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Pluridirectional high-energy agile scanning electronic radiotherapy (PHASER) is next-generation medical
linac technology for ultra-rapid highly conformal image-guided radiation, fast enough to “freeze” phys-
iological motion, affording improved accuracy, precision, and potentially superior FLASH radiobiological
therapeutic index. Designed for compactness, economy, and clinical efficiency, it is also intended to
address barriers to global access to curative radiotherapy.
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Cancer is a leading and epidemically increasing cause of death
globally in both the developed and developing world. Because radi-
ation therapy is a pillar of curative cancer therapy, two major chal-
lenges must be addressed to reduce cancer mortality substantially:
(1) fundamentally increasing the therapeutic index of radiother-
apy, maximizing tumor eradication while minimizing toxicity;
(2) increasing global access to the highest quality radiotherapy.

The main technical advances increasing radiotherapy therapeu-
tic index in the past two decades have been maximizing the dose
differential between tumors and normal tissues through dose con-
formity (e.g, intensity-modulated radiation therapy [IMRT],
hadron therapy) and reduction of uncertainties and thus target vol-
umes, mainly by image-guidance for more accurate target delin-
eation and localization. A major remaining hurdle to ultimate
precision is motion of the patient and tumor during radiotherapy.
Conventional “motion management” approaches all assume that
radiotherapy delivery is much slower than physiologic motion.

Recent preclinical observations of dramatically reduced normal
tissue toxicity and preserved anti-tumor efficacy with ultra-rapid
FLASH radiotherapy (dose rates exceeding ~50 Gy/second),
reported in this special issue of Radiotherapy and Oncology and
inspired by the work of Favaudon et al. [6], suggest a fundamen-
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tally new approach to increasing the therapeutic index of
radiotherapy. Clinical translation of ultra-rapid image-guided
radiotherapy promises to provide a more fundamental motion
management strategy, effectively “freezing” physiologic motion,
while exploiting new FLASH radiobiological advantages.

To realize this goal of ultra-rapid image-guided radiotherapy
delivery in a compact and economical platform, we are developing
Pluridirectional High-energy Agile Scanning Electronic Radiother-
apy (PHASER), comprising several innovations in accelerator and
radiofrequency science and medical physics. Here we provide an
overview of the technologies underlying PHASER.

Core technologies of PHASER

Existing clinical technologies are orders of magnitude too slow
to deliver FLASH to typical deep-seated radiotherapy targets of
clinically relevant volume. The highest dose rate produced by cur-
rent photon systems in flattening filter-free mode at 10 MV energy
is ~10 Gy/min for IMRT plans. An increase of at least 300-fold is
needed to achieve dose rates exceeding 50 Gy/s. Recently, clinical
electron and proton therapy machines have been configured to
produce dose rates >50 Gy/sec in a small volume from a single
beam direction, enabling preclinical small animal FLASH radiobiol-
ogy research with these systems, but still far from enabling FLASH
radiotherapy of typical clinical targets in humans [23,19,13]. Sim-
ilarly, highly conformal doses are currently produced through mul-
tiple beam directions and intensity-modulation of each beam using
mechanical systems (gantry and multi-leaf collimator [MLC]) that
are incompatible with sub-second delivery. Ultra-rapid delivery
must also be integrated with rapid, simultaneous, high-quality
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volumetric imaging of the treatment volume. For clinical practical-
ity, the overall form factor and power requirements should fit
within existing standard vaults and infrastructure.

Thus the core technical innovations of PHASER comprise: (1)
highly compact, economical, and power-efficient linear accelerator
and radiofrequency (RF) power sources based on fundamentally
new accelerator science, producing hundreds of times the beam
output of conventional medical linacs; (2) a rapid RF power distri-
bution system supplying an array of 16 stationary beamlines pro-
viding a full complement of non-coplanar (conical geometry)
beams for highly conformal radiotherapy, eliminating mechanical
gantry rotation; (3) rapid electronically scanned highly intensity-
modulated photon beams from scanning an electron beam on a
stationary target and collimator array, eliminating mechanical col-
limator motion; (4) integration of full ring diagnostic quality/speed
multi-detector CT, sharing a common isocenter with the
non-coplanar treatment beamlines.

Accelerator structure (DRAGON)

Producing very high accelerating gradients (>100 MeV/meter)
in linear accelerators is limited by RF breakdown (arcing) on the
surface of the accelerating structure. The major discovery from
recent research on this complex phenomenon pertains to the role
of surface magnetic fields [9,5,12]. High surface magnetic fields
produce localized pulsed heating, causing surface artifacts that
lead to RF breakdown. These discoveries have led to a completely
new paradigm in accelerator design: optimizing accelerating cell
geometry for minimal peak surface magnetic fields not only

reduces RF breakdown at high gradients, but greatly improves
power efficiency by minimizing losses to waste heating of the
structure, i.e., high shunt impedance.

In our new design for electron linacs, Distributed RF-coupling
Architecture with Genetically Optimized cell desigN (DRAGON),
the shape of the accelerating cells is derived from genetic opti-
mization to minimize the peak surface magnetic fields [28]
(Fig. 1A). Distributing the RF power to each cell independently
without coupling between cells provides much greater degrees of
freedom for the cell optimization. The phase advance between cells
is then controlled by the phased advance of the RF in the distribu-
tion manifold that feeds RF power to each cell individually.
Because the manifold is a broadband non-resonance structure, pre-
cise phase advance per cell can be achieved even at high frequen-
cies (including up to X- and Ku-bands) with low sensitivity to
manufacturing tolerances [28].

The shunt impedances of DRAGON accelerator structures to
date varies with the frequency band, ranging from approximately
130 MQ/m at S-band to 200 MQ/m at X-band, a factor of about
2.5-4 times that of conventional medical linacs (a more detailed
discussion is provided in the Appendix). For the anticipated oper-
ating parameters of PHASER (including beam energy and current),
this translates to an efficiency (proportion of applied RF power
transferred to the electron beam) of about 80%, compared to typi-
cally about 20% (ranging from 18 to 45%) in conventional medical
linacs depending on the frequency band. Therefore, the duty factor
can be much higher than that of conventional linacs because the
majority of the applied RF power is transferred to the electron
beam rather than heating the structure.
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Fig. 1. (A) Twenty-cell prototype of Distributed RF-coupling Architecture with Genetically Optimized cell desigN (DRAGON) linear accelerator structure. RF power is fed
individually to each cell with specified phase advance via an RF distribution manifold (the feeding waveguides to the sides of the cells on the center axis). The cell shape is
optimized to minimize peak surface magnetic fields for maximum power efficiency and resistance to RF breakdown (top). Half of the structure produced by 3-D machining
integrating the optimized cells, RF distribution manifold, and other supporting features such as water cooling channels in a monolithic part (bottom) rather than the
conventional cell by cell construction. (Ruler = 30.5 cm). (B) Assembled structure with the two halves brazed together. (C) Cold testing demonstrating uniform field amplitude
and phase across the cells and a single resonance frequency for the entire structure rather than the typical 20 resonances for a 20-cell structure (top). Under high RF power
(16.5 MW peak), 24 MeV acceleration is produced in a beam with starting energy of 63.5 MeV, confirming a gradient of 91.5 MeV/m corresponding to a shunt impedance of
133 MQ/m, comparing favorably to the simulated 155 MQ/m (bottom). Operating at lower energy (10 MeV), much higher beam currents can be accelerated compared to
conventional medical linacs to produce FLASH dose rates with 10 MV X-ray beams. (D) Cutaway view (left) and rendering of assembled (right) klystrino. This compact source
(Ruler = 30 cm) operates at a modest high-voltage of 60 kV to produce 330 kW peak RF power. (E) RF phased-Array Power Distribution (RAPiD) network of waveguides (left)
has 16 input ports to combine the power of 16 klystrinos (green arrows) and direct the summed power (5.3 MW peak) through appropriate phase modulation to any one of 16
output ports (red arrow) connected to 16 treatment beamlines, with a switching time of 300 ns. Thus extremely rapid electronic switching of beam directions is achieved
without mechanical gantry rotation. Fabricated prototype (right) of an 8-port subunit of the RAPiD network. (F) Cutaway view (left) and assembled prototype (right) of RF
pulse compressor capable of producing 6-fold pulse compression and correspondingly higher peak RF power to enable the higher accelerating gradients needed for a very-
high energy electron (100 MeV) version of PHASER. (Ruler = 30.5 cm).
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Typical standing-wave linacs operating at the m-mode have
multiple close resonance frequencies (filling the propagation band
between m-mode and the 0-mode): a structure with 20 cavities
would have twenty different modes with the (nt-1) being typically
very close to the operating mode. As the beam loading (charge per
pulse) of the structure increases, the beam becomes capable of
exciting these modes and hence the beam becomes unstable. The
lack of inter-cell coupling produces a single resonance frequency
for the entire structure, providing much greater stability under
high beam loading. A combination of high beam loading, duty fac-
tor, and the use of an array of accelerating structures simultane-
ously can produce the >300-fold increase in average beam current.

Prototypes of DRAGON linacs have been tested under high
power at SLAC National Accelerator Laboratory, demonstrating
acceleration matching simulated performance (Fig. 1A-C). Of note,
the 3-D machining process to produce all of the optimized cells, RF
distribution manifold, cooling channels, and other supporting fea-
tures in only two parts will decrease manufacturing costs dramat-
ically compared to the conventional cell by cell construction.

RF power sources and distribution network (RAPiD)

Fitting PHASER into existing treatment vaults requires extre-
mely compact RF power sources that are scalable up to the needed
total power, require only modest high-voltage power, and have a
large duty factor. We have designed a compact klystron, a
“klystrino,” that generates ~330 KW of peak RF power operating

scanning
e beam

upstream
-

m————
<====

collimator
array

x-ray
beamlets
downstream

amlet
ireatment. i

i B
A beamlet spacing

Pattern on
photocathode

20 cm

Laser

RF Gun injection
Linac 1 m long
[ALEL RN} |Illll lIlIIIIIIIIIIIIIIIIIlI l ' I
20 pm i -
L 1 T by 02 ']
Solenu\d 100 MeV | Quadrupole Magnets "
Electrons | Magnets

175m o 2m

Pattern in
. _patient

at only 60 kV (Fig. 1D), allowing a compact form factor (50 cm
height). The outputs of multiple klystrinos can be combined
through appropriate modulation of the phases through an RF
phased-Array Power Distribution (RAPiD) network [16,26] to direct
the summed power to any one of multiple outputs to power an
array of stationary linac beamlines with extremely rapid switching
(Fig. 1E). The PHASER system will use 16 inputs (klystrinos) and 16
outputs (linacs) connected through the RAPiD network for
16-beam IMRT FLASH, in which the full complement of beams from
16 angles will be provided by the array of stationary beamlines
nearly simultaneously without mechanical gantry rotation.

X-ray intensity modulation (SPHINX)

We have developed an all-electronic Scanning Pencil-beam
High-speed Intensity-modulated X-ray source (SPHINX) as a
replacement for MLC-based intensity modulation. Each electron
beam pulse from the linac is electromagnetically steered to a speci-
fic location on an extended bremsstrahlung target (e.g., a plate) to
form a rapid scanning source of therapeutic energy (e.g., 10 MV)
X-rays, and an array of channels in a tungsten block downstream
of the extended target collimates X-rays produced at each source
position. Distributing the source spots on the target in space and
time mitigates target heating issues [31]. The geometry of the col-
limator channels (illustrated schematically in Fig. 2A) is such that:
(1) each spot on the source forms a pencil beamlet of X-rays the
intensity of which is controlled by the intensity (number or charge

Fig. 2. (A) Schematic illustration of the Scanning Pencil-beam High-speed Intensity-modulated X-ray source (SPHINX). An electron beam is scanned on an extended
bremsstrahlung target plate to produce an array of MV X-ray sources. A collimator array forms an X-ray beamlet for each source position (scale exaggerated for illustration). The
channel spacing and dimensions are chosen such that the beamlet width (determined by its divergence) is larger than the inter-beamlet spacing at the treatment (isocenter)
plane for coverage without dosimetric gaps and a fine selection of beamlet positions. In principle, a variety of beamlet geometries (e.g., divergent, parallel, convergent) and
mixture of sizes may be used. (B) A 20 x 20 channel prototype of the collimator array produced by 3-D printing of tungsten, designed to test a demanding geometry. The
collimator is 10 cm thick, with channels that diverge from 300 to 400 pm width between the upstream and downstream surfaces, and whose central axes also diverge from each
other. This corresponds to beamlet width of 3 mm and spacing of 1.5 mm at the isocenter plane. (C) Dimensional accuracy of the prototype was tested by placing a 6 MV X-ray
source at the virtual back-focal point of the channels so that all the channels were illuminated simultaneously along their axes. Transmitted dose measured by film at the
downstream surface showed good agreement with Monte-Carlo simulation. (D) Simulated SPHINX-based IMRT treatment plan for a locally advanced lung cancer. Isodose plan
and beams-eye view of the 11 beam directions used in this example, depicting the inverse-optimized beamlet weights for each beamline. Total electron charge was comparable
to that of the corresponding MLC-based VMAT plan. (E) Novel intensity-modulation strategy for a very high-energy electron (VHEE) version of PHASER. A spatially patterned
electron source is produced by projecting an optical image onto a photocathode. The electron “image” is accelerated intact through a high-gradient DRAGON linac then steered
and magnified (in a manner similar to an electron microscope) to the treatment volume in the patient, producing an intensity-modulated treatment field. Simulations
demonstrate the potential of an optimized electron optics design to produce high-resolution intensity-modulation, reproducing the source intensity pattern with good fidelity.
(F) Conceptual rendering of the integrated Pluridirectional High-energy Agile Scanning Electronic Radiotherapy (PHASER) system. The power of 16 klystrinos is combined
through the RAPiID network and distributed to an array of 16 stationary DRAGON linacs. The non-coplanar beamlines arranged in a conical geometry share a common isocenter
with a full ring multi-detector CT scanner. Each beamline includes a SPHINX system comprising scanning magnets, extended bremsstrahlung target, and collimator array to
produce all-electronically intensity-modulated X-ray beams. The overall system is more compact than existing medical linacs and lacks exposed moving parts.
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of pulses) of the electron beam at that spot; (2) each channel forms
a diverging beamlet, but the set of beamlets can be diverging, par-
allel, converging, or have other nearly arbitrary geometry with
respect to each other (a diverging geometry is illustrated in
Fig. 2A); (3) the spacing between beamlets is fine enough to pro-
vide complete coverage of the tumor without gaps. For example,
the channels can be spaced such that the divergence of the individ-
ual beamlets produces a 2:1 beamlet width to spacing ratio in the
isocenter plane for fully overlapping coverage and fine choice of
beamlet positioning in the treatment volume (Fig. 2A). We have
manufactured a prototype with an “aggressive” geometry (3 mm
beamlet width and 1.5 mm spacing at the treatment isocenter) to
test the limits of our 3-D tungsten printing approach (Fig. 2B),
and demonstrated by X-ray transmission measurements that high
dimensional fidelity was achieved (Fig. 2C).

We simulated SPHINX-based IMRT planning by performing
Monte Carlo calculation of 3-D dose from each beamlet, followed
by optimization of the beamlet weights to meet planning
objectives using the RayStation inverse treatment planning system
(RaySearch Laboratories, Stockholm) [29,30]. For a sample case of
locally advanced lung cancer, we found that a SPHINX based treat-
ment plan demonstrated similar dose conformity and was pro-
duced using a similar total electron charge as the clinically
delivered MLC-based VMAT plan (Fig. 2D).

Beamline geometry and integrated imaging

Current multi-detector CT provides high-quality volumetric
imaging at sub-second speed compatible with the image-
guidance requirements of PHASER [7]: for example, a typical 64-
detector row scanner with 1.25 mm slice thickness at isocenter
rotating at 1-2 revolutions/s (modest specifications by current
standards) could acquire 2-4 imaging volumes with 50 cm radial
and 8 cm longitudinal field of view each second. A non-coplanar
geometry for the fixed set of beam directions allows the treatment
beams and a full-ring diagnostic-quality CT imaging system to
share a common isocenter for simultaneous imaging and treat-
ment, while avoiding entrance or exit of treatment beams through
radiation sensitive CT components (Fig. 2F). We evaluated treat-
ment plans produced with beams whose central axes fall on the
surface of a cone with the isocenter at the apex of the cone (conical
geometry), finding favorable plan quality compared to coplanar
VMAT plans for a broad range of anatomical sites [14,22,24,25].
This geometry also allows integration of a primary beam stopper
ring on the opposite side of the CT scanner from the beamlines,
reducing the shielding requirements of the vault.

Besides providing position verification immediately before and
during rapid treatment delivery, fast diagnostic-quality CT facili-
tates an efficient adaptive planning work flow in which a scan at
the beginning of a treatment session can be used for plan adapta-
tion, for example by rapid selection from a set of pre-calculated
plan permutations or fully re-optimizing, depending on time and
computational tradeoffs [3]. In addition to much better image
quality than conventional radiotherapy cone-beam CT, routine
use of CT contrast is possible for optimal image-guidance in appro-
priately selected cases. Combining rapid imaging and delivery also
creates new therapeutic possibilities such as temporally synchro-
nizing irradiation with the intratumoral concentration peak of a
bolus vascular injection of a systemic agent that can be monitored
by dynamic CT imaging.

Future very high-energy electron-based PHASER

The above core PHASER technologies enabling extremely rapid
delivery of MV X-ray beams ultimately serve as a platform for

future developments, e.g., second-generation PHASER based on very
high-energy electrons (VHEE) with energies of 100-200 MeV. The
concept of VHEE radiotherapy was originally proposed by
DesRosiers et al. at Indiana University [4,18], although practical
technologies to realize it were unavailable at that time. Advantages
of VHEE include depth-dose and scattering characteristics enabling
favorable dose conformity and integral dose intermediate between
photons and protons, insensitivity to tissue density heterogeneity,
and compatibility with rapid electronic beam delivery [1,2,17,21].

PHASER technology can be used to produce VHEE beams in a
straightforward way by applying higher peak RF power to generate
higher accelerating gradients in DRAGON linacs using a larger
number of klystrinos. Since much lower beam current is needed
when treating directly with VHEE without bremsstrahlung conver-
sion, pulse length can be traded for higher peak power through
pulse compression [27,8]. We have developed a highly compact,
low-cost pulse compression system to produce a 6-fold higher
peak power for correspondingly higher accelerating gradient
(Fig. 1F).

While intensity-modulation can be achieved by raster scanning
an electron pencil beam from each beamline, we propose a more
robust solution as follows. Rather than a point-like electron source,
a spatially patterned (i.e., intensity-modulated) electron source can
be produced by projecting an optical pattern or “image” onto a
photocathode (such as with a scanning laser or a variety of spatial
light modulators). A corresponding electron “image” is then emit-
ted from the photocathode and is accelerated through a linac to the
full beam energy with its spatial structure preserved. In a manner
analogous to an electron microscope, the electron image is then
steered and magnified using magnetic electron optics with high
fidelity to the treatment target in the patient. The entire
intensity-modulated field from each beam direction (beamline) is
delivered at once without the need for raster scanning. Simulations
demonstrate the potential of an optimized electron optics design to
produce high-resolution intensity-modulation (Fig. 2E).

Conclusion

FLASH irradiation can be performed preclinically in small
volume and/or superficial targets using electrons, synchrotron
X-rays, and protons [23,10,15,19,13]. However, to translate FLASH
to general deep-seated radiotherapy targets in humans requires
accelerator performance hundreds of times greater than existing
technologies.

PHASER comprises several core innovations to enable near
instantaneous delivery of highly conformal image-guided radio-
therapy that will eliminate the impact of tumor motion and poten-
tially exploit a superior FLASH radiobiological therapeutic index.
Compactness, power efficiency, and economical manufacturing
are key design considerations (Supplemental Fig.). The lack of mov-
ing mechanical parts contributes to serviceability and removes
patient collision as a safety consideration. Diagnostic quality CT
image-guidance facilitates adaptive planning and is well suited to
its automation through machine learning approaches, leading to
high clinical efficiency and throughput. If these factors are fully
realized, PHASER will improve clinical outcomes, cost effective-
ness, and accessibility of cancer care worldwide [20].
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Appendix

Here we provide a more detailed explanation of radiofrequency
(RF) power efficiency as it applies to our DRAGON linac design. The
literature has multiple definitions for the so-called shunt impe-
dance, a parameter related to how much RF power is required to
establish the accelerating gradient in the linac structure and goes
toward producing waste heat. Some definitions do not include
the transit-time factor, and some apply only to a single cell within
the structure rather than the whole structure [11]. Within the com-
munity of medical linac designers, the shunt impedance is typically
quoted for a single cell, and sometimes the quote includes the pro-
duct of the shunt impedance and the transit-time factor.

The convention we follow in this article uses a definition
adopted by high energy physics linac designers, which is:

_ ¢
R = op/oz

where R is the shunt impedance, G is the local accelerating gradient
(the total acceleration seen by the particle including transit-time
factor), and dp/0z is the rate of power loss along the length of the
structure [32]. For our case of equally distributed power along the
structure this quantity becomes:

V2
LP
where V is the total accelerating potential (voltage) to which the
electrons are accelerated, L is the length of the accelerator structure,
and P is the RF power feeding the structure.

From the published data for typical medical linacs [11], the best
(highest) shunt impedance for a single cell is ~100 MQ/m. How-

Rs =

ever, from the same published data one can estimate the overall
shunt impedance for the whole structure by knowing the beam
current, energy, the total input RF power, and the structure length.
Using our definition of shunt impedance, this comes closer to
50 MQ/m for current state-of-the-art medical linacs, compared to
the 130-200 MQ/m in our DRAGON structures.

Given our definition of shunt impedance, the peak (within a
pulse) power consumed by the structure to establish the accelerat-
ing gradient (which ends up as waste heat) [32] is:

V2

P=rx

whereas the peak power consumed by accelerating the beam
(“useful” power) is:

P b= VIpeak

where I,eq is the current of the accelerated electron pulse. Hence,
the RF-to-beam efficiency (proportion of applied RF power that goes
into the accelerated electron beam) is given by:

n o VIpeak _ 1
RF—to—beam — 2 vV
%
Vlpear + i ToeaLRs

Thus the efficiency of the DRAGON structure is greatly enhanced
by its stability under high beam loading (charge per pulse and
therefore beam current) and high shunt impedance. For example,
a DRAGON structure operating at 11.4 GHz and optimized for
10 MeV/m gradient has a shunt impedance of 200 MQ/m, such that
a meter-long structure producing a 10 MeV beam at 300 mA peak
current would have a RF-to-beam-efficiency of about 86%.
Including losses in the initial few cells that provide beam bunching
and low energy acceleration, the overall RF-to-beam efficiency
could be expected to be around 80%, compared to about 18% (at
S-band) to up to 45% (at X-band) in current state-of-the-art medical
linacs.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.radonc.2019.05.005.
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