (CAARI), Denton, TX, 
USA, 2024, Conf Proc 2160, 040010, pp. 1-9.
doi:10.1063/1.5127690

[5] J. Vega et al., “Progress from Testing Facility for HPRF 
SSA System at LANSCE CCL”, presented at the 17th Inter-
national Particle Accelerator Conf. (IPAC’26), Deauville, 
France, May 2026, paper TUP7367, this conference.

[6] Reliability of Integra Technologies 100V GaN on SiC RF 
Power Transistors, App. Note 011, Integra Technologies 
Inc.

[7] Thermal Analysis of Integra’s GaN on SiC Transistors, App. 
Note 015, Integra Technologies Inc.

[8] H. Chireix, “High Power Outphasing Modulation”, in Proc. 
Inst. Radio Eng., vol. 23, no. 11, Nov. 1935, pp. 1370-1392.

[9] T. Barton, “Not Just a Phase: Outphasing Power Amplifi-
ers”, IEEE Microwave Magazine, vol. 17, no. 2, pp. 18-31,
Feb. 2016. doi:10.1109/MMM.2015.2498078

[10] S. Kwon et al., “FPGA Implementation of a Digital Signal
Component Separator and a Disturbance Compensator for
the LANSCE 805 MHz Solid-State High Power RF Ampli-
fier”, in Proc. NAPAC’25, Sacramento, CA, USA, Aug.
2025, pp. 142-145.
doi:10.18429/JACoW-NAPAC2025-MOP043

[11] S. Kwon, et al., “Digital Signal Component Separator for
the LANL Solid-State Power Amplifier”, presented at the
17th International Particle Accelerator Conf. (IPAC’26),
Deauville, France, May 2026, paper TUP7342, this confer-
ence.

[12] M. Brown et al., “Design of a Low-Power Proof-of-Concept
Multi-Stage Amplifier Test Stand to Model and Implement
Outphasing Control for the LANSCE 805 MHz Solid State
High-Power RF Amplifier”, in Proc. NAPAC’25, Sacra-
mento, CA, USA, Aug. 2025, pp. 725-729.
doi:10.18429/JACoW-NAPAC2025-WEP020

[13] T. Hall et al., “Radio Frequency Hardware Considerations
for a High Power Solid-State Amplifier”, in Proc. NA-
PAC’25, Sacramento, CA, USA, Aug. 2025, pp. 836-840.
doi:10.18429/JACoW-NAPAC2025-WEP075

http://doi.org/10.1109/tsm.2018.2866209
https://doi.org/10.1063/1.5127690
https://doi.org/10.1109/MMM.2015.2498078
https://doi.org/10.18429/JACoW-NAPAC2025-MOP043
https://doi.org/10.18429/JACoW-NAPAC2025-WEP020
https://doi.org/10.18429/JACoW-NAPAC2025-WEP075

	INTRODUCTION
	REFERENCES


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /All

  /Binding /Left

  /CalGrayProfile (Gray Gamma 2.2)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Warning

  /CompatibilityLevel 1.6

  /CompressObjects /All

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.1000

  /ColorConversionStrategy /LeaveColorUnchanged

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType true

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams true

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo false

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo false

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments false

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 1.30

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 40

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 40

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 1.30

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 40

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 40

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects true

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile (None)

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<

    /ENG ()

    /ENU (Setup for JACoW - paper size, embed all fonts, compression, Acrobat 7 compatibility.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToRGB

      /DestinationProfileName (sRGB IEC61966-2.1)

      /DestinationProfileSelector /UseName

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure true

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles true

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /NA

      /PreserveEditing false

      /UntaggedCMYKHandling /UseDocumentProfile

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [600 600]

  /PageSize [595.000 792.000]

>> setpagedevice





