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tients with postoperative predicied FEV, , =800 ml, Pa0,
=65 torr, absent severe cardiac/heart disease, -and absent
severe diabetes mellitus; 2) inoperable patients who do not
satisfy the criteria for operable patients.

The treatment consists of 48 Gy in four fractions over
4 to 8 days. The prescription point is the isocenter, and the
monitor units are calculated with heterogeneity correction.
The Clarkson integration algorithm is used, and the convo-
lution-superposition algorithm is not allowed in this study.

In treatment planning, the clinical target volume (CTV)
was defined as the gross tumor volume (GTV). An internal
margin according to each institution was added to the CTV to
define the internal target volume (ITV). The planning target
volume (PTV) was defined as the ITV plus 5 mm of setup
margin. The radiation ports were set to the PTV with 5 mm
of leaf margin. Non-coplanar static beams (5 to 10 ports) or
multiple-arc beams (in total =400 degrees) with 4 to 10 MV
X-rays are allowed. Dose ‘constraints to normal tissues, i..
the lung, the esophagus, the bronchial tree, the great vessels,
the spinal cord, are also defined.

QUALITY CONTROL AND QUALITY
ASSURANCE

Quality control (QC) and quality assurance (QA) for
radiotherapy in multicenter clinical trials are vital to evaluate
new investigational treatments. In contrast to the United
States, where a QC/QA program was developed in the late
1960s, it was not developed in the 20th century in Japan. In
2001, we performed a retrospective final review using a
JCOG trial for the first time,'9.1! and it revealed that protocol
compliance was very poor, with a protocol violation rate of
60%. After these results, we developed the Radiotherapy
Quality Assurance Center (RTQAC) in the JCOG and
started a comprehensive QC/QA program, including indi-
vidual case reviews (initial and final reviews). The first
trial with a QC/QA program was opened for accrual in
2002. Protocol violation has been decreasing yearly, and it
is now less than 5%.

In the JCOG 0403 study, we asked the National Cancer
Institute and the Advanced Technology Consortium (ATC) to
support this trial in developing a QC/QA program. The digital
data of each case from radiotherapy planning systems are
submitted to the Image Guided Therapy QA Center (ITC) at
Washington University in St. Louis, and the final review is
being performed using the Remote Review Tool provided by
the ITC.

In 2004, we also developed a non-profit organization,
the Radiotherapy Support Center (RSC) to support QC/QA
activities in clinical trials. The RSC, instead of the RTQAC,
is now charged with radiotherapy QC/QA in JCOG trials.

CREDENTIAL PROCESS
Participating institutions in the JCOG 0403 study must
pass through the following requirements: 1) a survey of
institutional personnel, equipment, and treatment techniques;
2) dry run; and 3) phantom dosimetry test. An institutional
survey includes immobilization/localization precision. They
are required to present a document that shows the setup
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reproducibility for their choice of immobilization and/or
localization equipment.

A dry Tun must be performed to reduce inter-institu-
tional variations of treatment planning in compliance with the
protocol and to check the institutional capability of digital
data submission to the ATC. The results of the dry run
performed before the JCOG 0403 study will be reported
elsewhere. The overall coefficient of variation of the target
volumes was approximately 17%, and the inter-institutional
variations in target delineation were acceptable.

Phantom dosimetry test was also performed before
starting the JCOG 0403 study to evaluate the accuracy of
dosimetry in participating institutions to minimize inter-insti-
tutional variations. A lung phantom for SBRT was-developed
and used for this purpose. The absolute doses at the center of
a simulated spherical tumor with a diameter of 3 cm in the
lung were measured and compared with the calculated doses
on-site by the responsible physicist.'* The use of heteroge-
neity correction and different calculation algorithms both
significantly influenced the accuracy of the absolute dose.
The differences between the calculated doses with heteroge-
neity correction and measured doses were 4% for the Clark-
son integration algorithm and 1% for the convolution-super-
position algorithm. However, the Clarkson integration
algorithm was selected for the JCOG 0403 study because the
convolution-superposition algorithm was not available in
some participating institutions at the beginning of this study.

CURRENT STATUS AND FUTURE DIRECTIONS

As of January 12, 2007, 11 patients were enrolled in
this study. The accrual of operative patients has been com-

pleted, and that of inoperable. patients will be completed in -

2008. The final results for operable patients will be avail-
able in 3 years. At that time, we will be able to decide
whether a randomized trial comparing SBRT to surgery is
warranted or whether SBRT should be regarded as an
alternative option for patients who refuse standard surgery.
We also expect that CT criteria will be established to define
local control by analyzing the serial CT data sets mandated in
this study, because the response evaluation criteria in solid
tumors (RECIST) are difficult to apply to see whether the
tumor is eradicated because. of secondary changes such as
radiation fibrosis. _

Another concem is the optimal dose scheduie for this
patient population. We selected 48 Gy in four fractions over
4 to 8 days based on retrospective data using BED formula;
however, it has not been validated to be used in hypofrac-
tionated SBRT with a larger dose per fraction. Without a
dose-finding phase-I study, it is also hypothetical that 48 Gy
in four fractions is enough to eradicate the tumor.

In the United States, prospective phase I and phase I
studies have been performed at Indiana University.!*!4 Based
on the results, they s€lected 60 Gy in three fractions over 1.5
to 2 weeks in the following RTOG trial, a phase II trial of
SBRT in patients: with medically inoperable stage UII
NSCLC (RTOG 0236). Not only is the dose schedule differ-
ent from the Japanese schedule, but the target delineation,
margins around the PTV, dose prescription (60%. to 90%
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JCOG Trial of SBRT for NSCLC

‘isodose line vs. isocenter), and use of heterogeneity correc-
tion (uncorrected vs. corrected) are also different. These
differences make it difficult to compare the results between
these studies. Recently, the RTOG and JCOG have both
decided to use an up-to-date and more accurate convolution-
superposition algorithm with heterogeneity correction in the
coming studies. The JCOG is now developing a dose-esca-
‘lating phase T study for TZNOMO NSCLC, and the RTOG is
also developing a phase II study for operable patients with
stage 1 NSCLC. We hope that these studies will define the
optimal dose schedule and lead to standardization of the
SBRT technique. Furthermore, international collaboration
will be critical to establish the role of SBRT in the treatment
of lung cancer.
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We are developing a four-dimensional image-guided radiotherapy system with a gimbaled x-ray
head. Tt is capable of pursuing irradiation and delivering irradiation precisely with the help of an
agile moving x-ray hcad on the gimbals. Requirements for the accclerator guide were established,
system design was developed, and detailed design was conducted.. An accelerator guide was manu-
factured and basic beam performance and leakage radiation from the accclerator guide were evalu-
ated at a low pulse repetition rate. The accelerator guide including the electron gun is 38 cm long
and weighs about 10 kg, The length of the accelerating structure is 24.4 cm. The accelerating
structure is a standing wave type and is composed of the axial-coupled injector scction and the
side-coupled dcceleration cavity section. The injector section is composed of one prebuncher cavity,
one buncher cavity, onc side-coupled half cavity, and two axial coupling cavities. The acceleration
cavity section is composed of eight side-coupled nosc reentrant cavities and cight coupling cavities.
The clectron gun is a diode-type gun with a cerium hexaboride (CeBg) direct heating cathode. The
accelerator guide can be operated without any magnetic focusing device. Qutput beam current was
75 mA with a transmission efficicncy of 58%, and the average energy was 5.24 MeV. Beain energy
was distributed from 4.95 to 5.6 MeV. The beam profile, measured 88 mm from the beam output
hole on the axis of the accelerator guide, was 0.7 nm X 0.9 mm full width at half maximum
(FWHM) width. The beam loading line was 5.925 (MeV) -/, (mA) X 0.00808 (MeV/mA), where
I, is output beam current. The maximum radiation leakage of the accelerator guide at 100 cm from
the axis of the accelerator guide was calculated as 0.33 ¢Gy/min at the rated x-ray output of
500 ¢Gy/min from the measured value. This lcakage requires no radiation shiclding for the accel-
erator guide itself per IEC 60601-2-1. © 2007 American Association of Physicists in Medicine.
[DOI: 10.1118/1.2723878]
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I. INTRODUCTION

We are developing a new four-dimensional image-guided ra-
diotherapy systcm.1 The system has an x-ray head composed
of an ultrasmall linear accelerator guide and a multi-leaf col-

limator (MLC) on the gimbals mechanism as shown.

in Fig. L.

The gimhals, mechanism s supported on an O-Ring Struc-
ture. As shown in Fig. 2, the O-ring structure provides iso-
centric motion for portal selection. Pan and tilt motions of
the gimbals provide active compensation for the mechanical
distortion of the O-ring 10 auain beam positioning with a

predicted accuracy of 0.1 mm and quick pursuit beam mo-
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Fig. 1. The gimbalcd' x-ray head is composed of a C-Band accelerator
guide, multi-leaf’ collimator, and gimbals mechanism.

tions to compensate for respiratory and cardiac. inovements.
Because the frequency of the pan and tilt motions should be
higher than 2 Hz to compensate for cardiac motion, the natu-
ral frequency of the gimbals and the support structure should
be higher than 40 Hz to enable feedback control of the gim-
bals. The O-ring structure is necessary to attain the rigidity
required for the gimbals motion, which the cantilever struc-
tureé of a conventional medical electron linear accelerator
cannot provide.

The history of the medical electron linear accelerator, in-
cluding the history of the accelerator g,und(, is summarized
concisely by Karzmark, Nunan, and Tanabe.” The weight and
length of the accelerator guide and heavy and bulky ancillary
devices such as x-ray shiclding and magnetic focusing de-
vices have been a problem, because an x-ray head composed
of these devices must be movable around the patient. The
majority of modern medical linear accclerators are’ isocentric
machines, in which the gantry rotates around the isocentric
axis. Most of the existing isocentric machines have cantile-

vered gantries to support x-ray heads. The gantry sags when'

rotated and the beam positioning accuracy is affected.™
huge counter mass is also required to stabilize the gantry.
Linear accelerator technology was developed for the §

band (2.8-3 GHz) and was bascd on the S-band klystrons.

developed for military early warning radars. This technology
cafried over into the medical field, where today most con-
ventional medical lincar accelerators use this: frequency
band. The length of the accélerator guide depends on the
energy of the beam and whether the accelerating structure is
a traveling wave type or a standing wave type. A standing
wave-type accelerator guide is shorter than a traveling wave
type. The length of the standing wave-type accelerator guide
is from 33 cm for 6 MV to 220 cm for 24. MV beams. The
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FiG. 2. The gimbaled X- ny head is mounted on the O-ring with 2 KV x-ray
whes and two flat panel detectors. The O-ring rotation provides portal sc-
Tection around the isocenter and. the O-ring skew provides'the noncoplanar
beam angles around the isocenter. The pan and tilt motions of the gimbals
provide active compensation for the mechanical disiortion and quick beam
motion to compensatc for the movement of the target around the isocenter.

accelerator diameter, without side-coupling cavities, is about
10 cm. X-ray shielding is- required around the accelerator
guide to shicld radiation leakage generated by beam loss in
the guide, A small accelerator guide including x-ray shield-
ing for a 6 MV beam weighs hundreds of kilograms. Mishin®
presented a 6 MeV X-band (9 4 GHz) linear accelerator
guide used for the Cyber Knife®.f Though the diameter of the
accelerator guide is about 3 cm and the weight is about
20 kg, the léngth of the accelerating structure is 58-cm and
the total length of the accclerator guide including an clectron
gun is estimated to be about 65 ¢m.

Our system requires a new design approach. Because our
system requires quick pan and tilt motions of the x-ray head
on gimbals, in addition to the conventional isocentr ic rota-
tion of the O-ring, the restrictions on weight and length of
the x-ray hcad and the accelerator guide are much severer
than for any other system. No existing accelerator guide for a
medical linear acceleraior is suitable for our system because
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of its weight and size. The development of an ultrasmall and
light .accelerator guide was required to cnable our concept.

Il. METHODS AND MATERIALS

A. Establishment of the requirements for the
accelerator guide

1. Electron beam energy

The preferred photon beam energy for treatment of brain,
head and neck is 6 MV. This energy is also preferred for
treatment of the thorax.™ Trcatment of deep-seated organs
like the- prostate or pancreas is possible with a 6 MV photon
beam, il intensity modulation radiotherapy (IMRT) is used
and more than nine nonopposed fields are assumed,”* al-
though a higher encrgy photon beam is preferable. If the
electron beam energy is less than 6 McV, there is a very low
probability of neutron generation, and radiation shielding is
much casier for a small and light x-ray head." Based on
these points, the requirement for the electron beam energy
was set to 5—6 MeV.

2. Dose rate

Reduction of the time required for cach dose fraction is
important for efficient treatment and for the patient’s coni-
fort, especially for stereotactic radiotherapy or steredtactic
radio surgery that requires more than 10 Gy per {raction. We
sct a requirement for the dose rate as 500 ¢cGy/min in a
monitor unit over a 15 cmX15cm maximum fatened
field,! which is necessary for treaiment of the prostate and
neighboring lymph nodes.

3. Short settling time of beam energy spectrum

Because the delivered dosc is controlled with a transmis-
sion ionization ¢chamber in the x-ray head, fluctsation of the
energy spectrum leads to fluctuation of the dose delivered to
the target. In step and shoot IMRT, which requires frequent
beam on and off, a short settling time of the energy spectrum
is especially imporlzml.m The settling time performance is
evaluated in terms of the small-dose accuracy defined by the
dose crror for a small dose at an appropriate point in a water

phantom, but this perforinance includes. various system cr-.

rors and delays such as the delay and error of the iransmis-
sion ionization chamber and the delay of the dose control
circuit.

4. Minimization of penumbra

In IMRT, stereotactic radio-surgery, or stereotactic radio-
therapy, it is important to give the prescribed dose to the
preseribed area precisely and minimize the dose in other ar-

eas. The falloff characteristic of the fringe of the x-ray ficld

is called the penumbra and is defined by the distance from
the 80% dose area to. the 20% dose area.”™ Tt is essential to
reduce the spot size of the electron beam on the target 10

reduce the penumbra, although the penumbra is also affected .

by the cutoff and scattering characteristics of the collimators
including the MLC. The spot size of the clectron beam

Medical Physics, Vol. 34, No. 5, May 2007

should be the minimum size acceptable to the x-ray target
with respect to temperature and thérmal stress.

5. Requirements on the mechanical property

The accelerator guide is installed in-line with the photon
beam, because a bending magnet, which increases the weight
unaceeptably, is not allowed for the x-ray head. The x-ray
head is installed on the structurally rigid O-ring 10 attain the
mechanical response for the organ motion compensation.
The source axis distance must be 100 cm to attain the same
amount of clearance between the x-ray head and the patient
as that of conventional medical linear accclerators. The di-
amcter of the O-ring is governed by the length of the accel-
erator guide, and it is important to reduce the length of the
accelerator guide to allow the O-ring to fit in an ordinary
bunker. :

The weight of the x-ray head should be minimized to
attain the mechanical response needed for organ motion
compcnsalion.‘ The weight of the accelerator guide should
be minimized. The accelerator guide -and the beam line
should not have any magnetic focusing device because of the
weight and space limitations.

Leakage radiation shielding is another heavy item and
should be minimized. The radiation shielding around the
x-ray target is necessary to provide a required dose rate, but
radiation shielding:around (he accelerator guide can be mini-
mized by reducing beam loss in the high beam cnergy sec-
tion of the accelerator guide.

The accelerator guide is installed on the gimbaled x-ray
head and is subject to rotational motions for organ motion
compensation. The accelerator guide, including the micro-
wave feed line and vacuum pump, should be mechanically
robust.

B. System design of the accelerator guide
1. Frequency band selection

A practical frequency range for a linear accelerator is the
L band (1 GHz) to the X band (12 GHz). Theoretically; an
accelerator guide could be designed and manufactured for
any frequency in this range. However, availability of high
peak power microwave sources limits the frequency selec-
tion. In the § band, many high peak power klystrons are
available. High peak power magnclrons‘ have also been de-
veloped for this frequency band and have been used for a
high peak power microwave source. Above the S band, we
have high peak power microwave sources initially developed -
for military tracking radars in the C band (5-6 GHz) and the
X band (8-12 GHz). In the C band, Shintakc and
Matsumoto' have developed Klystrons for scientific linear
accelerator application in collaboration with Toshiba Co. Lid.
(1-1, Shibaura 1 chome, Minato-ku, Tokyo, Japan). And
klystrons with peak power from 3 to 50 MW are commer-
cially available. Tn the X band, a type of magnetron is com-
mercially available for linear accelerator app]icalion,-""ﬁ but a
klystron is still in the development phase.

The ease of production is an important consideration for
an industrial product. The tolerance for an X-band accelera-
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tor guide is on¢ quarter of that for an S-band accelerator
guide, and that for a C-band accelerator guide is one half of
that for an S-band accelerator guide, if the structures are the
same. Our experience shows that a C-band accelcrator guide.
can be manufactured with the same manufacturing technol-
ogy used for S-band accelerator guides, but an X-band accel-
erator guide requires’ some development in manufacturing
tecchnology. We chose theé C-band with a frequency of
5.7 GHz as the best mix of size, weight, availability of the
high peak-power microwave source, and production ease.

2. Output beam energy and beam current’

As described in Sec. II A 1, all the beam energy was de-
signed to be contained in the 4.8-5.9 McV range, and the
average beam energy was designed to be 5.3 MeV. Assum-
ing a tungsten plate as an x-ray target, the optimum thickness
was 1.45 mm as determinéd with EDMULT cod'e_.'s‘16 The
position and the shape of the aluminuin flaiténing filter was
also optimized with MCNP' code'’ 10 provide a fatiened
x-ray ficld over a 15cmX 15 cm field at the isocenter
100 cm from the X-ray target in 10-cmi-decp water with a
20 cm water layei' behind. The required average beam cur-
rent was 55 uA. As common values were adopted [or the
beam pulse width and the repetition frequency as 3 us and
300 Hz, the required beam current was' 60 mA. With. some
margin, the beam current was designed to be 75 mA.

3. Beam loading

The settling characteristics of the- beam energy at the
beain-on are mainly determined by the drift of the resonant
frequency of the-acceleralor guide due to thermal expansion
caused by the ohmic loss of microwave power in the accel-
erating structure. The start-up -characteristics of the current
from the electron gun are:also an important factor. The drift.
of the resonant frequency of the accelerator guide has a time
conistanf of about 30 s and can be compensalcd by an ad-
equate automatic frequency control circuit:

Medical Physics, Vol. 34, No. 5, May 2007

: peBé E-GUN section

The diode electron gun has a start-up transient, if the cath-
ode is heated up by electron back bombardment, in which
electrons slip off the phase of the accelerating field in the
injector section and -arc reflected. back against the cathode
voltage to hit the cathode. The time constant is several sec-
onds with the small cathode described in Sec. 11 D 1, but this
time constant does not satisfy the requirement in Sec. 11A 3.
The gradient of the beam loading linc should be gradual to
minimize the variation of the electron beam energy against
the variation of the beam current from the electron gun.

4. Beam optics

An intensive [inite-element study of temperature history
and thermal stress of the tungsten x-ray target showed that a
1-mm-diameter (1) was acceptable. with some margin for
6 MeV, 75 mA, 3 us, and 300 Hz beam pulses. The: beam
diameter on the x-ray target 7.7 cm from the output bcam
hole was about 1 mm (10).

C. Overall structure of the accelerator guide

A standing wave-type accelerator guide was adopted, be-
causc a high accelerating gradient can be cxpected in the low
beam current region. The overall structur¢ is shown in Fig. 3.
The accelerator guide is composed of the electron gun sec-

tion in which clectrons are generated, the injector section in

which the electrons are bunched, and the acceleration cavity
section in which the bunched-electrons are accelerated 1o the
designed beam cnergy.

D. Detailed design of the accelerator guide
1. Detailed design of the electron gun

The cathodé voltage was sclected as 25 kV, to be supplicd
from the stationary frame via a flexible high-voltage insu-
lated cable 1o the moving gimbaled x-ray head, even though
a higher voltage is better from the vicwpoint of beam focus-
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ing because it suppresses the space charge effect and im-
proves electron. capture characieristics of the injector
section.'® ,

Because the expected transmission efficiency, which is
defined as the ratio of the output beam current from the ac-

celerator guide to the beam current of the electron gun, is

about 50%, the rated output beam current is 150 mA. The
maximum oufput beam current was designed to be 300 mA
with a margin.

The optical characteristics of the clectron gun were de-
signed to provide laminar flow with a 150 mA beam current
with a diamcter of about | mm (lo) at the center of the
prebuncher cavity located 7 mm from the electron gun out-
put ‘beam hole. In a conventional electron gun, the clectron
beam is generated on a rather large surface area cathode,
focused to the required beam diameter with a focusing elec-
trade, and injected into a solenoidal magnetic field in which
a focused flow (Brillouin flow) is attained. The electrons at
outer positions get radial momentum, and it is difficult with
this design to get a focused flow without a solenoidal mag-
netic field. So we adopted a small diameter cathode and the
compression ratio, which is defined as the ratio between the
surface area of the cathode and the cut arca of the focused
beam, was minimized. An intensive study of the cathode
diameter and the electrode geometry was conducted with
E-GUN co_dem and the cathodé diameter was sct as 2 mm.

A diode-type electron gun was adopted. although a triode
gun is often used in modern medical linear accelerators be-
cause of the ease of controlling the beam current with a grid
electrode. But the grid electrode is usually a mesh of woven
wires, and the diameter of the grid wire is so small that such
a mesh is not mechanically practical for a cathode with’a
small diametcr. A modulating anode electron gun can control
the beam current easily, but the insulation design of the
modulation anode is cumbersome and it is.difficult to reduce
the size of the electron gun. The modulating anode requires a
high voltage pulse circuit (about [ kV) at the floated cathode
potential, which requires a complicated insulated anode
modulation circuit.

An impregnated barium cathode is popular for the clec-
tron gun of modern medical linear accelerators. However, the
practical emission current density is limited to 70 mA/ min?
at the normal operation lemperature; and an emission current
density of 96 mA/mm? with a 2-mm-diam cathode, which is
necessary for a 300 mA beam current, is not available. A
cerium hexaboride (CeBg) crystal cathode was selected. This
cathode has a high emission current density of 200 mA/mm?
at the normal operating temperature. The fringes of the elec-
wrodes were shaped to suppress the maximum surface electric
field to less than 10 kV/mm for vo]lag(, -breakdown free and
stable operation.

* The CeBg cathode is a direct healmg type cathode and the
heater cwirent flows through the CeBg crystal. The magnetic
field of the heater current will distort the trajectory of low
encrgy clectrons emitted from the surface of the CeBg crys-
tal. So the heater current was designed to be a sinusoidal

wave synchronized 10 the pulse repetition frequency. The.
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Maximum
Efectric Field Gap Voltags
{Accsleration Gradient)
Nose Cone
Fig. 4. The maximum electric ficld appears on the nose cone of the nose

ru.ntr'ml cavity. The ratio of maximum clectric field to the acecleration
gradient on the axis is 4.3.

cathode high voltage pulse is applicd when the heater curvent
crosses zero and the electrons are extracted when the mag-
netic field of the heater current is zero.

2. Detailed design of the accelerating structure

The expected encrgy gain is 0.3 McV for the injector sec-
tion and 5.0 MeV for the aceeleration cavity scction.

a. Detailed design of the acceleration cavity section. The
acceleration cavity section is composed of side-coupled nose.
reentrant  cavities. Kilpatrick’s criterion”  specifies the
vacuum breakdown voltage as 65 MV/m for 5.7 GHz
Tanabe™ proposed 240 MV/m as the vacuum breakdown
voltage based. on experiments in which he observed the re-
flected ‘microwave power {rom the nose reentrant half cavity
with a 4.4 us high peak power microwave of 2997 MHz. If
Kilpatrick’s relation between the frequency and the break-
down voltdge can be applied to this number, the breakdown
electric. field is. 340 MV/m for 5.7 GHz. However,
Matsumoto™ showed that field emission, with a local clectric
field cnhanced by a microscopic geometry of the: inner sur-
face of the cavities, was the source of dark current even at
voltages far below the breakdown voltage. The dark current
is expected (o have bad optical characteristics and seems to
be a source of the leakage radiation from the accelerator
guide. Inagaki et al. 3 measured dark current from a traveling
wave-lype C-band high gradient accelerator guide. His result
shows that a non-ncgligible amount of dark current is ex-:
pected at over 100 MV/m surface electric field strength. So
we adopted 120 MV/m as a design criterion in the beam-
loaded condition. The maximum surface electric field ap-
pears at the cavity-side tip of the nose cone of the cavity as
determined from mathematical analysis with SUPERFISH
code™ (Fig. 4).

Because the ratio of the maximum surface ficld to the
acceleration gradient is calculated as 4.3, the maximum ac-
celeration gradient is. 28 MV/m. The expected energy gain is

5.0 McV, and the electron bunches are designed 1o be situ-

ated about 20° ahead of the crest of the aceeleration field for
phase, stability of clectron bunches. Therefore, the necessary
length of the acceleration cavity section is about 19 cm. The
required number of cavities is eight. because the length for
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Cavity 45

Side-coupled _ﬁ_
v Cavity #1
Half Cavity, i Prebincher Cavity.
__4’ Cavity #2
Coupling Cavily

Anode Electrode

Elsction of the Electron Gun

Cavity 8 v
Buncher Cavity

Cavity #4
Coupling Cavity

\Side-coupling
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Fig. 5. The injector section is composed of five cavities. Cavity No.lisa
pn.bum,hcr cavity. Cavity No. 3 and cavity No. 5§ are buncher cavitics.
Cavity No. 2.and Cavity No. 4 are coupling cavities and do not contribute (0
acceleration. Cavity No. | through Cavity No. 4 are axial coupling cavities,
which are coupled via beam holes. Cavity No. § is a side- coupled cavity and
is fed from the acceleration cavity, '

the /2 mode cavity is 2.624 cm for 5712 MHz. The, length
of the low-energy side cavities- was adjusted to accommodate
electron bunches from the injector section with a speed less
than that of light based on the beamn dynamics simulation as
shown in Sec. I D 2.d.

b. Detailed design of the injector section, Flg,ure 5
shows the design of the injector section, A populardesign of
the injector for medical linear accelerators is to launch the
electrons from the electron gun directly into a high accelera-
tion gradient buncher cavuy ® which is composed of a side-
coupled half cavity and succeeding full cavities, but we pro-
vided a prebuncher cavity for our accelerator guide just after
the clectron gun to improve the bunching characteristics and
minimize the beam loss in the acceleration cavity section,

Because the acceleration gradient of the prcbuncher is
imuch lower than that ‘of the succecding buncher cavities, the
prebuncher -cavity is usually driven mdependcmly from an
external microwave source divided. from the main feed line
through an attenuator and a phase shifier. But these devices
are (0o large and heavy to be installed on the gimbals mecha-
nisini, and the feed line will give phase variations that lead to

variation of the beam energy and optics if it is mechanically
bent by pan and tilt rotations. Therefore, an internal coupling
to the prebuncher was included in the acceleration structure
itself.

The prebuncher and succeeding buncher cavities ar¢ /2
mode axial-coupled cavitics. The cavity length must be re-
duced to synchronize the phase velocity of the accelerating
microwave to the slow electron from the electron gun. The
side-coupled cavity' was avoided, because it is not ‘practical
to produce. Axial coupling is also better for the beam optics.
The side-coupled cavity has a slight asymmetry of the radial
electric field caused by the asymmetric side-coupled struc-
ture, and the asymmetry of the clectric ficld will give an
optical distortion 1o the low energy beam.
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The prebuncher cavity (cavity No. 1) is succeeded by the
coupling cavity (cavily No. 2). Cavity No. 2 does not con-
tribute to the acceleration but works as a drift space before
the buncher cavity (cavity No. 3). The buncher cavity is
driven through the coupling cavity (cavity No. 4). The last
cavity of the injector scction is a side-coupled half cavity.

c. Beam loading effect. The accclerator guide is coupled
to the cxternal microwave circuit at the driving cavity
through the coupling iris. Although the impedance- -matched
coupling coefficient By is 1.4 for a beam current of 75 mA,
B, was designed to be 1.6 (a slightly over-coupled condi-
tion). The beam loading curve is described with the follow--
ing equation:
2y ré
V= 1+‘BB \sz(’cos ¢- +ﬁ],,, n

where V is acceleration energy, Pgg is the input microwave
power, { is the length of the acceleration structure, ¢ is the
phase ahead angle of the electron bunches from the crest of
the acceleration clectric ficld, I, is the beam current, and r is
the shunt impedance of the acceler: ation structure. The design
vilues were Pgre=2.0 MW, {=0.21 m, ¢=20° ahcad from
the crest of the acceleration electric field, and [,=75 mA.
SUPERFISH code gives the calculated shunt impedance as
150 M€}/m for the-acceleration cavity, but the rcalistic value
is empirically 90% of the calculated value because of imper-
fections of the machined surface. The injector section has a
lower shunt impedance and the total shunt impedance of the
whole acceleration structure is about 100 MQ/m. These val-
ues were placed in Eq. (1) and, for a no-load energy vV a
1,=0) of 5.925 M¢V, the slope of the beam loading curve is
-0.00808 MeV/mA and the cstimated beam energy at [
=75 mA is 5.3 MeV.

d. Design optimization with mathematical simulation.
SUPERFISH code was used for the design optlmumlon of cach
cavity of the acceleration structure. MAFIA™ cade was used
for the design optimization of the side-coupling structures
and the coupling iris of the driving cavity. The gap voltage
for-cach cavity was opnmind in the beam dynamics simu-
lation with EMSYS®' code. EMSYS code is a field-charge-
inter acuon code with particle-in-cavity simulation capability.
PARMELA™® code is usually used for the beam dynamics
simulation of an electron linear accelerator: But PARMELA
code requires manual input of gap voltage and the beam
loading effect for each cavity. PARMELA code can not be

applied to this accelerator guide, for which neither gap volt-

age. nor beam loading effect can be determined explicitly,
because the injector section with a complex structure is com-
bined with the acceleration cavity section and is fed ‘inter-
nally from the acceleration cavity section. However, EMSYS
can give a self-consistent beam loading cffect evaluation.
E-GUN code gave an initial condition of the electron beam
for EMSYS code. The optimization was an iterative process of
the beam dynamics simulation with EMSYS code.

e. Thermal analysis. F hermal analysis. of the cavity was
performed with. ANSYS® t,ode with the heat input of the
ohmic loss of the microwave current calculated with SUPER-
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FiG. 6. The accelerating cavitics and the coupling cavities have bipartie
structure.

FisH code. The nose cone had the highest temperature of
51 °C when cooled with 30 °C water and no thermal prob-
lem was cxpected. The resonance frequency of the accelera-
tor guide is shifted because of the thermal expansion, but 4
proper automatic frequency control mechanism can compen-
sate for this effect.

E. Manufacturing the accelerator guide

The construction of the accelerating cavities and coupling
cavities is shown in Fig. 6. The cavities of the accelerator
guide are made of oxygen-free high conductivity copper
(ASTM FE68 Classl). The cavity parts arc shown in Fig. 7.
The inner surfaces of the accelerating cavities were finished
with an ultraprecision lathe to reduce the risk of microwave
discharge. Both the accelerating cavities and coupling cavi-
ties have bipartite structure. One set of coupling cavities was
vacuum soldered to the two half-accelerating cavities and

constituted one unit as shown in Fig. 8. These unils were.

assembled and vacuum soldered to constitute the whole ac-

FiG. 7. The cavity parts are made of oxygen-free high conductivity copper
(ASTM F68 Class 1) and the inner surfaces are michined with an ultrapre-
cision lathe.
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Fi. 8. One unit of the accelerating guide is composed of an accelerating
cavity and a coupling cavity.

celerator guide. The coupling hole between the accelerating
cavity and the coupling cavity was machined with a milling
machirnie. The axis of the coupling hole was. inclined by 45°
to the axis of the accelerator guide. With this design, a sharp
edge was climinated from the edge around the coupling hole
and the risk of microwave discharge was reduced.

The parts of the clectron gun were made of stainless stecl
(UNS S$30403). The cathode assembly, which is composed of
cathode and focusing electrode, was supported on a ceramic
insulator cylinder. The focusing electrode was made of mo-
lybdenum to withstand the heat from the nearby CeBg cath-
ode. The parts of the electron gun are shown in Fig. 9 with
the CeBg cathode in the upper left of the figure. The anode
clectrode flange of the electron gun is the wall of the preb-
uncher cavity as shown in Fig. 5. The cathode assembly is

FiG. 9. The eleciron gun i§ composed of an anodé elecirade. cathode assem-
bly; focusing electrode. and ceramic insulator.
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Fig. 10. The accelerator guide: assenbled on the test stand:

bolted (o the anode flange via the vacuum vessel of the elec-
tron gun. The accclerator guide assembled on the test stand is
shown in Fig. 10.

The prototype accelerator guide is 38 cm long and the
weighs-about 10 kg.

F. Evaluation of the accelerator guide
1. Evaluation of the electron gun

Before being attached to the accelerator guide, the beam

profile of the clectron gun was measurcd with a_ two-
dimensional wire 3canner.bThe cathode voltage and clectron
beam current weré set to the designed values of =25 kV and
155 mA.

2. Evaluation of the whole accelerator guide

The beam characteristics of the accelerator guide were
measured with the test bench shown in Fig. L1 Pulses of
5 us werc fed to the accelerator guide through a circulator
and waveguides. The peak microwave power at the klystron
output was 3.1 MW, and the microwave power was esli-
mated to be 2.0 MW at the input of the accelerator guide.
The frequency was adjusted to minimize the reflection power
from the accelerator guide 1o get the tuned condition around
the design frequency of 5712 MHz. The pulse repetition fre-
quency was sct to 10 Hz.

The transmission cfficiency was calculated by dividing
the reading of current monitor (CM) No.1 in Fig. 11 with the
cathade current supplied to the electron gun.

A slit. scanner with a slit thickness greater than the stop-
ping range for a 6 MeV electron was used to measure the
beam profile (the geometrical distribution of the beam cur-
rent in the cut section of the beam). The slit width was
0.2 mm and the beam cucrent through the slit was monitored
with current monitor No. 1. The measurement was made in
the plane pérpendicular to the axis of the accclerator guide at
a position 88 mm from the output beam hole of the accelera-
tor guide, which is 11 mm farther than the designed x-ray
target position because of the mechanical limitation of our
experiment setup.

The cnergy distribution of the bcam was measurcd with
the 90° bearn bending magnet as shown in Fig. 11. The ra-
dius of the central beam path in the bending magnet was
175 mm and the apértire of the cnergy analyzing. slit was
4 mm, which corresponded to a resolution of 0.05 MeV. The
measurement. was conducted for output beam currents (/,) of’
50 and 75 mA (designed beam current), 100 and 125 mA
with 2.0 MW of the estimated microwave power at the input
of the accelerator guide. The measurement was also made for
1.64, 1.74, 2.0 and 2.1 MW of the estimated microwave in-
put power with the output beam current of 75 mA,

Guide

e

00 dearee 1734 mm
gr )
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. L
&am Current h
m .
No'-‘»p Cument
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X. TanLe 1. Transmission efficiency of the aceelerator guide calculated by di-
z viding the.reading of current monitor No.1 in Fig. 11 by the cathode current
Conter of the Electron Beam supplied to the electron gun.
Electron Gun Diroction
Output Beam Hola Y Gutput beam current {/;) 50 mA 75 mA 100 mA 125 mA
{current monitor No.1)
Electron gun current (/) 100mA  130mA  180mA 285 mA
{cathode. current}
Transmission 0% 585 56% 44%
efficiency (1,11
Wire eifficiency {1,/1,)
Scanner
Current
(Arb. Unit)
No. 3 (Buncher Cavity) in Fig. 5. If the normal distribution is
assumed for the beam profile, the diameter for lo is
0.85 mm.
B. Beam characteristics of the whole accelerator
guide
1. Beam current and transmission efficiency
The outpwt beam current and transmission cfficieacy are
listed in Tabic 1. The transmission efficiency was more than
50% at the designed operating condition {output beam cur-
‘é"é;enne( rent of 75 mA). This value is much higher than that of about
glrge{};‘ " 30% with the majority of standing wave type accelerator

FiG. 12. Beam profile of the electron beam of the electron gun measured at
25 kV, 155 mA.

The lcakage radiation was mcasured with a PTW Farmer
ionization chamber, Model 30013 (PTW, Freiburg GMBH

79115, Lorracher Strassé 7, Freiburg Germany), equipped.
with a 6 MV bwuildup cap and a cylindrical lead collimator
15 cm long and 15 cm outer diamcter, and a.5-cm-diam bore
at the center. The jonization chamber was scanned along the
axis of the accelerator guide at a distance of 35 cm from the
axis of the accelerator guide, with the axis of the collimator
perpendicular to the axis of the accelerator guide and in the
looking-down direction in Fig. 11. The accelerated electron
bean was dumped to beam dump Ne.1, which was shielded
with lead bricks.

lll. RESULTS AND DISCUSSION
A. Beam characteristics of the electron gun

The measured beam profile (Fig. 12) shows that laminar
flow with full width at half maximum (FWHM) diameter of
about 1 mm was attained from 2 to 12 mm {rom the ouiput

beam hole of the electron gun, which corresponds to the
locations of Cavity No. 1 (Prebuncher cavity) through Cavity

Medical Physics, Vol. 34, No. 5, May 2007

guides.25 for existing S-band medical linear accclerators, in
which the eleciron beam {rom the eléctron gun is launched
directly into a high acceleration gradient half cavity. Higher
transmission efficiency is beneficial for the design of the
electron gun and the low energy part of the injector section
because it relaxes the space charge effect.

2. Beam profile

The beam profile is shown in Fig. 13 for output beam
current. of 75 mA. The FWHM beam width was 0.9 mm on
the X axis and 0.7 mm on the Y axis. This result corresponds
o a 0.8 mm. (X axis) by 0.6 mn (Y axis) (lv) elliptical
beam. if the normatl distribution is assumed. The beam pro--
file is a little bit sharper than designed.

The slight asymmetry in the beam profile scems to be the
result of the axial asymmetry of the accelerating electric field
within the accelerator guide, because the accelerating struc-
ture is geometrically asymmetric du¢ to the side-coupled
structure, Because the penumbra characteristics are affected
by the design of the downstream components (x-ray target,
flattening filter, and collimators including MLC), the penum-
bra should be cvaluated as an integrated x-ray head,

3. Beam energy distribution

Figure 14 shows the beam energy distribution measured
for various output beam currents (/) and Fig. 15 shows the
energy distribution measured for various inpul microwave
powers. In Fig. 14, the beam energy distribution has a single
peak. for [,=100 mA and [,=125 mA, but it has multiple.
peaks for /; less than 75 A, This phenomenon was under-
stood as follows through the beam dynamics simulations
with EMSYS.

In_the bunching process in the injector section, a portion
of electrons slips off from the electron bunch. When the ac-
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Fic. 13. Beam profile measured 88 nmm from the output heam hole of the
accelerator guide.

celeration gradient is high in the injector section, thesc elec-
trons are capturcd in the succeeding electron bunch and con-
stitute the second distribution in this bunch. This mechanism
causes multiple peaks in the beam cnergy distribution. When

I,=50 mA, the beam loading is light and the acceleration.

gradient is high, which results in multiple peaks in the en-
crgy distribution. When. I,=100 mA_ or’ 1,=125 mA, thé

beam loading is heavy and the acceleration gradient is jower..

The clectrons slipping off from the buach are not captured in
the succeeding bunch and the encrgy profile has a single
peak. : .

When the input microwave power is increased with a'con-
stant output beam current, the acceleration gradient 15-in-
creased in the injector section and the same multiple peaks
phenomenon is observed as shown in Fig. 15.

In addition to this phenomenon, the beam will. be over
focused whén 7, <50 mA and will be under focused when
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Fig. 14. Beam energy distribution measured for 1,=50. 75, 100. and_
125 mA with a microwave input Pge=2.0 MW. Thé norfilized beam cur:
rent is the percentage of the current in a 0.05 MeV window with respect to
the total current.

[,> 125 mA, because the focusing in the electron gun and
the' injector section is optimized at I,=75 mA to balance
against the space charge effect. Tt will be necessary to oper-
ate this accelerator guide in a rather narrow range of I,
around the designed I, of 75 mA.

4. Beam loading characteristics |

The beam loading characteristics calculated from the re-
sult in Fig. 14 are shown in Fig. 16. The black dots corre-
spond to each averaged energy distribution weighted with the
carresponding beam current. The designed beam loading line
presénied in Sec: 11 D 2 ¢ is shown in the figure. The average
beam energy weighted with the beam current was 5.24 MeV
for I, =75 mA, which is in good agreement with the designed

=407
e
=3t RF=1.64MW
€ | .z RF=1.74MW
< 30f i /
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FiG. 15, Beam energy distribution measured for a microwave input Ppg
=164, 1.74, 2.0, and 2.1 MW with.[,=75 mA. The normalized beam cur-
rent is the percentage of the current in.a 0.05 MeV window with respect to
the total current.
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Fi. 16. Beam loading characteristics calculated from the beam cnergy dis-
tribution in Fig, 14. The theoretical beam loading line is also shown. Error
bars show the measurement error ciiused by the resolution of the energy
analyzing sctup (i.c.. the 90° bending magnet and the encrgy analyzing slit).

beam cnergy of 5.3 MeV. At 1,=75 mA, the beam energy
was distributed between 4.95 and 5.6 MeV.

The low gradient of the beam loading line ¢nsures the
stability of the x-ray energy against the beam current varia-
tion. Figure 16 shows that £10% fluctuation of the electron
beam current causes +0.06 MeV energy fluctuation. How-
ever, the small dose accuracy must be evaluated for the
whole accelerator system and will be reported in another
paper. '

5. Leakage radiation from the accelerator guide

The measured result is shown in Fig. 17. The maximum
leakage radiation was observed at the high-encrgy scction of
the accelerator guide, and the value was 0.9 mGy/min. From
this value, the maximum lcakage radiation at the rated x-ray
output of 500 ¢cGy/min (pulse repetition frequency of
300 Hz) and ai 100 cm from the accelerator guide was cal-
culated as 0.33 cGy/min and 0.066% of the rated x-ray out-
put, which satisfies the IEC60601-2-1 (Ref. 30) requirement
(less than 0.1% {(average) and 0.2% (maximum) of the treat-
ment beam) without any radiation shielding around the ac-
celerator guide. If the x-ray target is set at the designed po-
sition of 77 mm from the output flange, backscatlering is
expected through the bean hole of the accelerator guide and
radiation shielding will be necessary just behind the electron
gun.

" IV. CONCLUSION

An ultrasmall and light C-band linear accelerator guide
was developed for our four-dimensional image-guided radio-
therapy system. The accelerator guide is 38 cin long includ-

ing the electron gun and weighs about 10 kg. The length of

the accelerating structure is 24.4 cm. The accélerating struc-
ture is a 7/2 mode standing wave type and is composed of
an axial-coupled injector section and a side-coupled accel-
eration cavity section: The. injector-section is composed of
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FiG. 17. Leakage radiation from the accelerator guide measured with a
Farmer ionization chamber with a 15-cm-long lead collimator at 35 cm from
the axis of the accelerator guide. The jonization chamber was scanned along
the axis of the accelerator guide with the axis of the coltimator perpendicu-
lar to the axis of the accelerator guide and in the louking-down direction in
Fig. 11.

one prebuncher cavity, one buncher cavity, one side-coupled.
half cavity and two axial coupling cavitics. The acceleration
cavity section is composed of eight side-coupled nose reen-
trant cavities and eight coupling cavities. The electron gun is
a diode-type gun with a CeBy, direct heating cathode. The
accelerator guide can be operated without any magnetic fo-
cusing device.

The output beam current was 75 mA with a transmission
efficiency of 58%. The average energy was 5.24 McV.
The beam energy was distributed from 4.95 to 5.6 MeV.
The beam profile was 0.7 mm X 0.9 mm FWHM width
at the 88 mm point on the. axis of the accelerator guide.
The beam loading line was 5.925 (MeV)-7, (mA)
X 0.00808 (McV/mA).

Thie maximum leakage radiation of the accelerator guide
at the rated x-ray output of 500 ¢Gy/min was calculated as
0.33 ¢Gy/min 100 cm from the accelerator guide. This leak-

age level requires no radiation shiclding for the accelerator-

guide itself per IEC 60601-2-1,
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We are-developing a four-dimensional, image-guided radiotherapy system with a gimbaled x-ray
head. The systemi has pursuing irradiation capability in addition fo precise irradiation capability,
owing o its agile x-ray head. The moving x-ray head requires a very small C-band accelerator
guide. The heat intensity of the accelerator guide is much higher than that of conventional S-band
medical linear accelerators. The resonance frequency varies over alimost 1.0 MHz with a thermal
lime constant of about 30 s. An automatic frequency controller (AFC) is employed to compensate
for this variation in resonance frequency. Furthermore, we noted that fast AFC response is impor-
tant for step-and-shoot intensity modulation radiotherapy (IMRT), in which the beam is turned on
and off frequently. Therefore, we invented a digital AFC, based on a new concept, 1o provnde
effective compensation for the thermal characteristics of the accelerator guide and to ensure stable
and optimized x-ray treatment. An important aspect of the performance of the AFC is the capture-
frequency range over which the AFC can scek, lock on to, and track the resonance frequency. The
conventional, analog AFC used in S-band medical linear accelerators would have a capture-
frequency range of about 0.9 MHz, if applied to our accelerator guide, and would be inappropriate.
Conversely, our new AFC has a capture-frequency range of 24 MHe, which is ‘well suited to our
accelerator guide. The design concept behind this new AFC has been developed and verified. A full
prototype system was constructed and tesied on an cxisting accelerator guide at the rated x-ray
output (500 ¢cGy/min) of our radiotherapy system, with a pulse-repetition frequency of 300 Hz.
The AFC acquired the resonance frequency of the accelerator guide within 0.15 s after beam-on,
and provided stable tracking and adjustment of the frequency of the microwave source to the
resonance frequency of the accelerator guide, With a planned improvement of the initialization of
the AFC it should be able to acquire the resonance frequency within 33 ms. © 2007 American
Association of Physicists in Medicine. [DOIL: 10.1118/1.2752581]

Key words: automatic frequency control, AFC, C-band, linear accelerator. gimbaled x-ray head,
4D 1GRT

1. INTRODUCTION

A new concept four-dimensional image-guided radiotherapy
(4D IGRT) sys(emi is under development. This system has
an x-ray head composed of an ultrasmall C-band linear ac-
celerator guide and a multileaf collimator (MLC) on gimbals

mechanism. The gimbals mechanism is supported on a rolal-

ing O-ring structure, which provides isocentric motion for
portal selection. Two axis angular motions of the gimbals
provide active compensation for the mechanical distortion of
the O-ring to attain beam positioning with a predicted accu-
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Phase difterence between
Drive and Refiected microwave-

™
Resonan
Freque
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] >
-m

Fi. 1. The frequency dependence of the phase difference ( P,) between the

drive- microwave {P;,) and the reflected microwave (P} of the standing
wave type.accelerator guide. In this figure, P,=P— Py,

racy of +0.1 mm and quick pursuit beam motions to com-
pensate for respiratory and cardiac movements.

The accelerator guide-is 38 ¢m in length and about 10 kg
in weight.2 The main acceleration structure is about 20 ¢ in
length and about 4 kg in weight. The heat intensity is about
7 W/em?d, or 0.65 W/g. After a cold start, the. resonance
frequency of the accelerator guide drifts downward by nearly

1.0 MHz from its cold-state (‘%0°C) resonance frequency of

5712 MHz, over about 30 s.2 If this drift in resonance fre-
quency were not tracked properly (and the driving frequency
of the high-power microwave source were not accurately
controlled), in real time (so as to tunc in to the resonance
frequency), unacceptable variations of the beam energy and
optics would be expecled, and the-characteristics of the treat-
ment X ray would be variable and suboptimal.

Our 4D IGRT system is imended mainly for intensity
modulation radiotherapy (IMRT). In step-and-shoot IMRT, in
particular; the beam is turned on and off frequenily, so that
the: delivered dose during one beam-on period will be as
small as a couple of monitor units. One beam-on period will

be léss than | s, and the beam will be turned on and off

hundreds of times during one fraction. Therefore, the drive
frequency of the high-power microwave source. must be
tuned to the resonance frequency of the accelerator guide as
soon as possible afler beam-on. To effect a solution to this

problem, an automatic {requency controller (AEC) is of
prime importance in the control of the accelerator system.

specifically, a very. rapid, stable, and robust AFC is réquired,
All medical linear accélérators use: an AFC’ to stabilize
the characteristics of the treatment x ray. The microwaves

that are supplicd (o and reflected from the accelerator guide

are both picked up: by «directional -couplers with. a low cou-
pling coefficient, such as the Bethe hole coupler (BHC).
These microwaves aré mixed by a 3 dB hybrid coupler and
converted into video signals by crystal detectors: The outputs
of the crystal detectors are processed by a differential ampli-

fier to control the frequency-tuning devices. Tn.the casc of a

magnetron, its resonant -cavity is mechanically driven by a

servomotor until the magnetron reaches the frequency range

in which it is forced 1o be¢ in tune with the resonance fre-

quency of the accelerator guide by the pulling efféct of the.
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Fi6. 2. The mechanization of the éxisting analog AFC for S-band medical
linear accelerators. The microwaves that are supplied to.and reflecied from
the accelerator guide are picked up by the BHC. These microwaves are
mixed by a 3 dB hybiid couplér and converted into video signals by crystal
detectors. The video signals are processed into Q output by the difference
integrator. The (0 output controls the frequency of the voliage controtled
oscillator via the servo amp.

magnetron. In case of a klystron, the frequency of the kly-
stron driver is clectronically controlled by the output voltage:
of the differential amplifier.

However, all existing AFCs have a rather narrow capture-
frequency range; the range over which the AFC can seek,

lock on to, and track the resonance frequency of the accel-

erator guide in order to control the frequency of the micro-
wave source. Existing AFCs are not suitable to our ultrasmall
accelerator guide, whose resonant [requency varies rapidly
over a wide range owing fo its small heat capacity and its
high heat density.

Il. CONCEPT AND DESIGN
A. Concept

Figure 1 shows a typical relationship between the phase.
of the driving microwave (Py,) and the phase of the reflected
microwave (P, for a standing-wave type accelerator guide..
The phase difference (P;= P —Py,) changes monotonically
with the microwave. frequency from ar to —7, becoming zero.
at the resonance frequency of the accelerator guide, near
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FiG. 3. The mechanization of our AFC. The microwaves that are, supplied to
and reflected from the accelerator guide are picked up by the BHC. These
microwaves are mixed by a 3 dB hybrid coupler and converted into video
signals by erysial detectors. The video signals are compared in the compara-
tor and the binary quantized Q output (i.¢., positive sign or negative sign of
the 2 output) is generated. The binary quantized @ oulput counts up or
down the frequency command to the digitally controlled signal generator by
one least-significant bit at every pulse. If the binary quantized @ output is
posifive, the frequency command is counted up, and if the binary quantized
() output is negative, the frequency command is counted down.

which it changes abruptly. This phase difference can be mea-
sured with a phase discriminator, which usuaily gives an in-
phase (I) output of cos(P,) and a quadrature (Q) output of
sin(P,). :

A conventional AFC? controls the microwave frequency
from the @ output as shown in Fig. 2. Essentially, the servo
loop drives th¢ microwave frequency so as 1o minimize the
Q output. But, this control scheme works in a rather small
frequency range (—m/2<P,</2) around the resonance
frequency, as shown in Fig. 3, and the capturing frequency
range is limited to less than 1.0 MHz around the resonance
frequency.

On the other hand, our AFC uscs only the sign of the Q
output, as shown in Fig. 3. The Q output is binary quantized
as either positive or negative, at every pulse. If"the Q output
has a positive sign, the microwave frequency is increased by
one unit at the frequency resolution of the digitally con-
trolled signal generator; if the Q output is negative, the mi-
crowave frequency of the signal generator is reduced by one
unit of frequency resolution. If the settling time: of the signal

Medical Physics, Vol. 34, No. 8, August 2007
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Fi. 4. The microwave block diagram and operational time chart for ouf
accelerator system. MSB=most significant bit: LSB=least significant bit
{corresponding to the resolution of the frequency command).

generator is sufficiently short, this process can be repeated at
every pulse, clfectively controlling the frequency of the sig-
nal generator at maximum resolution. This process may seem
slow and awkward, but a detuned condition of 1 MHz can be
compensated for within 0.17 s without any overshoot; il the
resolution is 20 kHz and the pulse repetition frequency is
300 Hz. A resolution of 20 kHz is, therefore, sufficiently fine
(3.5 parts per million) to be applied to a C-band dccelerator
guide. A pulse repetition frequency of 300 Hz yields a rated
x-ray output of 500 cGy/min (in monitor units), with our
system. Furthermore, the capture range is very wide and is
limited only by the dynamic range of the quantizing circuit
(namely, the c‘omparat_or).

B. Details of the design

As shown in Fig. 4, our accelerator system uses a klystron

as a high-powcer microwave: sourcc. The klystron driver is a

solid state device composed of a signal generator, a pin diode
switch for pulse shaping, and a field effect. transistor. (FET)
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Fi6. 5. Details of thie riew AFC. The drive and reflected microwave arc picked up by the -60 dB BHC. These microwaves are conditioned through low pass
filters (LPF), adjustable phasc shifter, and adjustable attenuators and arc. input into the 3 dB hybrid coupler. The outputs-of the 3 dB hybrid coupler are
converted into video signals. The video signals arc conditioned.through the buffer and trim amps-and sampled by the samiple and hold amps: These sampied
video signals are comparcd at the comparator. The positive or ncgative sign of the comparator-output adds or subtracts the frequency command regisier by one

least-significant bit.

amplifier. The signal gencrator is a crystal-controlled synthe-
sizer with a phase-locked loop (PLL). The frequency is com-
manded, and the signal generator is tuned to the command
frequency’ within 2 -ms. The resolution of the command fre-
quency is 20 kHz. After the PLL has locked. and the fre-
quency has scitled, the pin diode switch shapes the micro-
wave pulse, and the FET amplifier amplifies. the puised
microwave to a level sufficient 10 drive the klystron. The
width of the microwave pulse is 5 us, and the period be-
tween microwave pulses is about 3.3 ms at a pulse-repetition
frequency of 300 Hz. The frequency can be commanded for
each microwave pulse.

The detailed design of the AFC is shown in Fig: 5, The
drive and reflected microwaves are picked up by the BHC at
the input -microwave port of the accelerator guide. The cou-
pling coefficient of the BHC is —60 dB for both the drive and
reflected microwaves. The picked up microwaves are condi-
tioned through' the low-pass filters. (LPF), -adjustabie phase
shiftér, and adjustable attenuators, and pass into a 3 dB hy-
brid coupler. The outputs of thé 3 dB hybrid coupler are
converted into video signals by crystal detectors. The differ-
ence between these video signals is the @ output. Both video.
signals are acquired using sample-and-hold; they are fed into
the comparator, whose output corresponds:to the sign.of the
@ output. The comparator has a small dead zone around the
zero-crossing. point; above this dead zone the comparator
gives :a positive output, while below it the comparator gives

Medical Physics, Vol. 34, No. 8, August 2007

a negative output: Within the dcad zone, the comparator
gives a zero output. If the comparator output is positive, the:
frequency command register is increased by one least-
significant bit (LSB). If the comparator output is negative,
the frequency command register is decreased by one LSB. If
the comparator output is zero, the value of the frequency
command resister is retained. One LSB corresponds to the,
minimum f{requency resolution of 20 kHz. The AFC-lock-
register continuously averages the output of the adder and
subtracter: if the value of the AFC register is below & par-
ticular value, the AFC is determined to be in a tocked con-
dition. The frequency command register controls the fre-
quency of the signal generator. The valuc of the frequency
command register represents the most recently ‘measured:
resonance frequency of the accelerator guide. Furthermore,
the frequency command register can be loaded with the-es-
timated initial frequency value from an external controlling
computer in order to further reduce the settlement time.

Ill. EXPERIMENTS, RESULTS, AND
DISCUSSION

The performance of the AFC was evaluated with an ex-
isting C-band ultrasmall accelerator guide as-shown in Fig. 5.
In preparation for-the performance evaluation, the accel-
erator guide was operated at a 10 Hz pulse-repetition_ fre-
quency and all adjustments were. performed manually. The
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FiG. 6. The time history of the value of the frequency command register at
the rated x-ray output. The pulse repetition frequency is 300 Hz. This reg~
ister valuc corresponds to the resonance frequency of the accelerator guide.

adjustable attenuators and the buffer-and-trim amplifiers of
the AFC werce set 1o the correct values for oplimizing the
dynamic range of the buffer-and-trim amplifiers and the
sample-and-hold amplifiers. The reflected power from the
accclerator guide was divided from the BHC to be moni-
tored, and the klysiron drive frequency was adjusted manu-
ally so ds to give the smallest reflected power (the tuned
- condition). The Adjustable. phase shifter was adjusted 10 ob-
tain zero output from the. comparator at this klystron drive
frequency.

The performance evaluation of the AFC was conducted

with the accelerator guide started at a rated pulse-repetition

frequency of 300 Hz, from the cold condition.. The value of
the frequency command register was. monitored and repre-
sented as the klystron drive frequency.

Figure. 6 shows the monitored value of the frequency-
command register. The frequency is displayed as counts,
where one count corresponds to 20 kHz. When the accelera-
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FiG. 7. "The calculated capture frequency of the existing AFC when apptied
to our C-band accelerator guide.

tor was started, the drive frequency was initially sct to 20
counts. After the beam came on, the AFC sought and ac-
quired the resonance frequency:. At that time the resonance
frequency of the accelerator guide was still that of the cold
statc and was higher by 43 counts (namely, 860 kHz). After
acquiring the resonance frequency, the AFC tracked it stably
and adjusted the klystron drive frequency. The resonance fre-
quency decreascd gradually along with the thermal expan-
sion of the accelerator guideé, and the steady stale was
reached about 50 s after the beam switchied on. The spikes in
the figure were found to arise from timing errors in the moni-
toring, apparatus.

A. Settling time

The results show that it takes approximately 0.15 s to
acquire the resonance frequency of the accelerator guide and
that the AFC was able to completely track the resonance
frequency. This implies that the settling time is 0.15 s.

Il the control computer algorithm were to incorporate an
expected accelerator guide resonance freguency, which it
would initially provide to the AFC, the sctling time would
be considerably reduced. As the frequency command register
of the AFC shows thé most récently measured Tesonance
frequency of the acceleraior guide, the- control computer
should be able to estimate:the resonance frequency within 10
counts {200 kHz), using the premeasured thermal time con-
stant and the elapsed time from the latest beam-off period. In
this case, the AFC would capture the resonance frequency
within 10 pulsés, and the settling time would bé less than
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FiG. 8. The calculated capture frequency of our new AFC whei.applied to
our C-band accelerator guide.

33 ms at a 300 Hz pulse repetition rate. Although detailed
performance information of the AFCs in existing medical

lincar accelerators is not available, no. analog AFC. seems.v

able to attain this level of performance.

B. Capture-frequency range

Figure 7 shows the predicted capture- flcquency range.of a
conventional analog seérvo loop AFC if applied to our accel-
erator guide; Figure 8 shows that of our AFC. For our AFC,
the dynamic rang¢ of the quantizing circuit (the comparator)
is conservatively assumed 1o be 10 dB. The capture-
frequency range of the existing analog servo loop AFC is
+0.45 MHz; this is inadequate for our accclerator guide, the
resonant frequency of which changes through nearly 1 MHz.
On the other hand, our AFC has a capture-frequency range of
24 MHz and can be applied to our accelerator guide: with a
favorable margin.

C. Robustness

An accelerator guide-is an evacuated, ‘high-power .micro-
wave device, and occasionally experiences voltage. break-

Medical Physics, Vol. 34, No. 8, August 2007
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down even after the commissioning period. The robusiness
of the AFC with respect to such a voltage breakdown cvent is
important. With our AFC, the sign of the Q output at every
pulse affects only the next pulse. Thus, a voltage breakdown
of one pulse affects only the next pulse, causing a frequency
change-of one count (20 kHz). After the voltage breakdown -
is cxtinguished, the AFC immediately resumes resonance-
frequency tracking, and the accelerator guide can be operated
without any disruption. On the other hand, current AFCs will
be affected by a large, abnormal Q output, the aficrmath of
which will continue during the time constant of the AFC
servo loop, oecasionally disrupting operation.

IV. CONCLUSIONS

A new design concept for an AFC has been establishéd
and developed to prototype stage. A sysiem has been con-
structed and tested with an actual accelerator guide, at the
rated x-ray output of 500 cGy/min, with a pulse-repetition
frequency of 300 Hz. This new AFC acquired the resonance
frequency of the accelerator guide within 0.15 s after beam-
on, and provided stable tracking and adjustment of the fre-
quency of the klystron.

The concept and . design of the AFC proved to be ad-
equate. With a proposed improvement to the initialization of.
the AFC, it should be able to acquire the resonance fre-
quency within 33 ms.

The AFC is expected to have a much wider caplure-
frequency range (24 MHz) than that of any existing analog
AFC. The AFC is also expected to be, very robust against
voltage breakdown events; favoring stable operation. The
performance of an accelerator system incorporating this AFC
will be reported in a later paper.
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