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Michael A. Holloway, Douglas E. Patrick, Steven A. Storms an d Dinh C. Nguyen *

Los Alamos National Laboratory, Los Alamos, NM, United Stas

Renewed interest in active experiments with relativistic grticle beams in space has
led to the development of solid-state radio-frequency (RFlinear accelerators (linac)
that can deliver MeV electron beams but operate with low-vthge DC power supplies.

The solid-state RF ampli ers used to drive the accelerator @ known as high-electron
mobility transistors (HEMTS), and at C-band (5-6 GHz) are pable of generating up
to 500 watts of RF power at 10% duty factor in a small package,.e., the size of
a postage stamp. In operation, the HEMTs are powered with 50\DC as their bias
voltage; they thus can tap into the spacecraft batteries or kectrical bus as the primary
power source. In this paper we describe the initial testing foa compact space-borne RF
accelerator consisting of individual C-band cavities, edtindependently powered by a
gallium nitride (GaN) HEMT. We show preliminary test ressithat demonstrate the beam
acceleration in a single C-band cavity powered by a single H&T operating at 10% duty
factor. An example of active beam experiments in space thatauld benet from the

HEMT-powered accelerators is the proposed Magnetospherdenosphere Connection
(CONNEX) experiment{ors et al., 2017).

Keywords: electron accelerators, space-borne accelerato rs, radio-frequency linac, high electron mobility
transistors, particle beams in space, magnetosphere, ionosp here

INTRODUCTION

The interconnection between the magnetosphere and the ma® has been a topic of intense
research for decades. However, detailed understandirfiegitocesses responsible for a variety of
aurora activities is currently lacking. For instance, wk db not have satisfactory answers to the
guestions: What creates the aurora? How are the aurorakphere and night side magnetosphere
connected through its time-varying magnetic eld? What magyspheric processes and conditions
produce particular auroral and ionospheric signatures? What the ionospheric signatures
of speci c magnetospheric regions, boundaries, and evenk&? QONNEX proposal seeks to
answer these questions and establish an unambiguous ciiomdietween the magnetosphere
and ionosphere through an active mapping technique usingixg$éc electron beams with beam
energy of about 1 MeV[ors et al., 201)7 Such an experiment will be the rst of its kind to use
high-energy, MeV electron beams as an active probe for doingespeience.

Electron beams for space experiments have previously used diugent (DC) electrostatic
accelerators to deliver electron beam pulses at beam enertyy 49 keV using standard high-
voltage DC power supplies. These DC electron generators areestmplesign and very e cient
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at converting electrical power into beam power. The rst roundlinac. In order to realize these high accelerating elds, RBdi
of active beam experiments in space in the 1970s used one ef thémve historically been driven by high-power RF sources, ssch a
DC electron generators mounted on a sounding rocket to injecklystrons, that are capable of delivering 5-100 MW of RF power
a low-energy, high-current electron beam into the ionosgher over the duration of a few microseconds. These high-power
to study the interaction of electron beam with the nearby andsources are large and heavy, and they require pulse forming
distant magnetospheréiendrickson et al., 1975, 1976; Winckler networks and high-voltage (e.g., 50—100 kV) power supplies. Th
et al., 197k Subsequently in the 1980s a series of experimentautput of the source is typically shared between a large number
were performed with an electron accelerator on Spacelabil wilRF cavities, depending on the particulars of the design. For our
the aim of studying the interaction between the electron andnission to deploy a compact and lightweight accelerator in space
plasma beams with the surrounding plasm@abg@yashi et al., we need a new source of RF power that eliminates the need for
1982). Many of these early experiments were performed with lowhigh voltages and bulky pulse forming netwoRigure 2Bshows
voltage, high-current electron beams in the ionosphere wherthe model of a 55-cavity, 1.7-m long accelerator that weigbsia
the positive charge left on the spacecraft after the emissiob27 kg including the weights of all low-voltage RF power sairce
of electrons, known as spacecraft charging, was neutralizeshd beam control systems.
by the return current from the surrounding plasma. As the Compact RF power source now exists with the recent
beam experiments move higher into the magnetosphere, thelease of high-power solid-state RF ampli ers such as the
surrounding plasma density is reduced and charge neuttédiza Wolfspeed/Cree CGHV59350 high-electron-mobility transist
from the surrounding plasma becomes less e ective, resultinHEMTs) (Cree, 2018 These HEMTs are capable o500 W
in arcing and payload failures due to severe spacecraft aitargiof RF power each, and they can be used to power individual
(Cohen et al.,, 1980; Sasaki et al.,, )98Recent e orts to accelerating cavities with independent phase and amplitude
mitigate the spacecraft charging problem have focused on (Tpntrols (ewellen et al., 2016; Nguyen et al., 201@ur
operating the accelerator at a higher beam voltage to redu@ecelerator design di ers from the more traditional approach
the current emitted from the spacecraft while maintainingof combining a large number of solid-state RF ampli ers into
constant electron beam power, and (2) deploying a plasma high-power all-solid-state RF systeii (Giacomo, 200 By
contactor to provide the surrounding plasma density necgssarusing HEMTs for direct pumping without the power combiner
for the return current to neutralize the spacecraftu¢co and operating at relatively low accelerating gradient, we owupr
Castello et al., 20).7Compared to DC electrostatic acceleratorsthe e ciency of converting electrical power into electrondra
radio-frequency linear accelerators can deliver much highepower. The overall wall-plug e ciency for the HEMT-powered
beam voltage (energy) and also better beam quality, i.eerlowaccelerator is estimated at 10% or greater. For the CONNEX
divergence, as well as delivering a exible beam pulse formaxperiment, to produce 1 kW of electron beam power (1 MeV
that can facilitate the detection of the visible light or RFnsilg  at 1 mA average current), the accelerator is expected to have DC
produced by the electron beam pulséggure 1 plots the range power consumption of 10 kW during a 10-s burst every 5min.
of beam current and voltage for a 10-kW electron beam using &he average power consumption during a 4-h engagement is only
typical DC-based electrostatic accelerator (blue) and ab&fed about 500 W.
linac (green). The red line represents a constant 10-kW power
in the electron beam. For the same beam power, the highe
voltage RF-based linac requires lower beam current, resyilti
less severe spacecraft charging. 1x10°
The development of RF-based particle accelerators for space
missions dates back to the 1980s when Los Alamos National
Laboratory successfully launched and operated a radiaséecy
quadrupole (RFQ) accelerator aboard a rocketShea, 1990
The RFQ accelerated Hion beams that were then neutralized
to produce neutral hydrogen atom beams for the BEAR (Bea
Experiment Aboard a Rocket) project as part of the Neutral
Particle Beam program. RF linac use time-varying electricseld
along the axis of a resonant RF structure consisting of a numbe
of RF cavities to accelerate charged particle beams. An Rly cavi
is a hollow piece of electrical conductor enclosing an evieclia
volume that stores electromagnetic energy in the form ofetim 1 . &
varying electric eld (pointing along the cavity axis) and greetic 10 100 1x10° 1x10
eld (circulating near the outer cavity walls). The two has/of Beam voltage (kV)
an RF cavity made out of copper are shown together with an
HEMT (small white square) mounted on a printed circuit board| FIGURE 1 | Operating beam current vs. beam voltage for a 10-kW electron
in Figure 2A. Typical amplitudes of the accelerating electrig beamas gl?“efated b?’ath(bi‘;g:)e'Terf;“:eSLaItl'ﬁ:;iiiﬁog:;ﬁ?E -
elds range from a few megavolts per meter (MV/m) for a low- ngl;fiidlér_‘s\f\;_a“eera" dreen.
gradient structure to more than 100 MV/m for a high gradient
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FIGURE 2 | (A) Photo of two halves of a C-band cavity and an HEMT on a printediccuit board; (B) A compact 55-cavity, 1.7-m long, 1-MeV electron accelerato
based on HEMT solid-state RF sources.

A NEW CONCEPT FOR frequency control to allow the cavities to operate over a eang
ELECTRON ACCELERATORS of temperatures.

The new accelerator con guration has several operational
Several factors need to be considered when selecting thenets. First, using HEMTs as the RF ampli ers running on
accelerator technology for space applications: size, wegighver  low-voltage DC power supplies eliminates the problems of
requirement (e ciency) and reliability of the accelerateystem. operating high-voltage devices in space. Secondly, thensyste
Typical terrestrial RF linear accelerators consist of a gtrinwall-plug e ciency can be much higher than conventional limea
of either copper or niobium resonant cavities assembled in accelerators, because (a) no power is expended on activegoolin
continuous structure known as an accelerator module. Waterof the accelerator cavities, and (b) the cavities operatelatively
cooled copper accelerator modules operate at room temperaturlew accelerating gradients allowing a greater fractionhef RF
driven by high-power klystrons or solid-state power-comtuine power to be delivered to the beam. Finally, the acceleratoesyst
sources, and are temperature-stabilized to within a fracthd  is robust against failure of individual components due to the
a degree C. Typical e ciency of converting electrical power toinherent modularity of the design. For instance, in a convemal
beam power is around 7%Hés Tajar et al., 20)6Niobium  accelerator a klystron failure will de nitely lead to a st
linear accelerator modules can approach 50% e ciency and cashutdown, whereas in the new modular design, the failure of a
be driven by low-voltage, solid-state RF sources. Howeker, t single HEMT would result in only a small reduction in the total
niobium cavities must be maintained below 4 K (liquid helium beam energy.
boiling point) to remain superconducting, and thus require  Akey feature of the new design is the low accelerating gradien
a large and vibration-sensitive liquid helium cryoplant andand thus a higher fraction of the RF power going into the beam.
cryomodules. Including the cryoplant power requirementse th As shown in equation 1 below, operating at low accelerating
wall-plug e ciency of superconducting accelerator modules isgradient €) and high beam currentl() reduces the RF power
also usually in the single digitsl@s Tajar et al., 20)6Both types  delivered to the cavity (the rst term on the right-hand sidé o
of RF linac have signi cant size, weight, and power requiremenEquation (1) and increases the power delivered to the beam (th
as well as a single point of failure: the klystron and its higiftage ~ second term in Equation 1).
power supply for copper accelerators and the liquid helium
cryoplant for niobium accelerators. Neither would be idesl & jEoj?
space-borne accelerator. Pre D

In the past 3 years, Los Alamos National Laboratory has

developed a new con guration of space-borne acceleratorstbasHere, Pgr is the total RF power requiredRs is the shunt
on a new class of solid-state RF sources that are su cientlympedance of the cavity per unit lengthsayis the cavity length,
small and lightweight to be deployed in space and that run/, is the voltage gain of the beam through the cavity, and
on low-voltage power supplies. Our new concept of spacey is the beam current. For illustration, let us consider an RF
borne electron accelerators diers in several respects frorgccelerator design capable of generating a 1 MeV, 10-mA beam
conventional electron accelerator design, re ecting the&ryv gperating ata 10% duty cycle (1 kW average power) as required to
dierent environment in which it must operate. First, each e ectively probe the coupling between the Earth's magnetosphere
accelerator cavity is individually powered by solid-stateNH's  and ionosphere Nlarshall et al., 2014; Dors et al., 2)1if we
serving as its own RF ampli er chain, and operates at relativel¥elect an accelerating gradient of 1.5 MV/m for the C-bandtgav
low gradients of 1-5 MV/m. Secondly, there is no activewith 1.3 cm active length—the cavity length is chosen to iméte
temperature stabilization. Instead, the cavity temperatusee  average velocity of the sub-relativistic electrons thraughmost
allowed to rise during operation and the rates of temperatise r of the cavities—then the cavity power (the rst term of Equaeti
in individual cavities depend on the interior surface ohnosses 1) is about 300 W and the voltage gain per cavity is 20 kV. With
and the heat capacity of individual cavities. Thirdly, theiba 10 mA instantaneous current, the instantaneous beam power is
frequencies are monitored and adjusted with the use of activ2oo w, so 40% of the incoming RF power§00 W) is converted

LcavC VbI b (1)

S
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into beam power. While the DC-to-RF conversion e ciency of GALLIUM NITRIDE HIGH ELECTRON
individual HEMTs is at least 50%, since we have to use tWROBILITY TRANSISTORS
HEMTs for each cavity due to their low gain, the DC-to-RF
conversion e ciency drops to about 25% for the pair. Thus, theWide-bandgap GaN-based HEMT are a new class of RF power
net e ciency of converting DC electrical power to beam powerdevices that have recently found widespread use in wireless
is 10%, which is still higher than a typical e ciency of terrgat  and satellite communication. These HEMT devices can also be
RF linacs. used as high-power RF ampli ers over a broad range of radio-
A unique feature of the RF linac is its ability to produce afrequencies thanks to their large breakdown voltage andh hig
beam pulse format consisting of a series of pulses, minipulsegectron velocityl{lishra et al., 2008 The fabrication of HEMTs
and micropulses. For an RF linac operating at 5.1 GHz, theypically involves growing GaN Ims via epitaxial layer grdven
micropulses are separated by 0.196 ns, the inverse of Sémi-insulating SiC substrates and then a thin layer of AlGa
GHz. The length of the minipulses is set by the durationgrown over the GaN Im to form an AIGaN/GaN heterojunction
of the RF amplier pulses, which for HEMTs is about (Figure 4A). Due to the dierent energy bandgap structures
100 microseconds (us). During the 100-us minipulse, the beamf AlGaN and GaN, large energy band bending occurs at the
power shall be 10 kW (1 MeV, 10mA). Using the 25% DC-heterojunction, creating a potential di erence that restuilisa
to-beam conversion e ciency, the DC power requirement for ow of free electrons Figure 4B) toward the underlying GaN,
the space-borne accelerator would be 40 kW. The averaderming atwo-dimensional electron gas (2DEG}EE, 201y This
power requirement would be lower since the HEMTs operateigh-density accumulation of free electrons, combinechwtiie
at 10% duty factor, i.e., the minipulses shall be on for 10@igh polarization eld at the sharp interface between AlGaN
us and o for 900 us. The CONNEX mission requires anand GaN layers, is responsible for the high electron mobility
electron beam pulse, consisting of approximately fty minimds in HEMTSs.
that is suciently long ( 0.5s) to deposit a substantial HEMTs can be constructed to operate over a broad range
amount of energy (500J) from the electron beam into the of frequencies, with center frequencies ranging from 1.2.®
upper ionosphere to achieve good signal-to-noise ratio on th&Hz and bandwidths up to 20%, and delivering RF power
ground detectors. up to 700 W per device at 2-4 GHz. The RF power needed to
The CONNEX accelerator design consists of a low-voltagérive a single accelerator cavity scales with the square ef th
DC electron gun, a buncher RF cavity, where the electron beasccelerating eld, inversely with the cavity shunt impedapee
undergoes density modulations and forms short bunches, andnit length (Rs) and proportionally with the cavity length, as
54 accelerating cavities assembled in nine groups of 6 eswvitishown in Equation 2.
separated by focusing solenoidsigure 3A). The rst cavity o
acts as a “buncher” cavity to modulate the continuous etectr Peay D JEo)” Leay )
beam from the DC electron gun into short bunches separated Rs

by one RF period. For most of the accelerator, the eIECtrOOVe selected the Cree HEMTs at 5—6 GHz because these HEMTs

beam travels at sub-relativistic velocity, i.e., the phrtielocity . . .
. : : - provide the highest available RF power for the electron beam,
is much less than the speed of light. In a terrestrial RF linis, t de ned as the di erence between the HEMT output and the

i justing th ity | h h the vé . . :
would require adjusting the cavity length to match the vélpc vity power. The cavity power is calculated from the expected

of the particle beam. In our space-borne accelerator, we shéiﬂ ) g . X
unt impedance for copper cavities at di erent frequencies

x the cavity to a length corresponding to the average beal . . L "
velocity (about 0.4 times the speed of light). In operation, w: ssuming 1 MV/m as the acce!eratmg gradient in these cavities
he scaling of cavity shunt impedance (a measure of how

shall adjust the RF phases of individual cavities such that the L . . o .
electron bunches arrive at the longitudinal center of theittas € ciently RF cavities u_t|I|ze RF power N establ|sh|r_19 the dpvi
when the accelerating eld is at or near the maximum. This_acceleratmg eld), <_:aV|ty length and cavity power with fregay
is made possible by using a low-level RF control system that shown in Equations 3-5. The HEMT output angl calculatgd
independently phases the RF input to the HEMT ampli ersC"_’W'ty power for the frequency range 2-10 GHz is plotted in
that power each individual cavity. Beam dynamics simulaﬂionFIgure 5

using the GPT particle-pushing codeah de Meer and De R/ f3 3)
Loos, 200} show that 50% of the electrons from the DC S 1

gun are bunched, captured and accelerated continuously to 1 Leav/ f 4)
MeV with the use of this independent RF phase adjustment Peay/ f 3 (5)

(Figure 3B). In addition to independent phase adjustments,

the eld amplitude of these cavities can also be independentlyhe RF power available for the electron beam is the di erence
controlled to maximize the capture e ciency and the total between the HEMT output powerF{gure 5, red dots) and the
energy gain. The choice of xed cavity length simpli es thecavity power Figure 5 blue curve). As can be seenhigure 5,
cavity design and fabrication, and allows the heat load tdhe available RF power for the particle beams is greatest atthe 5
remain the same for all cavities, an important feature wherGGHz frequency band (C-band).

operating these cavities without active cooling as it singsithe To characterize the RF performance of commercial C-band
frequency stabilization. HEMTSs for accelerator operation, we set up a test xture and
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(B) The energy band structure of AIGaN/GaN showing the formationf the two-dimensional electron gas (2DEG) at the interface

measured the output power, small-signal gain and harmoniproduce low-amplitude RF pulses, with duration up to 500-us
content of the HEMT output. The RF input with amplitude of and repetition rates up to 600 Hz, to be ampli ed in the preamp
about 0 dBm (1 mW) was generated by a low-noise continuouswith 40-50 dB gain. The 40-W output from the preamp was
wave (CW) network analyzer followed by an RF switch toamplied in a GaN HEMT with 10 dB small-signal gain to
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produce 400 W of RF powefigure 6shows the schematic ofthe ~ Several aspects of HEMT performance are of particular
HEMT RF accelerator performance characterization set-up. Theoncern for space-borne applications. These include basic
combination of pulse duration and repetition rate allowed os t performance (power output, small signal gain, etc.), operating
explore HEMT performance up to 30% duty factor, three timedow-power-consumption modes, and power drop over the pulse.
higher than the nominal rating of the device. The nominal requirement for a single cavity for the CONNEX
The output power from a single HEMT is plotted vs. project is the acceleration of a 10-mA beam through a 20-kV
the network analyzer power in dBm ifrigure 7A, showing gap; thus 200 W of RF is needed for the electron beam power
linear response over a range of input power until the outputper cavity. Using Equation 2 and the measured shunt impedance
is saturated at about 400W. At saturation, the single-passfthe C-band cavity, we estimate approximately 250 W of cavity
gain of the HEMT is only 10 dB which requires us to power is needed to generate the required 20-keV acceleraition,
have two GaN HEMTs operating in series for each cavityeach cavity will require a total of 450 W of RF power. The nominal
Figure 7B shows the typical waveform of a 50@& RF pulse minimum output of the HEMT is 350 W; in practice, we nd
from the HEMT. The HEMT output pulse shows a power HEMTs can usually produce 450 W even when operated at 50V
drop from 550W at the leading edge to 400W at the DC, the lower end of their operating range.
trailing edge. We have not ascertained the cause of this We tried to maximize the HEMT output power by adjusting
power drop. However, we expect the HEMT output powerthe drain-source voltagé-{gure 8A). As the drain-source voltage
to depend on temperature of the AlGaN/GaN junction; aswas increased from 40 to 90V, the HEMT output power rose to a
the output power exceeds 500W, the AlGaN/GaN junctionmaximum of 610 W at 65V and then decreased at higher drain-
temperature rises. The AlIGaN/GaN HEMT drain current hassource voltage. We also tried to reduce the HEMT quiescent
been shown to drop as a function of junction temperaturecurrent (thus improving the average e ciency) by operating
and one expects the output power to also decline at higthe HEMT at two sub-threshold gate bias voltages. At gate
temperature\(Vang et al., 2013 bias voltage more negative than3.7V, the quiescent current
decreased to zero, and the HEMT power draw was zero without
RF. As we increased the input RF power to 35 dBm, the HEMT

800 [T T 1 generated power with 10 dB small-signal gain &7 V gate bias
200 i ‘\\ . o HEMT power (W) ] voltage Figt_Jre 8B). At 5V bias voltage and high input_ power,
Fog —&=— Cavity power (W) | 1 the small-signal gain rose to more than 9 dB if the input RF
600 - N° ] power exceeded 44 dBm. These results suggest that the HEMT
i q 1 output power and e ciency can be improved by optimizing the
g 00 \\ . . ] drain-source and gate bias voltages.
ST |
¢ 200 | “ 1 INITIAL ACCELERATOR OPERATION AND
; \\IE ] ENERGY MEASUREMENTS
200 \\“1\7 . . ] . .
g T 53] Calorimetric Measurements
100 F i We operated the single-cavity accelerator without active ngoli
0" ‘ ! ‘ ! ‘ i for extended durations, measured the absorbed RF power
2 3 4 ° 6 ! 8 ° 10 and compared the results with RF measurements. The cavity
Frequency (GHz) temperatures were plotted vs. timEigure 9, blue curve) and
. from the temperature rise, we estimated the RF power absorbed
FIGURE 5 | Plot of HEMT output power (red) and calculated cavity power in the cavity using a calorimetric model. As the cavity reson
bl . f : PN . ) .
(blue) vs. frequency frequency shift is inversely proportional to the temperatuiser

N
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FIGURE 6 | Schematic of the HEMT RF accelerator performance characteration.
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FIGURE 9 | Plots of average RF power (red) and cavity temperature (blyas
functions of time. The time period O corresponds to no RF powe |
corresponds to RF on at 5% and Il at 10% duty factor.

the RF source frequency was also varied to track the cavity
frequency. In our simple calorimetric model, the rate of tgavi
heating due to the average RF power absorbed in the cavity is
the sum of two terms: (1) the rate of heat causing the cavity
temperature to rise, i.e., the cavity heat capacity term, &)d (
the heat loss due to conduction to the surroundings, which is
expressed as the inverse of the thermal resistance. The averag
RF power absorbed in the cavity is given by Equation 6,

Pre D mG,PC — 6
R (6)

where is the dierence between the current and initial

temperatures, D T Ty, mis the copper cavity mas§,

is copper heat capacity arigy is the thermal resistance. The
thermal resistance is calculated from the thermal decayetim
constant , de ned as D mGC,Rt, which can be extracted from
the temperature decay curvei@ure 9) after the RF power was
turned o .
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FIGURE 10 | (A) Cavity frequency shift vs. tuner position for two separatewseeps of the tuner (blue and green markers) and CST simulatiaesults (red markers)
superimposed with the t of all three data;(B) Solid model of the cavity with a section view of the piezo turre

in-line screen
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FIGURE 11 | (A) Schematic of the single-cavity energy gain measurement. Ende ection angle is inversely proportional to the momentum bthe electron beam;(B)
Photo of the single-cavity energy gain measurement with theavity (labeled C) mounted immediately after the KimballHysics electron gun (to the right of this picture),
and the dipole spectrometer (labeled D).

D e ‘D Oe‘.mofﬂﬂ (7) the same frequency with active frequency control. We messur
the resonant frequency of a C-band cavity as it was powered

Based on the temperature decay after RF power was turned vith 170W at 5 and 10% duty factors without water cooling.
(time period O), we calculated a decay time constant ob  As the cavity temperature rose by &in 48 min, its resonant
13,064 second® 3.629 hours. From the cavity mass and heafrequency decreased by 5.7 MHz &8 kHz/ C) at an average
capacity, the calculated thermal resistanc&isD 28.78C/W. rate of 2 kHz/s. To compensate for the temperature-induced
From Equation 6, we calculated the average RF power depositéi@quency shifts, we designed a piezo tuner to be inserteal int
into the cavity from the rate of temperature rise and the thaim the cavity which would reduce the cavity inductance and thus
resistance. During the two time periods labeled | and Il inshift the cavity resonant frequency to a higher frequendye T
Figure 9, the HEMT duty factor was 5% (region |) and 10% measured and CST-modeled cavity resonant frequency sfsifts
(region 11), and the calculated average power delivered to thpiezo tuner displacement in the cavity is shownFHigure 10
cavity was 8.5 W (region |) and 17 W (region Il). These averagéhe range of piezo movement needed to compensate for the
power measurements translate into a peak value of absorbed RF MHz frequency shift due to the cavity temperature rise of

power of 170 W for both regions. 65 Cis<4 mm. We have found that both copper and aluminum
) make good material for the tuner as they preserve 99% of the
Temperature-Dependent Frequency Shift cavity quality Q at the largest tuner displacement. In space, the

As described above, the space-borne accelerator will not haaecelerator will be mounted on a temperature-controlled acef
temperature stabilization, so all cavities must be mairgdiat and operated at approximately the same location in its orbihsuc
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FIGURE 12 | (A) Position of the incoming electron beam on the screen with caty RF off;(B) Energy-modulated electron beam with weak energy modulatio at low
RF power; and(C) Energy-modulated beam with strong energy modulation at meidim RF power.

FIGURE 13 | (A) Position of the incoming electron beam with the cavity RF poer turned off; (B) Position of the beam with cavity power turned on (the beam ieinsity
was dimmer because only a small fraction of the incoming elérmns were accelerated to the maximum energy).

that the temperature of the accelerator during operation wéll b beam spotFigure 13B is dimmer than the incoming DC beam

between 15and 25C. spot Figure 13A).
) With the dipole turned o (and degaussed) and the cavity RF
Energy Gain Measurement 0, we established the “zero” position of the incoming DC beam

The single-cavity energy gain was measured using then the screen. This zero position was approximately centered on
experimental setup illustrated ifrigure 11A A low-current the round image of the faint cathode glow on the screen. Then,
20-kV DC beam from a commercial Kimball Physics electrorwith RF power to the cavity still o, we adjusted the dipole eld
gun was passed through a prototype C-band cavity (labeleslich that the incoming electron beam at 20 kV (called the 20-
C in Figure 11B powered with a single HEMT at various kV zero), or at 30 kV (called the 30-kV zero), impacted at the
power levels. The de ection of the beam by a xed- eld dipole edge of the screeifrigure 13A). This calibrated the combination
spectrometer (labeled D ifigure 11B is proportional to the of dipole eld and drift distance to displacement on the screen
beam momentum, allowing measurement of the energy gaifor a known beam energy. Next, as we increased the cavity RF
delivered to the beam. power, the beam moved toward the centBigure 13B and the

With low-power RF delivered to the cavity, the DC electronbeam's angular movement was used to determine the energy gain
beam experienced weak bidirectional energy shifts, i.erggn provided by the cavity.
modulations, and the energy gain was measured at the The energy gaininan RF cavity is a product of the accelerating
maximum energy of the energy-modulated beam on the screereld and the transit-time corrected cavity length. Since the
Figures 12A—C show images of the electron beams with noaccelerating eld is proportional to the square root of the RF
energy modulation (a), weak energy modulation with low cavit power, the energy gain can be expressed by Equation 8.
RF power (b) and strong energy modulations with medium RF p
power (c). 1W D ElcayD  PeakcalRs (8)

At even higher RF power (and thus higher energy gains),
we were able to detect a well-de ned beam on the screeRigure 14shows the measured (red circles) and calculated (blue
corresponding to those electrons that are accelerated gi¢ghk line) energy gain as a function of the cavity power. While the
of the RF eld. Since only a small fraction of the incoming HEMT was operating at 530 W, the cable connecting it to the
electrons are at the peak of the RF eld, the maximum-energgavity (inside a shielded enclosure) impose8 dB attenuation,
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three methods are plotted vs. the square root of cavity power
in Figure 15

CONCLUSION AND FUTURE PLAN

We have demonstrated key aspects of technology required for
the development of space-borne electron linacs. These iaclud
RF power source characterizations, tuner design, and beam
acceleration with energy gain measurements. These initial
test results show that HEMTSs, operating with 50V DC power
supplies, can deliver su cient RF power to individual accelerator
cavities to provide energy gain of 20 keV per cavity. Raisieg th
energy of the electron beam to 1 MeV will require approximately
fty of these C-band cavities, with each cavity powered by its
own HEMTs and operated without water cooling. Compared
to traditional klystron-based designs, the HEMT-poweredatin
design is more compact, e cient and suitable for space mission
FIGURE 14 | Plot of measured (red circles) and calculated (blue line) ergy It also avoids the use of high-voltage klystrons and assetiat
gain vs. cavity power. power supplies which have been the single-point failures of
terrestrial RF linacs. Currently, our team is concentratengrt

on testing a multi-cavity prototype with the goal of accelergti

the electron beam continuously in these cavities to a higher
beam energy. The prototype will make use of an improved
cavity design and an RF system that mimics a ight-appropriate
system as closely as possible. As these cavities are physically
independent, we may explore the possibility of using the rst
cavity as the buncher cavity, i.e., the rst cavity will be dise
modulate the energy of the incoming DC electron beam. The
energy-modulated electrons will form short bunches of etats

at the cavity resonant frequency after drifting a short disg

and these electron bunches will be captured and accelerated
in the subsequent RF cavities. The phase and amplitude of
the RF cavities can be independently adjusted to improve
the fraction of electrons captured by the cavities. Finalhg
multi-cavity prototype will allow exploration of various lovevel

RF control algorithms for maintaining cell-to-cell frequenand
phase stabilization.

FIGURE 15 | Beam kinetic energy vs. RF input power using a 20-kV
calibration (blue line), a 30-kV zero calibration (red lipand a third calibration
using the power required to move the beam between the 20-kV ad 30-kV

calibration positions, for a xed dipole eld (green line). AUTHOR CONTRIBUTIONS
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