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III. Project Overview

The objective of Phase I of this project was to produce a conceptual design of a prototype compact
microtron electron accelerator, which could be designed, built, and demonstrated in Phase II of the
project. The conceptual design study included an analysis of the parameters of the microtron and its
components, and the expected performance of the prototype microtron as a source of x-rays and/or RF
neutrons in the MeV energy range. The major components of the microtron are the magnet, the
accelerating system, the power system, the vacuum system, the control system, the beam extraction
system and the targets to produce x-rays (and/or neutrons). Our objectives for the design of the prototype
were for it to be compact, cost-effective, capable of producing high intensity x-ray (an/or neutron) fluxes.
In addition, the prototype was to be easily assembled and disassembled so that components could be
easily replaced.

The main parameters for the prototype are the following: the range of electron kinetic energies, the output
power, the RF frequency band (X-band, C-band, or S-Band), the type of injection (Type I or Type II), the
magnet type, i.e. permanent magnet, electromagnet, or a hybrid combination of permanent and
electromagnet.

The results of the Phase I study and analysis for a prototype microtron are the following: The electron
energy range can be varied from below 6 MeV to 9 MeV, the optimal frequency range is S-Band (2-4
GHz) RF frequency, Type Il injection (described below), and the magnet type is the hybrid version. The
prototype version will be capable of producing gamma ray doses of ~1800 R/min-m and neutron fluxes of
up to ~6 x 10'° n/s with appropriate targets. The results of the Phase I study and analysis are provided
below.

The proposed Phase II plan was to demonstrate the prototype at low beam power. In the subsequent Phase
III, high power tests would be performed, and the design of commercial versions of microtrons with
various energies, sizes and types would be produced and marketed, including a more compact and more
portable 6 MeV battery-powered model that more closely meets the requirements in the original FOA
topic description.

In the course of the Phase I study, we also identified another microtron version, one that was larger (not
compact) and more powerful than that of the Phase II prototype, which could serve as an intense source of
photo- neutrons, up to 4 x 10'> n/s for use in nuclear medicine, short-lived isotope production, or other
applications. In addition, it could produce gamma dose rates up to 130 kR/min-m with a heavy metal
bremsstrahlung target. The results and specifications of this were submitted to IPAC16 (Reference [12])
the paper is included in Addendum B. Because this version was beyond the scope of the Phase I project,
there is no additional description in the Final Report.



IV. Identification and Significance of the Problem or Opportunity,
and Technical Approach

A. Identification and Significance of the Problem or Opportunity

As stated in the FOA, Topic 5d is a subtopic of Topic 5, which is Neutron and Gamma Sources for
Interrogation.

The complete text of the solicitation for topic 5d is the following:

“Betatron or Equivalent Gamma Source

Develop and demonstrate a portable betatron or equivalent gamma source that provides 1 — 6 MeV
gamma rays with a variable duty cycle. The goal is for the system to be less than 100 lbs and run on
battery power”.

The specific opportunity as defined in Topic 5d is for very compact and portable gamma ray sources that
can be deployed in field locations that may be not accessible or practical for larger, more commonly used
gamma ray interrogation systems at fixed locations. If the costs of such compact sources are attractive,
there are opportunities for use of larger numbers of these systems than for larger and more powerful
interrogation systems, perhaps hundreds in the United states, and a similar number abroad. With the stated
limit of 6 MeV for gamma rays, the maximum electron accelerator energy required, 6 MeV to 6.5 MeV, is
below the energy required for production of neutrons. This is both an advantage and a limitation. The
advantage is that the shielding required for gamma rays is less than if neutrons are produced. The
limitation is that interrogation by neutrons is not possible, which, if needed, would require a higher
energy electron beam, up to about 9.5 MeV. Thus, there is a further opportunity for use of a dual energy
accelerator, e.g. with capabilities for up to 6.5 MeV and up to 9.5 MeV electron beams.

Another opportunity has to do with the nature of microtrons as being equivalent to betatrons, as stated in
the text of Topic 5d. Microtrons are equivalent to betatrons in that they both are circular electron
accelerators, however, microtrons differ in that they use an RF accelerating cavity and a fixed magnetic
field instead of a time-varying field, and microtrons are capable of much higher beam intensities, perhaps
100-fold compared to betatrons. This provides opportunities for much faster interrogation scanning times,
or to provide greater sensitivity, or both, whichever may be needed more.

As shown in Section B, the conclusion of our Phase I technical evaluation was to propose in Phase II to
design, build and test a prototype accelerator that could be operated both at 9.5 MeV and at 6.5 MeV or
lower, which could then be the basis for a line of microtron accelerators, ranging a compact, portable
gamma source that could operate on batteries and utilize a permanent magnet, to higher energy versions
that could be used to produce beams of higher energy gamma rays or intense neutron fluxes

These combined capabilities are very attractive for the microtron to be used for interrogation purposes as
a neutron source in addition to being a gamma ray source. These capabilities also provide benefits to
commercial applications. As described in the following section, our Phase I studies showed that a
different parameter set from that in our Phase I proposal would result in a somewhat larger but portable
microtron, which has higher dose capabilities, lower cost, greater reliability, with additional capabilities
as a intense neutron source and for which a prototype could be successfully built and prepared for test in
Phase II. The technical details are provided in the Technical Approach section below.

B.  Technical Approach

The technical approach that was used in Phase I was to evaluate possible versions of microtron designs
and parameters to produce a conceptual design and select an optimal set of components and parameters



for a prototype. Starting from the basic concepts of the microtron, we examined and analyzed the
characteristics of microtrons that were developed in the past, including microtrons that were designed and
developed by one of our team members, we produced a conceptual design and selected an optimal set of
parameters for a prototype. We evaluated three different magnet designs, permanent, electromagnet, and
hybrid that used both a permanent magnet and correction coils. Our technical approach utilized the
extensive microtron experience of our chief designer, Dr. Grigory Kazakevich, who led the design and
development of a compact microtron that was successfully built as an injector to a free electron laser in
South Korea. We developed our conceptual design by considering the characteristics of the Korean
microtron and adapted or changed the parameters and components to meet the objectives of our project.
We have included references to publications from the Korean microtron to not only point to their
technical material but to show that our team has the expertise and knowledge to be successful in this
project. The prototype is designed to provide high performance, low fabrication and maintenance costs,
and will serve as a basis for several commercial versions. The major components of the microtron system
are the acceleration cavity and associated RF subsystem, the electron source and injection subsystem, the
combined magnet and vacuum system subsystem, the beam extraction subsystem, and the measurement
and control subsystem. In this section, we will describe the subsystems of the prototype microtron system
and show the results of our analysis of the parameters and the performance expectations.

1. Principles of the microtron
Microtrons were conceived of and developed primarily outside the USA, mainly in Russia.
The original concept was by Veksler [1]. The classic microtron, illustrated in Error! Reference source not
found., is a circular electron accelerator in which the magnetic field is fixed and uniform. Acceleration is
provided by a single RF cavity inside the circular magnetic field region.
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Figure 1: Simplified representation of a classic microtron. The source of electrons is
a heated cathode within an injector. The acceleration is provided by a single RF
cavity co-located with the source. Resonant acceleration is achieved when the
circumference of each successive orbit increases by an integral number of RF
wavelengths. Electrons can be extracted tangentially to the final orbit by means of a
magnetically shielded tube, as shown. Alternatively, internal targets can be placed in
the beam.

The RF frequency is the most significant design parameter, as it sets the scale for the accelerating system,
the injection system, and the magnet. Three RF frequency bands (X-band 8-12 GHz, C-band 4-8 GHz,
and S-band 2-4 GHz) have been studied in Phase I, and S-band was selected for the prototype. Type I and
Type II injectors were studied, and Type II was selected. Three different magnet types: permanent,



electromagnet, and permanent with correction coils were studied, and the electromagnet was selected for
the prototype. The studies are included in this Phase I Final Report.

2. Design and operation of the microtron

The classic microtron is a circular electron accelerator in which the magnetic field is fixed and uniform,
and acceleration is provided by a single RF cavity inside the magnet. The beam energy and radius
increase with each pass through the RF cavity gap. The microtron is based on a Principle of Resonant
Acceleration first proposed and developed by V. Veksler [1].

According to this principle each particle bunch passes through the accelerating gap of the RF cavity at the
same (resonant) phase of the accelerating RF field. Each pass of the electron bunch through the
accelerating gap produces an increase in energy, [2].

sin(6/2)

AW, =eV, 02 COS @y (1)
where V, is the amplitude of the accelerating voltage, 6 is the so-called phase angle and @5~ 17 deg. is the
equilibrium synchronous phase. For relativistic particles 6/2=sd/A, where d is the accelerating gap width,
A is the wavelength of the RF voltage, / =d/A is the (dimensionless) length of the accelerating gap in 4
units. Thus for microtrons AW, = el and Vy is the resonant accelerating voltage. The period of

revolution of the electron with total energy U in a magnetic field H is

2aU
T="—, (U=W+my). 2)
ecH
Since the energy of the resonant electron after passage across the accelerating gap increases each time by

exactly the same value AWs=AU = eV, the period of revolution of the electron also increases each time

by the same amount AT =7 , -T = M
ecH

through the RF cavity. This fact is precisely the basic idea of the microtron. Although the period of
rotation of the accelerated electron increases from turn to turn, while the period of the accelerating field
does not change, nevertheless one can maintain resonant acceleration of the electron with a constant
resonant phase. Denoting H. the “cyclotron” magnetic field in which period of revolution of electron with
the total energy of myc” (its rest energy) is equal to period of the accelerating field, T,=27 /w,, i.e.,

=T, .Here n=1, 2, ...is the number of the passages

2 2
H.= M€ @ _ 27 n;i)c . Then the increment of the energy of electron conserving the synchronism
ec e

with the accelerating field at the same RF angular frequency w, is AU/U =H/H=£2. The total energy on
the ™ orbit of the microtron is expressed as:

U, = (n-1)Qmyc’+U,. (3)
Here U is total energy of electron on the first orbit passing through the accelerating cavity. For
synchronism it follows that total time of motion of electrons on the n™ orbit, #,, takes the following
integral number of periods: ¢,/T) = (n-1-+m), in which m is an integer. Then

U,=(n+m-1)Q-myc’. 4)

Comparing Egs. (3) and (4) one obtains
Ui=mQmyc’ and the Q,,,=1/m.
Since the minimum value of 7,=2T), the m,,;,,=2. The accelerated electrons in a microtron are relativistic,
thus the diameter D,, of the n™ orbit is:
D,= (ntm-1) -A/m. (5)
Since the period of revolution of the electron in a microtron is inversely proportional to the magnetic
field, H, Eq. (2), at the given A and the given energy the diameter of the ™ orbit, D,, is inversely
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proportional to H. In designed or operating microtrons, H < 0.3 T, unlike the betatrons, where H is
typically 0.5 T to 1 T. Thus, the diameter of the microtron chamber at the given energy will be larger
than that of the betatron. Therefore, although microtrons can’t be more compact than betatrons at the
same energy, microtrons provide much higher dose rates than betatrons at the same energy. In addition,
microtrons are capable of extraction of beam practically without losses due to the low energy spread of
the beam and the good separation of adjacent orbits at the extraction points, as shown in Error!
Reference source not found..

The proposed microtron applicable as a highly intense source of bremsstrahlung for scanning
radiography and an intense source of photo-neutrons for detection of fission or/and explosive materials is
limited by the electron total energy of 9.5 MeV. It allows avoidance of the photo-neutron activation of the
microtron components providing safe maintenance of the accelerator.

The analysis of the parameters and the features of the proposed 9.5 MeV compact microtron presented
in this document will be attractive to a variety of users.

3. Definitions of microtron parameters and performance estimates

In this section, we provide definitions of the parameters and discuss the inter-relationships between the
parameters. To satisfy the conditions of the principle of resonant acceleration, there are integer
parameters, n and m, which are the number of orbits in the microtron and the number of periods that the
accelerating field needs for the electron circulation along the first orbit. The parameter ©Q, defined as
H/Hc, where H is the magnetic field in the microtron, and Hc is the cyclotron magnetic field, in which
period of revolution of electron with the total energy of myc” (its energy of rest) is equal to period of the
accelerating field, 7,=27 /w,.

For synchronicity, the fractional increase in electron total energy is AU/U =H/Hc= . The integer
parameter m, determines the length and dimension of the first orbit that completely encircles the cavity.
The minimum value of m is 2, and two important relations involving n, and m, are the following:
U,=(m+m-1) Q-myc” for the total energy of the n™ orbit electrons, and D, = (n+m-1)-A/x.

D, is the diameter of the n" orbit and A is the wavelength of the accelerating field. These relations will be
used in the following sections.

We present computations for microtrons with 6.5 MeV as well as 9.5 MeV total electron energy. We
have analyzed using S-band, C-band, and X-band RF frequencies (discussed below), and have selected S-
band for the Phase II prototype. The compact S-band microtron prototype can deliver additional output
capabilities if the energy is increased from 6.5 MeV to 9-10 MeV. Table 1 shows the computed
characteristics and parameters for an S-band compact 9.5 MeV microtron with Type-II internal injection
and a cathode emitter diameter, D=2.5 mm. Dp,, =D,tA is the diameter of the magnet pole, I, is the
pulsed beam current in the n-th orbit, Pgr is the pulsed RF power, #c,, is the cathode lifetime and ¢, is the
capture coefficient for n-th orbit.

Note that the estimated E, for the S-band accelerating cavity is about 41 MV/m, which will operate with
greater reliability for users. Extraction of the electron beam at various energies can also be implemented
on this microtron.

Table 1: Computed characteristics of a 10-orbit S-band 9.5 MeV compact microtron
with Type-II injection

U,, n D, Dpoje I, Q Cn Prr ic Cathode tCan Gamma
MeV (m) | (m) | (mA) (%) | (MW) | (A/em® (h) Dose
) (R/min‘m)
9.5 | 10| 0.375 | 0.482 65 1.8 | 4-5 2.0 28.4 LaBg >1000 1778




An S-band microtron with total energy increased from 6.5 MeV to 9.5 MeV and beam extraction can
provide an intense source of neutrons by utilizing an external U-Be target. This combined target allows
the most effective conversion of energy of electrons to bremsstrahlung with a consequent (y, n) reaction
on nuclei of Be and U. The choice of the total energy significantly less than 11 MeV allows avoidance of
photo-neutron activation of the microtron components (accelerating cavity, where the threshold of (y, n)
reaction is about of 10.6 MeV) providing safe maintenance of the accelerator. The photo-neutron yield is
about 6:10' n/s [2] for 9.5 MeV total electron energy. 65 mA pulsed beam current, 1/1000 duty factor
(the average beam power is =585 W), and optimized U-Be target. The estimated gamma dose and neutron
dose are derived from the graphs in Figure 2, using 65uA average current (average current I, 65mA from
Table 1, multiplied by the duty factor, ~0.001).
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Figure 2: (a) Gamma dose vs electron energy, (b) neutron flux vs electron energy,

from [2]
The neutrons can be used for detection of explosive materials, fission materials and other applications.
These estimates show that the S-band microtron with Type-II injection design provides high beam power,
gamma production, longer cathode lifetime in comparison to the C-band and X-band microtrons analyzed
in the Phase I Final Report. Furthermore, the 9.5 MeV S-band microtron can produce significant neutron
production rates by using an appropriate target.

4. Microtron accelerating system

Accelerating systems of the compact microtrons are usually based on a cylindrical accelerating pillbox
cavity with a thermionic cathode [2], or (rarely) with a rectangular pillbox [3]. In both cases € can be
chosen from 0.8 to 2, depending on the injection scheme. The cylindrical RF cavity is easier in
manufacturing; we will use it in the prototype.

The accelerating cavity of a microtron is usually fed by a relatively inexpensive pulsed magnetron auto-
generator with respective wavelength and power via ferrite circulators or ferrite isolators. The power of
the generator is determined mainly by losses in the accelerating cavity and the required power of the
accelerated beam. For the cylindrical RF pillbox cavity the power loss is estimated as in [3] by:

102 e
27 \ Ao

7

1.2 + arcsin
88e

)5292100. (6)



Here ois conductance of metal of the cavity, e=E/H characterizes the accelerating field, and P,=8700
MW is the characteristic electron power. Note that an increase of € decreases size of the microtron
magnet but notable increases the power lost in the cavity walls requiring more powerful RF source.
In accordance with Ref. [3] the following parameters of the microtron prototype were chosen to provide
compactness and large beam intensity: U,=9.5 MeV, n=10, £2=1.8. ¢=0.8. Assuming utilization of a 2
MW S-band magnetron and losses in the RF system, P, <1 dB, including losses in ferrite circulator,
waveguide window, waveguide line, as it is presented in [3], and power loss in the cavity, P,, one can
estimate RF power utilized for acceleration, P 4..:

P42 MW-P;,-P,= 1.175 MW.

Since in microtrons about half of the RF power absorb the non-resonant electrons, i.e., the efficiency of
acceleration, 1,~0.5, [3], the pulsed power of the accelerated beam, P,, is:

PnzPAw‘nnzsgg kW.
This allows to calculate the required coupling coefficient of the accelerating cavity, 3, [3]:
P
p=—"—+1=3.85.
m, b

Then the pulsed accelerated maximum current of the microtron is determined as:

I, =P,/(U,-myc’)~65 mA.

5. Microtron RF Power system

The compact microtron RF system is powered by a pulsed magnetron [3] that provides the required
frequency and power. A conceptual schematic of the microtron RF system is shown in Figure 3. The
magnetron is coupled to the accelerating cavity via a waveguide system that includes a ferrite circulator
with a matched load, a directional coupler and the waveguide vacuum window. The circulator with the
matched load provides stable operation of the magnetron preventing discharges caused by a reflected
wave. At the circulator inverse loss of 17-20 dB the magnitude of the reflected wave passing towards the
magnetron is enough to stabilize the magnetron frequency, making the generation frequency-locked by
the reflected wave, [5]. The directional coupler allows observation and measurement of the forward and
reflected waves. This allows choosing the regimes of powering the cavity by the magnetron and
optimizing operation of the RF system. The waveguide vacuum window separates vacuum in the cavity
and the dielectric gas (SF) filling the waveguide system to protect it from discharging due to the high RF
power in the system. Because of the high RF power feeding the accelerating cavity, the cavity and the
matched load have to be cooled by water. Water cooling is also required for anode in high-power
magnetrons.

Accelerating Di :
cavity irectional
coupler Circulator Magnetron
Waveguide

vacuum

window
Matched

load

Figure 3: Schematic of the microtron RF system



An example of the design of an RF system used in a variable-energy microtron built by Kazakevich, et al
[3] is shown in Figure 4. The RF system is mounted on a moving stage, which allows changing the orbit
number of the final orbit by moving the accelerating cavity relative to the fixed extracting channel, thus
changing the beam energy. The RF system is mounted on a moving stage, which allows changing the
number of the final orbit by moving the accelerating cavity relative to the fixed extracting channel, thus
changing the beam energy.

Microtron magnet Directional coupler

Accelerating cavity @
|

Waveguide window

Ferrite insulator Magnetron

Y=

Moving stage Stepping motor

Figure 4: Layout of the RF system of a variable-energy microtron, reprinted from [5]

6. The microtron injection system

The function of the microtron injection subsystem is to provide the high current densities of emitted
current required by the user applications, while being compact, inexpensive and reliable. Reliability is
limited by the cathode lifetime, which depends on the cathode material and the operational temperature. A
detailed analysis of the internal injection by Kazakevich is presented in [4]. Since injection in microtrons
occurs in a high gradient RF field (~10 MV/m and more) only LaBg crystals or pure metals (W, Ta) can
be used as emitters. We will use single-crystal LaBs cathodes for operation of the prototype at high
current densities. Due to the Schottky effect, field emission supplements thermionic emission, so that the
necessary current density can be provided at lower temperatures, allowing cathode life times to be ~
1000 h or more with much-reduced erosion of the cathode (c.f. [4]). Electrons are injected in a resonant
phase and accelerated by the high gradient RF field. Injection efficiencies up to 3% to 5 % can be attained
and high current density of the emitted beam can be achieved. The lifetimes of pure metal cathodes (10 to
20 h) are acceptable for demonstration of proof-of-principles or experimental modeling of the microtron
features, but are not long enough for most user applications.

Two internal injection geometries, Type-I and Type-1I [2], were studied in Phase I to provide the
necessary emission and acceleration currents. Type-I is shown in Figure 5. For the S-band prototype,
Type-II was chosen for the injection mode. A Type-II injector similar to that shown in Figure 6 will be
designed for the prototype.

Microtrons intended for user applications utilize compact, inexpensive and reliable type-II internal
injection system, [3], to provide the necessary emission and accelerated currents. The electrons are
injected in a resonant phase and accelerated by a high gradient RF field. Injection efficiencies up to 3% to
5 % can be attained and the high current density of the emitted current can be achieved without significant
overheating of the cathode due to field emission by the Schottky effect. Trajectories of injected electrons
for the type-II injections are presented in Figure 6. Note that electrons emitted from the cathode which to
not enter the proper trajectory are not shown; they are quickly removed by hitting a wall at low energy.
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Figure 5 Initial trajectories of resonant electrons in a microtron using Type-I
internal injection, redrawn from reference [Error! Bookmark not defined.]. In Type I
injection, electrons emitted from the cathode pass through one of the two larger slits
before assuming the paths taken by the successive orbits through the cavity.
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Figure 6: Initial trajectories of resonant electrons in a microtron using Type-II
internal injection, redrawn from reference [Error! Bookmark not defined.]. In Type II
injection, electrons emitted from the cathode, located near the symmetry axis of the
flat-walled cylindrical cavity, pass through a small slit in the cavity wall, and make
one revolution through the two larger slits before assuming the paths taken by the
successive orbits through the cavity.

As it is shown in Figure 6, the type-II injection scheme utilizes an additional radial slit in the median
plane in the cavity cover for passage of the electrons along the first orbit. In so called type-II injection
scheme, Q2 can be ~2 this allows increase the magnetic field decreasing diameter of the magnet.
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A detailed analysis of the internal injection is presented in [4]. Since the injection in microtrons occurs
at a high gradient of the RF field (>10 MV/m) only LaBy crystals or pure metals (W, Ta) can be used as
emitters. We will consider only single-crystal LaBg cathodes. They provide the necessary current density
at the temperatures allowing cathode life times to be ~ 1000 h or more. The lifetime of pure metal
cathodes (~ 10-20 h) are acceptable for demonstration of proof-of-principles or experimental modeling of
the microtron features, but are not long enough for user applications.

The cavity except a hole for injector (and an additional slit for passage along the first orbit in the type-II
injection scheme) has two radial narrow slits for passage of the accelerated electrons; the emission surface
is recessed in a hole below the internal surface of the pillbox. The hole for the recessed emitter acts like a
lens and provides some focusing of the injected electrons. For a hole of radius ry and a recession depth d¢
the RF field in the cathode surface center is, from [4]:

Es=E,-J, (ko -RC)- cos(gy)-J, (k,,r)/cosh(kz -dc) (7)

Qm,c* -(0/2)
e-1-sin(6/2)  cos g
cavity length, J, is the Bessel function of the first kind, k, = y,, /r,, where y,, =2.405 is the first zero

Here £, = is maximum field on the cavity axis determined by Eq. (1), / is the

of the Bessel function and k, = A kr2 - k(f . Considering the Schottky effect one can express the current

density of a LaBg single crystal emitter as a function of (r,¢) as:

—egp +3.79-10™ | Egs(r,9)-10° | ®)

k-T

io(T,r,) = AT’ -exp

Here: 4=73 A / K*cm® and e@. =2.66 ¢V are the Richardson constant and the work function for LaB,

respectively, k is the Boltzmann constant and 7 is the emitter temperature in Kelvin. Then the initial
value of the emission current at the emitter radius of 7. should be equal to, [4]:

2xrc

1.(T)= [[ic(T.r.@)-rdrdp- 9
00

Equations. (8), (9) allow quite accurate computations of the current density at the given location of the
emitting surface in the RF cavity at the given strength of the accelerating field on the cavity axis and the
temperature of the emitting surface.

Note that some part of electrons emitted in non-resonant phases back-stream to the emitting surface and
additionally heat the cathode. This results in an increase of the emission current along the RF pulse. For
an RF pulse duration < 2 us this effect can be neglected in the first approximation.

Internal injection with thermionic cathodes allows easy control of the accelerated current from 0 to
maximum by varying the injector filament current.
Compact microtrons have used various cathode designs with both direct and indirect heaters ([3], [4]).
Cathodes with indirect heaters [ibid] achieve longer lifetimes. A precisely-stable, indirectly heated
cathode design as shown in Figure 7 was developed and used in an S-band microtron, [4].
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Figure 7: Layout of the microtron cathode assembly developed in Ref [4] (1)
emitter, (2) graphite holder, (3) cathode sleeve, (4) cylindrical filament, (5) heat
shields, (6) carrying base, (7) tantalum plate, (8) ceramic insulators, (9) ceramic
insulators, (10) titanium studs, (12) wire lead, reprinted from [4].

The cathode uses a 2.5 mm diameter [100]-face LaBg single crystal tablet-shape emitter It is fixed in the
graphite holder, (2), with an outside diameter of 3 mm. The emitter thickness is 1.1 mm. The graphite
holder prevents diffusion of boron into the tantalum components of the assembly; which significantly
increases the assembly lifetime.

The cathode sleeve, (3), is welded with a precisely fitted mount to the base, (6), whose width and
thickness are 7 mm and 0.3 mm, respectively. The cylindrical filament, (4), is made from 0.5 mm
diameter tungsten wire and consists of 8.5 turns with a 0.75-mm step. The cathode sleeve is surrounded
with 8 heat shields, (5), providing considerable reduction of heat losses through the sidewalls of the heater
chamber. This decreases the filament temperature and noticeably increases lifetime of the filament.

The cathode provides emission current up to 1.3 A with a life time of 1000 h limited by evaporation of
the LaBg tablet. The microtron with this cathode is used for about 15 years in the S-band microtron with
type-I injection scheme. The developed cathode can be used for microtron with type-II injection scheme
after decrease sizes of the heat shields and carrying base. For microtrons with type-II injection one can
use also an indirectly heated injector such as shown in 6.

Figure 8: LaB6 cathode heated by a beam, reprinted from Reference [3]

In this cathode the single crystal LaBg cylindrical cathode mounted on the RF cavity cover is heated by an
electron beam emitted by a W filament. The beam passes along the magnetic field H of the microtron.
The cathode may provide emission current up to a few A at the life time in hundreds of hours [3]. The
cathode emitting surface is located at almost the maximum of the electric field of the RF cavity, thus the
Schottky effect significantly increases the emitted current density and the emitted current at a lower
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temperature as shown by Egs. (8), (9) in Section IV.B.6. The required cathode temperature vs. the emitted
current is determined by Egs. (8) and (9).

The injection parameters for S-band Type-II injection are shown in EO, in which I/k, is the ratio of
current in the n™ orbit to the capture coefficient for this orbit, ¢, Q is defined in Table 2. Here D, is the
diameter of the cathode, Eyis the acceleration field on the cavity axis, Ecis the electric field at the cathode
center, ic is the current density at the cathode, and I is the cathode current.

Table 2: Injection parameters for type-1I S-band microtrons
Microtron, injection L/, A | Q | 2rc,mm | Ey, MV/m Ecs, MV/m | ic, Alem’ I, A
S-band, type-II 1.778 1.8 | 2.5 40.7 324 55.6 2.23

In the S-band microtron with the type-II injection has /,/k,<Ic; this means that the cathode temperature
can be decreased, which further increases the cathode lifetime.

7. Description of the magnet-vacuum system

The microtron magnet provides the field to keep the electrons on their circular orbits. The size of the
magnet will have a large impact on the mass of the system. The magnetic field must be uniform with
field non-uniformity AH/H less than ~1/n” where n is the number of orbits in the microtron. In addition to
the primary function of providing the magnetic field, the magnet can provide the enclosure of the vacuum
system, which eliminates the need for a separate vacuum chamber inside the magnet. The combined
magnetic-vacuum system is sealed by an indium wire between the upper and lower poles of the magnet,
Ref. [6]. The chamber-less magnetic-vacuum system of the microtron demonstrated convenience in
operation and maintenance, good vacuum features and good reliability during more than 15 years of
operation.

We have examined three alternative magnet types for a 6 MeV compact microtron gamma source.
These include (1) a magnet using permanent magnet material instead of coils to provide the field, (2) a
hybrid magnet where the dominant part of the field comes from permanent magnet material, but trim coils
are used to provide some variation of the magnet field for tuning, and (3) a magnet with copper coils
around the iron magnet poles. Each of these approaches has some advantages and some disadvantages
which will be discussed in a report presented in Ref. [10]. We have chosen to pursue an electromagnet
with copper coils for our proposal. Using coils allows greater flexibility. The magnet field could be
varied to allow tuning to keep the resonant condition for the microtron. It could also be used to change
the output energy by varying the magnetic field and power of the magnetron.

To allow usage of the proposed compact microtron as a source of gamma-radiation and neutrons we
consider the tubeless magnetic-vacuum system of the S-band 9.5 MeV microtron with type II injection.
The engineering estimates for the microtron magnet were performed for 10 turns with a field B,=1800
gauss (2=1.8) and a 2.8 GHz RF frequency (1 =0.107 m) and maximum magnetic induction in the magnet
yoke, B, =1.3 T. The vacuum sealing is provided by Indium wire with diameter of 1.0 mm. A schematic
of the generic microtron is shown in Figure 9.
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Figure 9: Sketch of the 9.5 MeV tubeless generic microtron vacuum-magnetic
system. All sizes are in mm.

The initial engineering estimates for the design parameters of the proposed magnetic system gave
In=7650 A-turns for each coil, the current density in the coils, i~3 A/mm’, and the power lost in the both
coils, P.=1790 W at the required magnetic field.

Optimization of the magnets design was performed using the simulation software “Opera”. Applying
the finite element analysis to the generic sketch for various wavelength of microtron we found the
adjustments allowing decrease a saturation of the iron yoke around the coils in order to reduce the mass of
the magnet. The optimized design of the microtron magnet is reflected in Table 3.

Table 3: Parameters to describe the electromagnet geometry for a 9.5 MeV

microtron
Symbol Parameter Description Units S-Band 11

H Magnetic Field T 0.18

Rpole Mean Inner Coil Radius mm 241
h, Flux Return Width mm 26
h, Upper Yoke Height mm 26

hpole Height of Pole and Coil mm 59

Ryoke  Outer Yoke Radius mm 326
In A-turns /per a coil A-turns 9234
J Current Density A/mm’ 2.85

Acoil Coil Cross Section Area mm? 3763

h.oil Coil Height mm 54

beoit Coil Width mm 60

hyen Height of Coil Web mm 5
W Total Magnet Mass for Fig. 4.3 kg 409

Design
w’ Magnet Mass with Iron kg 339

Removed

Analysis of the field distribution in the yoke shows that the center part of the flux return hat is not
saturated. It allowed removing of part of the top hat, reducing the magnet weight by 70.4 kg at the same
field performance. Note that a decrease of the required current density allows using air or a low water
flow for cooling of the adjusted magnet. Figure 10 shows a proper shaping the field profile reducing of
non-uniformity of the magnetic field. The optimization with the simulation improves the magnetic field
non-uniformity and minimize the weight of the magnetic system.
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Figure 10: Distribution of the magnetic field in the optimized S-band 9.5 MeV
microtron magnet.
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8. Description of the microtron beam extraction system

The electron beam can be extracted passively by installing a tube of soft steel inside the main magnet at
a tangent to the circular trajectory at the final orbit such the beam exits along the tangent. The magnetic
field is perturbed by the presence of the extraction tube. The field non-uniformity would perturb the
previous beam orbits. A scheme similar to the type used in Reference [6] is illustrated in Figure 12 and
will be employed to suppress the field non-uniformity. Choosing diameter d of the compensating rods
made from soft steel and distance ¢ it was possible to optimize the extracting system for a high efficiency
of the beam extraction as it is shown in Figure 13. The task will be simulated using software “Opera”

'u| .,.|._v_,_._,_ o _,_._,_,_._,.} I

.o
_________________________________ Sals
S8
2 Compensating rods Magnetic channel
Plane of orbits
Figure 12: The extracting system of 12-orbits S-band microtron
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Figure 13: Beam extraction efficiency and the beam currents as functions of the
orbit number at a constant loading of the RF cavity. I- electron beam extraction
efficiency (left scale); 2- accelerated macro-pulse current (right scale); 3- the
macropulse current extracted into the beamline (right scale).

9. Description of the control system

The control system includes an interface of all the microtron system with a computer and the interlock
system allowing some functions in automatic regime. The simplified schematic of the control system for
the microtron is shown in Figure 14.

The control system provides necessary stability of the microtron magnet current, the cathode filament
voltage, the cathode filament bias voltage, the cathode emission current, allows required positioning of
the extracting channel or the RF cavity and measurements of the target current. The interlock as a part of
Graphical User Interface (GUI), e.g., created by LabVIEW provides safe operation of the microtron at the
required vacuum, cooling water flows for the accelerating cavity, microtron magnet, magnetron anode
and beam target. The interlock provides safe operation at closed shielding.
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Figure 14: Schematic of the control system

10.  Analysis of X-band, C-band and S-band compact microtrons

Of the many parameters that need to be determined for the microtron, the choice of accelerating
frequency has the most impact on the design of the microtron. The size scale depends directly on the
wavelength, which affects capability of reliable work, the magnet size, the dimensions of the injector, and
the size and type of the injector.

a) X-band microtrons

Our initial goal, to build the smallest sized microtron, led us to study the X-band microtron because the
wavelength (~3.2 cm) is smaller than those of the C-band (~5 cm) and S-band (~10 c¢cm) microtrons, and
the size of the final orbit of an X-band microtron for a given energy is theoretically the smallest.
However, this analysis shows some of the problems in producing a high-performing X-band microtron.

As an example, the first X-Band microtron with an internal injection by a thermionic cathode was
described in [8]. This 18-orbit microtron had a vacuum chamber with inner diameter of 255 mm inside a
cylindrical, closed electromagnet that produced a low magnetic field inhomogeneity of ~0.28% over 85%
of the pole diameter. It utilized a 9.3 GHz 240 kW pulsed magnetron, which provided at the 18™ orbit, 2
mA pulsed accelerating current with pulse duration of 1 us at total energy 5.8 MeV and £2~0.62. The
lower value of © with the internal injection allowed a decrease the accelerating field in the RF cavity to ~
50 MV/m for reliable operation of the microtron. A thermionic tantalum cathode 0.7 x 0.7 mm’ was
mounted on the inside wall of the cylindrical TMg;p mode accelerating cavity, and it provided the
emission current of ~150 mA at a capture coefficient &, ~1.3% at n=18. The microtron injector used m=3
with an additional path of the electrons in the first orbit (like the type-II injector, in which usually m=2).

Another X-band microtron was the 13-orbit microtron described in Reference [9]. It used a magnetron of
power 200 kW, and it provided a total energy of 4.3 MeV, an accelerated current of 1.5 mA, and used the
same type of internal injection as was used in Reference [9]. The weight of the electromagnet was ~100
kG. Subsequently the microtron was improved and carefully tuned. With a 240 kW magnetron, it
provided an accelerated pulsed current up to 10 mA and an average current up to 9 uA on the last orbit.
The microtron provided dose power up to 27 R/min-m with Tantalum target 0.3 rad. units thick and was
used to determine the beryllium concentration in geological samples by the photo-neutron method.

These X-Band microtrons provided currents and doses of gamma-radiation that were a few times higher
than compact betatrons, but required quite high RF gradients in the cavity and very high densities of the
emission current because of small sizes of the emitting surface. These requirements limit reliability of
operation of this type of accelerator in industrial applications. By decreasing the accelerating field in these
versions injection in a lower magnetic field required a greater number of orbits to reach the same final
energy. This results in a larger vacuum chamber diameter (inversely proportional to €) and a large
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increase in the weight of the microtron magnet. Moreover, the increased number of orbits, n, requires a
much lower inhomogeneity of the magnetic field as AH/H ~n™.

Other serious problems with the described X-band microtrons are the relatively low capture
coefficients at m=3 and short cathode lifetimes, ¢, The short cathode lifetime results from the high
density of the emitter current resulting from the need to use small cathodes (~ 0.7 x 0.7 x 3 mm® or less),
which limits the cathodes to be metallic (W, Ta) and precludes the use of LaBg cathodes. To produce the
high emitter currents needed, the metallic cathodes must operate at high temperatures, which limit the
lifetimes to ~10-20 hours. For larger RF wavelengths such as used in S-band microtrons, the cathode sizes
are correspondingly larger and LaBs emitters can be used, which operate at significantly lower
temperatures and have much longer (~1000 h) lifetimes at higher capture efficiencies at m=2 .

The following is a summary of the parameters and characteristics of the two previously built X-band
microtrons described above and the calculated parameters for an X-band microtron that is applicable for
use as a gamma source that can produce gamma rays up to ~6 MeV. Table 4 lists the parameters of the
two previously built X-band microtrons.

Table 4: Technical characteristics of the two previously built X-band compact

microtrons

Ref. | U, n D,,m | Dpye, m | 1, Q k,, % Pre, MW | g, Alcm’ Cathode | tcum h | Dose power,
MeV mA material R/min‘m

[8] 5.8 18 | 0.204 | >0.285 2.0 06213 0.240 30.6 Ta ~10 12.4

[9]1 | 4.3 13 | 0.153 | 0.210 1.5 061112 0.200 25.5 Ta 10 4.1

In this table and the following these the Bremsstrahlung doses were calculated for a 0.3 radiation-length
thickness Tantalum target. The current density of the cathode was calculated using the measured £, and
measured 7, values for the given power of magnetrons.

Table 5 represents computed characteristics of a hypothetical X-band compact microtron that could be
used as a 6 MeV gamma source. In this example, type-I injection and larger €2 are assumed, which results
in a smaller number of orbits at the same energy and a higher capture efficiency (,) than was attained in
the previously built microtrons. Note that the diameter of the final orbit and the magnet pole diameter at
6.5 MeV is also less than that of the 5.8 MeV microtron.

Table 5: Computed characteristics of a 6.5 MeV X-band compact microtron with
the type-I injection

U, MeV | n D,,m | Dpye, | I, Q k,, % Prr, ic, Alcm’ Cathode | #c.ph | Dose power,
m mA MW R/min‘m
6.5 15 ] 0.164 | 0.196 | 8.8 08 | 3-4 0.375 449-51.3 Ta <10 133

Type-I injection regime with m=2 is a few times more efficient than the Type-II with m=3 that was used
in references [8] and [9], but that requires a higher power magnetron that is now available, but which was
not available for the two earlier microtrons. However, the problem of the required high cathode current
density described above will still exist in any X-band microtron design because small enough LaBg
cathodes are not yet available. An additional problem is the large accelerating field, £y, in the small sized
RF cavity. In the case of the X-band microtron, we estimate the needed field to be £y = 82 MV/m, a very
high value. High technology fabrication techniques and high precision manufacturing would be needed,
which greatly increases the cost of the cavity, especially since the accelerator has to work reliably for the
users.

b) C-band and S-band microtron parameters and comparison
with X-band microtron parameters

The longer wavelengths of C-band and S-band compact microtron designs ameliorate the severe problems
caused by the small cathode size and high field in the RF cavity. LaBs emitters provide higher current
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density at lower temperatures than metallic cathodes, which greatly increases the lifetime of the cathode.
Larger sizes of the RF cavity reduce requirements for very high technology and consequently cost of the
accelerator. Table 6 shows a comparison of the (mainly RF cavity) operating parameters for three
microtrons: a X-band (9.3 GHz), 6.5 MeV microtron, a C-band (5.85 GHz), 6.5 MeV microtron, and an
S-band (2.8 GHz) 9.5 MeV microtron. The S-band energy was chosen to be 9.5 MeV to be consistent
with our proposed prototype. The electric field in the X-band cavity is more than twice as high as that of
the S-band cavity, and the beam power in the S-band case is over 10 times greater than the X-band case.
The C-band parameters are also much more favorable than those of the X-band case.

Table 6: Operating parameters of accelerating cavity for X-band, C-band, and S-
band RF frequencies

f; GHz Uo, MeV Q Eo, MV/m PRF, MW Pr, MW Qo ﬁ PBeam, kW
93 6.5 0.8 82.0 0.375 0.192 6000 | 1.55 53
5.85 6.5 1.0 64.5 1.0 0.281 6990 | 2.83 257
2.8 9.5 1.8 40.7 2.0 0.413 12350 | 3.85 588

Here: Qy, B, Ppean are Q-factor of the unloaded accelerating cavity, coupling coefficient of the cavity and

pulsed power of the accelerated beam, respectively

The computed characteristics of the C-band compact microtron with the type-I injection are shown in

Table 7.
Table 7: Computed parameters of the C-band compact microtron with type-I
injection
U, MeV | n D, m | Dpye, | I, mA | @ k., % Pre, MW ic, Cathode | tcum h | Dose
- m Alem’ power,
R/min'm
6.5 12 1 0.212 | 0.263 | 37 1.0 |34 1.0 47.0 LaBg¢ <1000 | 643

The above parameters of the above C-band microtron look feasible if a single crystal LaBg cathode with
the cross section 1.5 x 1.5 mm can be used. Such a cathode is not currently available, but could be

developed by an R&D program. The required field value is calculated to be £y =64.5 MV/m, which may
be feasible for reliable operation of the accelerating cavity.

A compact S-band microtron can deliver additional output capabilities if the energy is increased up to 9-
10 MeV. Table 8 shows the computed characteristics and parameters for an S-band compact 9.5 MeV
microtron with type-II internal injection and a 2.5 x 2.5 mm” cathode emitter.

Table 8: Computed characteristics of an S-band compact microtron with type-II

injection
U,, n Dy,m | Dpyey m | [, mA | Q | ky,% | Prr, MW ic, Alcm’ Cathode | fc.m h | Dose power,
MeV R/min-m
9.5 10 | 0.375 | 0.482 65 1.8 | 4-5 2.0 28.4 LaBg¢ >1000 | 1778

Note that the estimated E, for the S-band accelerating cavity is about 41 MV/m, which will operate with
greater reliability for users.

9.5 MeV electrons produce higher energy bremsstrahlung gammas than 6.5 MeV electrons. . Utilization
of U-Be target at 9.5 MeV beam, [3], provides high the neutron production rate. For the S-band microtron
shown in Table 8, we estimate that the neutron flux is up to 7-10'° n/s. The neutrons can be used for
diagnostics of explosive materials, fission materials and other applications. Extraction of the electron
beam at various energies is also available in this microtron.

These comparisons show that the S-band microtron with a type-II injection scheme provides higher beam
power, increased gamma production, longer cathode lifetime, and requires fewer orbit turns than the C-
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band and X-band microtrons. Furthermore, the 9.5 MeV S-band microtron can produce significant
neutron production rates by using an appropriate target.

V. Anticipated Public Benefits

Microtrons have been proven to be rugged, dependable, versatile, compact electron accelerators that can
produce higher gamma ray doses than betatrons and comparable or higher does rates at lower cost than
linacs. The prototype microtron that we are proposing is based on a novel combination of parameters:
9.5 MeV electron energy, S-wave frequency band, and Type-II injection, which can not only produce
intense gamma-ray beams, but which can be simply be configured to produce high neutron fluxes. The
electron beam can be extracted from the microtron at various energies to strike a gamma-ray production
target or a neutron production target, or the electron beam can be used directly as a radiation source.

Commercial microtrons with the parameters of the prototype could be used as a source of gamma rays
or neutrons in scanning systems for homeland security purposes to detect nuclear materials, explosives, or
other contraband materials. The capability of producing high gamma ray or neutron doses would permit
scanning of cargo containers moving faster than is currently possible, for example scanning of containers
on fast moving freight trains or reducing traffic delays when scanning trucks.

In the commercialization phase, we envision producing a line of microtron models that are attractive for
homeland security and/or other commercial applications. Examples of other models include the
following:

*  Smaller, more compact, lower energy microtrons, e.g. maximum energy 6.5 MeV or lower.

*  More portable microtrons using permanent magnets instead of electromagnets and which operate
on battery power could be used in environments in which electrical power and associated cables
are not available.

Potential applications for these are: scanning baggage or freight in airline terminals, in-field scanning for
faults in bridge structures and oil pipelines.

The extracted electron beam has a very precise energy, and a small beam size and divergence, which
makes it especially useful for medical therapy or imaging applications.

In the commercialization phase we envision partnering with a manufacturer that has facilities to produce
appropriate quantities of microtron systems of the model types described above. See the attached
commercialization plan. Phase II is intended to transition from an R&D project to a manufactured
product.

VI. Degree to which Phase I has Demonstrated Technical
Feasibility

The purpose of the Phase I study was to study the technical feasibility of our original conceptual design of
a portable, battery-operated microtron that could produce gammas with energies up to 6 MeV. Because
microtrons operate with a fixed magnetic field, the magnet could be a permanent magnet that required no

external power source. The smallest possible 6.5 MeV microtron that could produce gammas up to 6 MeV
required use of X-band RF frequency.

The Phase I study expanded the choice of RF frequencies to include C-band and S-band frequencies and

we considered additional important criteria such as engineering complexity and cost, manufacturing cost,
gamma yield and ratio of yield to cost, availability of commercial components, expected lifetimes of
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critical components. We evaluated the overall size and mass of the system: the radiation head, for which
the mass is mainly that of the magnet, and the power components, such as the magnetron and modulator,
and the necessary shielding mass. In addition, we studied three possible prototype magnet types, the
original fully permanent magnet design, a hybrid design that supplemented the permanent magnet with
electrical correction coils, and an electromagnet.

The phase I study focused not only on the eventual commercial version, but also on a prototype system
that could be designed and built in Phase II. The addition of a control system suitable for prototype
operation was also studied. The detailed results of the Phase I study are contained in this document. We
believe we have met and exceeded the objectives of Phase I. The following conclusions were reached as a
result of the Phase I studies:
* A relatively low-mass portable, battery-operated 6.5 MeV X-band microtron is technically
feasible, but it has the following serious disadvantages and risks:

o The small sizes of the X-band electron source and the RF cavity require high precision
mechanical specifications, which lead to high fabrication costs. The small size of the
cathode leads to short lifetimes (~10 hours), and requires frequent cathode replacements
and high maintenance costs.

o A purely permanent microtron magnet is technically feasible, but it would be more
complicated to build. Built-in tuning blocks are needed to make corrections for field
non-uniformity, and temperature compensators must be designed and integrated into the
structure of the permanent magnet elements. A permanent magnet requires a
mechanical/hydraulic fixture assembly and disassembly of the magnet due to the
magnetic force between the halves. These could be implemented in commercial versions.

o Battery operation has some advantages for portability and operating the system in the
field, and development of more energy-efficient batteries is progressing, but it is not
necessary to be implemented in a Phase II prototype system.

*  The prototype system that we recommend to be built in Phase II has the following characteristics:

o The S-band frequency range has more modest mechanical tolerances and lower
fabrication costs. The expected cathode lifetime (~1000 hours) is much larger and more
suitable for commercial operation. S-band is clearly the best choice for a prototype
system.

o The simplest, least costly and most practical magnet is an electromagnet, especially for a
prototype. The field strength can be varied for over a large range, and it can be opened
for changing components for testing and evaluation.

o Instead of battery operation, the prototype system should be run off the normal electrical
power or portable generators.

* The maximum microtron energy for the Phase II prototype should be raised from 6.5 MeV to 9.5
MeV. This will result in the following advantages:

o The electron beam can be extracted or targeted at 6.5 MeV, which enables testing the
gamma yields or doses at the same energies that were in the original topic description.

o Accelerating the electron beam to 9.5 MeV provides a means to produce high neutron
fluxes, which can be used to detect nuclear materials and explosives by neutron
interactions in addition to gamma interactions. This added capability should be useful to
homeland security applications as well as additional commercial applications.

o Following Phase II, a series of microtrons can be produced, based on customer needs. For
example, a smaller 6.5 MeV microtron can produce gammas by using production targets
optimized for gamma production. Smaller, lower energy microtrons could be in the
product line, as well as 9.5 MeV microtrons.
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VIII. Addendum A: Feasibility of a battery-powered microtron

1. Power system requirements

The main elements requiring power are the magnetron and the electromagnet, unless a permanent magnet
is used. A representative commercial magnetron that produces ~1 MW of pulsed power with a duty cycle
of 0.001 requires ~2.5 kW of anode power including ~100W of heater power'. Other components such as
electronics and vacuum pumps may require less than 1.5 kW of additional power, for an estimated total
power of ~4 kW. Magnetron power supplies are available commercially. If an electromagnet is used, the
power required for the coils is approximately 5 kW. Allowing a 1 kW margin, the total power required is
10 kW for estimation purposes

The battery energy capacity required depends directly on the length of time the system is operating on
battery power and during the operation time, what percentage of the time the system is typically operating
continuously. To provide 4kW of power by batteries for 10 hours of continuous operation would require
40 kWh of energy. By means of the energy density provided by current state of the art batteries,
400Wh/kg (see paragraph below) would therefore require a 100 kg battery pack. We envision the battery
pack to be on a mobile cart, separate from the accelerator head, and connected by flexible power cables. If
recharging the batteries must be done in a remote location in which there is no source of electric power,
then the recharging could be done by a portable diesel generator or possibly by the engine of the vehicle
that is used to transport the system to the site of operation. Depending on the required bremsstrahlung
dose rate one can minimize the power consumption.

2. Available battery capacities
a. Some typical auto battery parameters
The development of high capacity rechargeable batteries has greatly advanced in recent years, mainly for
supplying hybrid and electric vehicles.

* The 2015 Toyota Prius plug-in hybrid battery pack has a capacity of 4.4 kWh using a lithium ion
battery set that weighs 176 Ibs (80 kg), which indicates that the energy density is 55 Wh/kg.

* The battery set in the 2014 Tesla model S uses an array of 6000 Panasonic model 18360 lithium
ion batteries to produce 60 kWh of energy, and are connected in groups wired in series to produce
300kW of power. The nominal capacity of the individual batteries is 2900 mAh at 3.6V, or 10.4Wh
per 45.5 g battery, for an energy density of 229 Wh/kg. This figure does not take into account
packaging or cooling liquid.

¢ In December, 2014, Seeco Corporation announced the introduction of a new “Drylite” lithium
polymer battery, which does not require circulation of cooling liquid as required in the Tesla. Seeo
claims that the Drylite batteries will provide an energy density of 400 Wh/kg.

b. Tesla Powerwall Units
In April of 2015Tesla launched its PowerWall series of wall-mountable batteries for home energy storage
in conjunction with solar panels or for emergency backup power. The specifications” are listed below.

* Technology Wall-mounted, rechargeable lithium ion battery with liquid thermal control.
*  Model 6.4 kWh, $3,000 For daily cycle applications
*  Warranty Ten years

' For example magnetrons available commercially from CPI include model SFD 313, an S-band 1 MW magnetron
that is air cooled, and model VMS 1143B, a water cooled 3 MW C-band magnetron.
% Taken from the Tesla web site
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Efficiency 92.5% round-trip DC efficiency
Power 3.3 kW

Depth of Discharge 100%

Voltage 350 — 450 volts

Current 9.5 amperes

Compatibility Single phase and three phase utility grid compatible.
Operating Temperature -4°F to 122°F /-20°C to 50°C

Enclosure Rated for indoor and outdoor installation.

Installation Requires installation by a trained electrician. DC-AC inverter not included.
Weight 214 1bs / 97 kg

Dimensions 51.3” x 347 x 7.2”

1302 mm x 862 mm x 183 mm

Certification UL 9540, UL 1642, UL 1973

AC156 seismic certification

IEEE 693- 2005 seismic certification

FCC Part 15 Class B

We note the following general characteristics:

The energy density per unit is 640 Wh/kg, including packaging and liquid cooling, which is
greater than the previously cited energy densities.

The power produced is 3.3 kW. To supply the power needs of the microtron, 10 kW, would
require 3 units, with a total weight of 300kg, approximately the mass of the microtron itself.
Three units provide a total of 19.2 kWh of energy, enough to run the microtron for 19.2 hours
between charges.

No information was provided for the time needed for recharge the batteries

The cost for 3 units is $9000, not including inverters and other electrical components such as
transformers, and a powered mobile stand and installation.

For comparison, a typical 10 kW gasoline powered portable electric generator, priced at ~$3000 is shown
below. In comparison with the Tesla PowerWall,

3. Gasoline-powered portable electric generator

The Briggs & Stratton model shown below is a typical 10 kW gasoline powered portable electric
generator, priced at ~$3000.

Briggs & Stratton Professional 30556 - 10,000 Watt Electric Start Portable Generator

Weight: 295 Lbs. (133.81 kilograms)

30"L x 27"W x 32"H
(76.20 x 68.58 x 81.28 cm)

Dimensions:
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Voltage 120/240 Single-Phase

Frequency: 60 Hertz

Alternator: Brush

Auto Voltage Regulation: Yes

Fuel Type Gasoline

Rated Amps: 42 Amps @ 240 Volts (Single Phase)
Portability Kit: NeverFlat

Tank Size: 7 Gallons

Run Time (50% Load): 7 Hours

Fuel Tank Material: Metal

Fuel Gauge: Yes

Decibel Rating @ 7m: Not Measured by Manufacturer @
Idle Control: Yes

Hour Meter: Yes

Battery: Included

Muons, Inc.

4. Conclusions

Although the lithium batteries are steadily improving, they are not competitive with conventional portable
electric generators at the present time. Tesla has at least entered the non-auto market with units that are
packaged for use in homes or in the field. But for a 10 kW capability the battery pack weighs about three
times as much as a comparable gasoline powered generator and costs at least 3 times as much. The
operational time of the batteries for the microtron is about 1 day of steady operation — then recharging is
needed or a spare battery set is needed, and recharging would require connection to the electrical grid or
use of a portable electrical generator. The operational time of the electrical generator is limited only by
the size of the fuel tank, and it could be outfitted with a larger fuel tank. Although battery power is a
cleaner power source than gasoline, we conclude that battery power is not a practical option for the
microtron at the present time or in the near future.
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IX. Addendum B. Papers published in Proceedings of IPAC16

The following pages contain copies of the papers presented in references [10], [11], and [12] at the
IPAC16 Conference.
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COMPACT, MICROTRON-BASED GAMMA SOURCE*

E. J. Abrams§, M. A C. Cummings, B P. Johnson, 5. Kabn, G. M. Eazakevitch Muons, Inc.,
Batavia, USA

Abstract

The conceptual desien of & prototype S-band pulsed
5 MeV compact micromon with fpe-Il injection is
described Estimates of parameters such as beam oument
and cathode hifetms. and comperisons with 3-band and
C-band parameters are prasented The elacioon bexm can
b extracted at various ensrgies wp to 0.50eV. Esumaed
vields of zanmas produced at 6.5 MeV operaton and
estimated yields of ganonss and neutrons produced at
9.5 Me'V are presanted

INTREODUCTION

The mimooon is a cyclic electon accelerstor that oper-
ates on the Prncple of Fesonant Accelerstion Srst pro-
posed mnd developed by V. Veksler [1]. The “classic™
microtron feanmres & magnetic field that i3 constsnt and
tmiform over a cicular region In which the eleciron a-
Jectaries are executed. Acceleration 1= provided by an BF
cavify lecated at the point at which the electron frajecio-
mes pass 83 illusmated in Fig. 1.

e ik

Mg e

A b pleren

-
anid g
e

e

Fizure 1: Simplified representation of a classic microoon
The source of elecrons i a heated cathode within an
imector. The acceleration is provided by a single BF cavi-
ty co-located with the sonmee. Dwots represent the BF pen-
ods in the first few orbits, e g the first orbit has 2 periods,
the second has 3 periods, etc. Elecmons can be exiracted
tanzentially to the finsl orbit by means of & magnedcally
shislded mibe, s showm Alternatively, impernal mrgets
can be placed in the beam.

Electrons in the enerey ranee from a few Mel up to ~
10 B are wzed to produce zamma rays for @ vanety of
applications, soch a5 scanming for moclesr materisls or
explosives hidden mm carge confaimers or wvehicles By
ganmmss produce usefnl fhixes of nenmons for active
interTogation applicadons partcoularly for elecoon ener-
mies near 10 e
Ttk suppoemd by U5, DOE SHIR. gran: DE-500013 793
T ool addmess hoba 4750 penming, com.

ISHMN 978-3-95450-147-2

MICEOTEON PARAMETERS

A comprehensive exposition of the history and conceps
of the micromon can be fioumd in Bef [2].

Bazic Microtron Parameters

To zatisfy the condinons of the principle of resonant
aoceleration, there are infeger perameters, # and m, winch
are the mumber of orbits in the microtron and the momiher
of periods that the accelsmming field nesds for the elecTon
cinculzfion alons the first orbit The parameser 2 defined
&z HH- where H ic the magnetc field in the micomon,
and H- iz the cyclomon magnetic field, n which peried of
revohition of elecmon with the total snergy of mes’ (i
energy of rest) is egual to period of the accelemtons feld
I =1lx/a,

For synchromicity, the frectonal incresse in eleciron

total energy is
AU =HH-=1 {1}

The imtsger parameter m, determunes the lensth and
dimension of the frst orbit that complately encitcles the
cavify. The mininnim valee of m is 2, and two imporan:
relafions imvolving », and m, are the following.
The total enersy of the #™ orhit alectrons is:

U, =m+m-1) £2mi 2
The dismeser of the #™ odhit is:
I, = fn+m-1) Lx {31

A iz the wavelensth of the acceleraring Seld These rels-
fons will be uzed in the following sections.

Dresign Alternatives

In addition to the basic micromon parameters sbove,
there are desigm alternafives that are imposiant for the
performance of & mrcowon. Coe is the choice of te
frequency tend of the BF accaleratine feld.
Frequency band Eg 3 shows that the frequency (and
the comespondine wavelenzih) detenmines the dismeter of
the final orbit and that of the mazpet In addidon the
wavelensth sets the scale of the Bf cavity and that of the
mjection sorce. Three wavelensth bands are commonty
nsed for compact nucrotrons: X-band (=3.2 o), C-band
(#=5.1 cm)), and 5 —bend (2=10.7 cm).

Imjection fype A second imiportsnt desizn parameter is
the injection fype. Consider two injection types, type-I
and type-Il, as depicted in Figmure 2 and Figare 3. Mote
that elecrons emitted from the cathode which to not enfer
the proper majectory to pass through te slit near the cath-
ode are not shown; they are guickly removed by hitting a
wall at low enerpy. In Type I injection elscmons enmted
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from the cathode pass duowsh one of the two larger shits
before ssoumins the paths taken by the successive full
orbits through the cavity. The valoe of Q@ s 065 < 2 <
1T

Laraos

=N
I Tty ]
p— ry T I
| |
"'\-\
Sdggnyd
T

Figare I: Initiz]l majectories of resomsnt elecons Mo a
nicrotroea nsing Type-I inemal mjection, based on [2]
In Type O injecton elecrons emited fom the cath-
ode, located pesr the symmety axis of the flat-wallad
cyhndnical cavity, pass through a small shit in the cavity
wall, md mske one revobaton througsh the oo larger slits
before ssnmuns the paths taken by the snocessive arbits
tirougzh the cavity. The valne of £is 1.7 <2< 2 1.

»
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Fizmre 3: Tmifiz] mmjectories of resomant elecimons m &
mcroiren nsing Type-11 mtemal mjection, based on [2]
The opell imjection scheme wuilizes sn addigonal
radial slif in the median plane n the cavity cover for pas-
zzze of the elecmons along the first orbit. In rype-II imjec-
ton, £2is preater, which sllows a larger magnetic Seld
tims decrezsing the dismeter of the magnet and resulfing
in 3 more compact microoon.  We have chosen type-IT
Cathode heaters Compact micromons have used van-
ous cathode desizns with both direct and indirect heaters.
Drrect heaters have direct contact betwesn the heating
element usmally Ta, and the [aB. crystal, which canses
diffnsion of Ta mio the LaB. and decresses the lifetime.
Indirect heatsrs have 3 separaton beowesn the heating
element and the LaB, vzl such s showm in Fimme 4,
or heatmz by an electron beam 3 showm in Fizure 5. The
final desipn may mclnde a combination of the two ypes.
The injection parameters for S-band Type-1I mjection
md C-band fype] mjection are shown m Table 1 m
which Lic, is the rafio of current in the n® orbit to the
caphure coefficient, D is the cathode dismeter, E, is the
glectmic field on the cavity sods, B is the electric Seld at
the cemter of the cathode i is the cumrent density at the
cathode, and I- 15 the cathode ourent MNote that I'c, <
L fior the 5bend type-II case, which mesns that that the

05 Beam Dynamics and Electromagnetic Fields
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cathode fempersmre can be decressed which Sarther
increases the cathode lifetme

Fizmre 4: Layowt of the micomon cathode assembly de-
veloped in Bef [3]: (1) emitier, (2) graphite holdar, (3)
cathode sleeve, (4) cylindrical Slament () hest shields,
() camying base, (7) tantalum plate, (5) ceramic insuls-
tors, (9) ceramic insulators, (100 Staniom stads, (12) wine
lead reprinted from [3].

. P
Fiznre 3. LaB4 cathode hested by an eleciron beam pro-
dured by 2 separate flament (reprinted from Pef [2])

Power system  The PF system as depicted m Figare 6 is
powered by 3 pulsed magneron coupled o the accelsrat-
ing cavity via a wavesmde system that inchodes a fermite
insulator or A civoulator with & matched load 2 directonal
coupler and the wavesmde vaomm window. The civouls-
tor and the matrhed load provide stable operstion of the
masnemon preventing discharges cased by & sioongs re-
flected wave. The mazmimds of the reflected wave pass-
g to the magneron 1= reduced by 17-20 dB, winch is
for the reflected wave fo stabilize the mameTon
frequency. See [4], [5] for foll disoussion

MAGNET AND BEAM EXTRACTION
The desizn of the magnet and the beam exiracton
sysiem are presented mo separate [PAC 16 conimintons,
referencas [6] and [7].

Fimre &: Schematic of the micromon BF system.

ISBEN 978-3-95450-147-2
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Tahie 1: Injection Parameters for C-band Type-L, 12-Orhiz (=17) and S-band Type-1L 10-Ortit (=10) Microtrons

Microtron, mjection  L/e, 0 D E; Ec i I-
(A) (mmj) MVm)  (MVim)  (Alem”  (4)

Chomd gpel 1057 10 1= w5 317 B3 0
Sband type-TI 1778 138 25 40T 324 55.6 213

Table 2. Conmparisen of §.5 MeV X-, C-, and S-band Versions and 9.5 MeV S-band Congpact Microtmons (Mote that X-

band snd C-band Versions Tze Type-I Injection mnd S-band Versions Use Type-II Injection)

o, A n n, Dy, I 6 i Cathode Trag Ganmms
MeV  (cm) (m) () (md) (%) ﬂ\-i"ii.',‘- (e (k) Dose
-Band (R/minm)
65X 32 15 014 0186 BB 08 34 0373 HLH513 Ta =10 133
65C 51 1 0I12 0263 37 i0 34 10 435 LaB, 00 3
635 W07 7 073 038 o0 18 45 10 556 LaB, 10040 860
055 107 10 0375 0482 65 18 45 20 284 LaB. =1000 1660

FEEFORMANCE CALCULATIONS REFERENCES
Tahle I shows & comparison of the calculated cheractemis-  [1) V. L Weksler, DAN S55F. 43, 345 (194 I Phys. USSE
tics fior seversl versions of niicrofons, inchiding mumber ["]gliﬂﬂmsjm‘.-ﬂ e
of arbits (), #™ orbit dismeter (D), magmet pole dizme- Fapi i 1 L o

ter (L)), OETents, energy Fain per tam caphme effi-
dency, BF power, cathode owrent density, cathode type
and lifetime. and panima dose. In additon o the valoes in
ﬂrtablgﬂ:ezﬁnn‘teimﬂrm}ﬂdﬂ?imﬁ' is 710"
n's. An analysis of a higher imtensity nncoton-based
newsron sounce is presented m another IPAC 16 paper [8].

STUMMARY
We have studied various microtron parsmeters for a
hig]:_t imtensity gamms smoce and We SUMMATIZE OUT

Table 2 shows that althouzh the 6.5 M2V X-band micro-
rom is the most compact, it provides the lowest gamms
dose. and an macceptably short cathode lifetime. In addi-
tion, the small size of the accelerating souchee prechdes
the wse of a LaB. cathode, and requires high-precision
machining and high costs. Further, S-band 6.5 MeV ver-
zion prodoces 34% higher ganmms dome and has o 4%
larper magmet diameter, offering a potential Tade-off.
The S-band 9.5 MV 5-band version produces more than
2-3 times grester zamms dose, with 3 mamnes that is 30-
402 larger than the S-bend or C-orand versions. The 9.5
WeV also version can be operated at 6.5 MeV, or at other

ISHM 978-3-95450-147-1

[J-]G Hm&aﬂﬁ"dhﬂwﬁlﬁlm T. 0
Teone 5. H Park, and B C. Lee, T Appl Phys. 102, 034507
2007,

[4] G. Eazaksvich, et al, PRSTAR 12, 040701 (2009).

[5] . Kamakavich, et al, NIMLA 647 (2011) 10-16.

[4] 5. Eabn, et al. “Magnet System for a Compact Microtron,”
%umwmﬁmmmmm paper

[ 5. Emmal“SmhmomemxuﬂnSfmﬁIa
Micmtron,” presented at IPAC™16, Busan, Forea,
May 2014, paper TUPMBDS.
[8] G. Eazakewich ef al ~“Migomom-based Infepse Newiron
Source,” presented at IPACT 16, Busan, Korea, May 2016,
paper TUROED30.
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MAGNET SYSTEM FOR A COMPACT MICROTRON~

S.A. Ka]mT, .1 Abrams M A C Cummings, B P. Johmson G.M. Kazakevich Muons, Inc.,
Batavia, IL. US A

Abstract

A compact microtron can be an effective gamma source
that can be transported to locations outside the laboratory.
As part of 3 Phase | smdy we have smdied a portable
microtron that can accelerate electrons with energies of 6
MeV and above as 3 source for gamma and neutton pro-
duction. The mass of the magnet is 3 significant contriba-
tion to the overall mass of the system This paper will
discuss conceptusl designs for both permanent magnet
and eleciromagnet systems. The choice of microiron BF
quirements. The BF frequency band infloences the size
of the microtron magnet and consequently it weight We
hawe looked at how the design would vary with the differ-
ent frequency confizurations.

INTRODUCTION

There is 8 growing need for compact accelerators for
may inwolve the shility to transport the accelerator to
ouiside locations where operating resources may be hm-
ited A microtron can accelerate electrons to 6 MeV and
above with intensities 10 to 100 tmes greater than with a
betatron.  The electron beam canm be extracted to targeis
for pamma ray production. ' With a microtron designed o
produce electrons with energies greater than 9 MeV, the
microtron can with an external target be an infense nen-
tron source  This paper describes the magnet system for a
compact microron.  The dimensions of the magmet vary
have smaller dimensions and consequently weigh less.
The frequency choice does depend on the application. In
this study we have looked at magnet designs for X-band,
C-band and 5-band microtrons. Table 1 summarizes the
parameters nsed to describe a microtrons in each of these
frequency bamds. Similar parameters are showm for the
6.5 MeW and 9.5 MeV microtrons with the difference

Although the X-band microtron would be smaller and
lighter which would be beneficial for portability the life-
time of the emitter cathode is too short to be practical and
replacement of the emitter would require bresking the
vaomm seal and opening the BF cavity making this less
desirable.

* Work mupparted by US. DOE grant DE-3C0013795
T amadl address: kahn{@rncmine com
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Table 1: Microiron Parameters

Parameter Unit X-band C-band S5-band
Frequency GHz 093 585 28
Wavelength mm 32 51 107.1
Cyclommom Field Oe 3319 2088 1000
Magmet Field Qe 2655 2506 1800
AE per tom 0g 12 18

42 MeV Tumns 15 12 7

o4 MeV Tumns 15 10
Cathode Lifetime  hrs 10 500 1000

We have examined three candidate mamnet designs.
These inchoded (1) a permanent magnet without codls, (2)
a hybrid magnet where the dominsnt part of the fisld
coils to provide some variation of the magnetic field for
tuming and (3) a comventional mapgnet with copper coils
and iron poles.

The uniformity of the mapnet field is an important con-
sideration. The feld opmst be wniform over the region
where the beam traverses with a feld non-umiformity
error AB/B<1/n” where n is the mumber of orbital turns in
the micromon

PERMANENT MAGNET OPTION

The advantape of nsing a permanent magnet is that no
power supply would be mecessary. This could be very
important for operation sway from a location where elec-
tricity and cooling water may not be readily awailshle
Permanent magnet materials that have been used for
magnets inchide Alnico, ferite neodymiom (MNd,Fe, B)
and samarium cobalt (SmCos and SmeCoyr). Although
Alnico has 3 large remmant field (By), it has a strong de-
magnetization curve because of its small coercivity which
makes it undesitable. Ferrites have been previously used
for accelerator applications, bt it does not have a large
enourh By The cobalt in the SmiCo material can become
strongly radicactive from the beam and this material tends
o be more expensive  Neodyminm is the best choice for
permanent mapgnets and it is used for many indusireal
applications. The large variation in By with temperatre
is 3 concern. This is particularly true for operation outside
of a temperatore controlled environment. A temperature
compensation scheme would be necessary for using the
permanent magnet option. This will be disoossed.

Figure 1 shows an B-Z skeich of a template to define
the geomety using 3 permanent magnet. The geometry
parameters shown in the figure depend on the cavity fre-
quency and the output beam energy. Tsble 2 shows the
parameters found for the 5-, C-, and ¥-band configura-
fons.

07 Accelerator Technolbogy
Ti9 Room-temperature Mapneis
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L
Fimare 1: Sketch of the geomemy template for a pemms-
nent magnst micromon. The figure defines the paramestars.

Tahle 2: GmummmufaPEmMagmt

Chep Heygi 32 il 7
Huemberaf Tema 13 12 1z
M- Timmcier 185 212 3
Pele Rachun og 131 7
Height of = Pole 10 10 i
Height of Hees 10 10 13
Height of Yoke Top 13 16 o)
Irmer Raclisa Pl Rin 108 121 b5
Chster Beadin Flux Rtz 121 136 30
[ 4 Eg 2Ez  MTE:z

There mmst be enough on not ooly fo achieve the
maxinnum field from the permanent magmet, but also to
nunirmize the sray felds ourside the magnet As we also
want to minimize the weight of te magnet, the thickness
of the flix rebmn wes chosen to keep the permesbility
ereater than 104 (the minimeon at 3 local spot af the end
of the pole). The magnet mazs for the different confmma-
tions considered is shown in Table 2.

An important issue for permanent ms et material is its
dependence on fenmperanme. For most magnetic materials
the chesmge in magmetization d'"m* is approsdmately
cnmstaﬂm!ralagetmpaatuemngn_ The rate of van-
afon is Largest for those matenials close to their Cune
tenmperanme.  Thers is 3 comelation between B, and the
tempersnre dependence parameter d loe(B, )VdT whene
the necdynuum meaterial with larger B, slso has a larger
temperanTe variaton We have chosen o use the material
with the somller termperstmre dependence which has
By=1.1 T and d log(By)'dT=0.08%~C. The approach to
temperanTe compensation is to provide in addidon to the
permsnent magnet material 3 magnetic shant whose o
falls faster with temperafure than the penmsment magmet
matenial.  Mi-Fe mnd Mi-Cu alloys have been used as
shimifs for temperamre compensation. Mi-Fe with 30% Mi
aAppears o be an optimal choice.  The mto of the Ni-Fe
shimt to MbFe, B material is 19%. Mb.Fe B is conmmer-
cially available in 8 mewber of sizes. Figure 2 shows an
array of 17w 17«3/87 blocks with Wi-Fe stips betwesn the
blocks for temperatme compensaton.
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Figmre 2 A quarter of the magnetic pole comprised of
IhbeFey B blocks amanged in an amay with Mi-Fe strips
interlegved for femperanme compenzsion.

Thers are carmm isswes sssociated with wsins the
neo-dymium materzal.  Each block is attracted to the
adjacent iron with a force of 30 to 55 Ibs (depending
oa the By chosen). Disassembling the blodks fom the
pale stee]l would be very difficult. Specificaton sheets
of the per-msnent magmet materal ndicate that the
material can have a 3% vaniatdon of By, There is also
3 large vana-tdon of the polarzation direcion. The
variation can be reduced by rejecting samples with Large
devistions which can incresse the cost.  We have
performed a study where the magnet was composed of
naterial with 2 By variaton of 3% The ABB mon-
miformity in the sperbore was examined as a fimcton
of the iron pole thickmess. With hywys=10 mm ABB
would be 02% The permnent magmet would need
A sepamate  vaommm-sealed chamber, which would
inmese the complexty snd weight of the micomon.
Dicassembly and resssembly of the permanent masmet
microbon may inmodoce posidoning  emors of the
vaomen chamber telative to the maznet A
permment magmet prechudes varying the Seld or
chenging the microtron energy. Becmose of the chort
lifetime of the cathode for the X-band microtron the use
of 3 permansnt magnet may not be feasible.

As an addinonsl sllemanve we have examined using
the permanent magnet opion h addine oim coils to
provide some ability to nme the magnetic Seld so that the
besm will amive st the cavity with the proper phase.
Since the demagnetization ourve for Wb.FeyB is linear
over a large range. the magpetization will retum to its
origimal value when the cument i nmmed off, ooe can add
coils to the permanent magnet so long as the feld from
the colls doss not exceed the linear rampe of the
demagpefization omve. The owrent camed in the mm
would be moch smaller than that necessary o provide the
entire fisld The sinm-lations showed that this would be a
viable altemative, however to change the energy of the
microtron i A notable rnge would need an
elecromagmet with significant omrment.  The problems of
disassembly of the hybrid mapnet would be the same as
the permanent magmets.

I5SHM 978-3-95450-147-2
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ELECTROMAGNET OFPTION

MWazmets with cotls have been typically nsed for muoo-
oo spplicatdons. These mapmets need ample power for
their operaton and could require cooling for the power
penerated m the codls. Using codls allows sreater flexbil-
iy, The magnet feld could be varied to alow nming to

the beam on resonsmee in the micotron. It could
also be nsed chanse the oufput enerzy by varying the
maznetc Sald

Mg o
- .
H | Magrat cod
Vgt p o
- e
B, Lacvar paks I | | A
e ———
4 ATl
o W |
o t
Mgt rrvee

Figume 3: Templae of alacoo-mazmet geometry.

Fimare 3 shows 2 sketch of an elecmo-magnet that was
used a5 @ template for the micromon magnet. In this Sg-
we the iron pole snd flox remm serve ss the vaomm
confainment with an indiom seal berween the upper and
lowver poles. The coils have a mapezoids]l shape to pro-
vide a better shaping of the field at larger radms. Table 3
shows the paramesers for te elecromsgmes geomety for
different microron confimmations. The design orteria
WeTe to minimize the mammet weight to keep the iron
permesbility grester than 100 and to keep the omrent
demsity to spproximately 3 AT

The tble also shows the total mass of the magmet sys-
tem for the different frequency bands for the Fig. 3 de-
sign. Much of the central part of the fhox retarm top hat is
not satmrated and can be removed s reduce the mammet

Microtron-based Compact, Portable Gamma-Ray Source
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Omne can stll imapine that mictoon with the electromnag-
net could be puf o a truck for mobility. The magnet pole
can be shaped to provide the high field imiformity neces-
sary for the micromon magnet Fizure 4 shows the field
profile for the 5-band mazpet after the optimization of the
pole shape  The fizure shows that the largest deviation in
field over the region where beam is present can be held to
ABB=0.00024.

1o g

aua I

opery
# ,. " 5

Figmre 4. Optimization of the fiald profile for the S-band
nEaEmet.
CONCLUSIONS

We have mvestzated the desiem of 3 mammet for a
transportable micromen to be used a5 3 Zamma and new-
won smce We have exsmined the mse of 3 permanent
magmet system bt we favor a system where nming
would be possible. We have examined systems with dif-
ferent BF fequency ranzes. The smaller and highter 3-
band system was muled owt because the lifedme of the
emitter system was too short fo be commercially pract-
cal. The 5-band system was chosen for our future BSD
smadies.

Tahble 3: Parameters Describing Elactmomagmet GeometTy

Svmbal Farameter Description Tt Shand] ohandll  C-Damd N-band
T Fimal Beam Enerpy MEV 63 03 53 65

H Mametic Fisld T 012 .18 12088 03655
Epu Mizzan Trmer Coil Radius mm 326 M 132 jin]

b Fhus Fetum Width mm b} 16 18 12

b, Tpper Yoke Height mm 5 6 ! 15
b, Height of Pole and Cail mm 35 3 33 9
E. Onatex Yoke Fadins mm 408 26 a0 17

I Current in Fach Cod Atmms 5513 92134 4385 3480
J Current Densi Amm® 3 185 a7 3

B Coil Height mm 35 # 2 M
b Coil Width mm 1075 &0 56 485
w Total Maznet Mazs E=z 430 338 o 6l

ISHM 978-3-95450-147-1
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MICROTRON-BASED INTENSE NEUTRON SOURCE

G. Kazakevich® B Abrams, M.A C. Cummings, F. Johnson, 5. Ezhn, Muons,
Inc. Batawia, IL, USA

Abstract

An L-Band 7798 MV, CW, mlatively mexpensive
microgon with a warm sccelerating cavity for omilo-
pEpose applications in nuclest medicne and radiation
industry is proposed. The micromon, with a photo-newsTon
comverter, is imtended to serve a5 &n itense source of
photo-pewron: with yield wp o 410" o for modesr
medicine or/and prodoction of short-lived isotopes, as a
source of gamms-radisfion with doss mates up to 130
kF/minm with a hesvy bremzsoahbong target, and as a
source of elecron beam with total enerpy of 0.8 MeW at
a0 average cument up o 4.4 ma for vanouws radistion
meatments.

INTRODUCTION

Pelatively nexpensive and compact intense sources of
elecrons with energy up to 8-10 MeW at a beam power of
a few tens of KW are imteresting for application im
medicine (a5 sources of nfense photo-neutrons for boron-
capnme cancer therspy, production of short-lived isotopes,
sterilization of medical waste, atc.) and industry (radiatdon
reament, stenlization, etc). The classical warm-cawvity
microoon operated m CW mode may well solve the listed
problems. In the hieranme, [1, 2], were proposed amd
considered such L-band projects, however they were not
realized yet generally, we asnume, because of sbsence of
inexpenzive, CW high power BF sourres. Mow industry
produces L-Band magmetron BF sources with a power
cost of $1.00 per Watt thos the microton projects
Tepresent An imberest for customess. We propose and
consider 3 desizm-project of suwch an L-Band CW,
laboratory-size classical microtron with total enerzy of
98 MeV as mn intense source of p-rays and photo-

neutrons for varions spplications in medicine and industry.

The totzl energy of the exiracted beam can be vaned m
the range of 7.7-9.8 MeV. The microtron can operate m
CW or pulsed mode with repetition rates up o 100 kHz
and hizh duty-factor. It doees not require the oyogemic
equipment The micTomon is assmed o be easily
conirolled relisble and stable in operation Parametsrs of
the CW mncromon and its subsystems are presented and
disoussed here.
DESICN PARAMETERS OF THE CW
MICROTREON

Cme comsiders the nype-] mjecion scheme micoroen
with the resonant feqoency, £ of 1.5 GHz. The cyclotron
maznetc feld at this Fequency, H-, is = 535 Og The
mazneron BF source power, Puy, is assumed o be 200
EW. This power presently is availsble with commencial

*ETLE0Y TN SInG . Cm
ISHM 978-3-95450-147-2
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zenerators. The total ensargy of the accelerated beam at the
mmnber of orbits, » = 23 is L5, = 9.8 MEV. This avoids
photo-neviron actvation of the microtron componsnts.
Using the typel imjection scheme with the micooon
magnetic field H = J2H: where 7 = 0.8, one can
provide laboratory-scale sizes of the micromon magmet
with diameter of the n-th orbit of D, = 1.73 m, at the
sccelerated beam power, P, of 30-30 KW, Table 1.

Table 1: Desipn Parameters of the 1.5 GHz CW Micomon
n UMV P kW D.m mug,kg P, EW
23 0l 200 1727 =281 409

Motz that the required inhomopsnsity of the magmstic

field for m = 23, AHH < o® = 19107 is technically

feasible.

EF SYSTEM OF THE CW MICROTERON

The BF system of the CW miooron represents a
respective n:mpuhungmm:mpledmﬂlapdltm
e accelerating cavity, Fig. 1, via a femite droulstor and
directional couplers for messumements of the generator
and the accelerstion paametss. Veomm in the
accelersting cavity is separated from dry nitrogen at
amospheric pressure in the waveguide system by a
vanmm wavegide window.

Figure 1: Concepmal scheme of the mictotron BF system

The scheme provides stable operation of the microtron.
At a ciroulator imverse loss of 17-20 dB the mapnimde of
the reflected wave pamine towands the masmetoon is
engugh to stabilize the mapnetron Fequency, mekine the
eneration frequency-ledked by the reflected wave, [3, 4].

Asmming BF losses of the FF system, Py, =1 dB on can
estimate BF power, Py, allowable for acceleration:

P_=P,-P-P,.
Hege F.; is power lost in the walls of the BF cavty, [2]:

e -
L 0P, . where o is
Al 1.385 )
conductivity of the cavity walls, d=cf —~E+H, E; iz
sirength of the BF elecric feld on the cavity axis, and
FP=E700 MW is the characterisiic elecron power. In
microtrons about half of BF power is lost for accelerstion
of non-resonsnt electrons. Thuos the coupling cosffcent
of te PF avity wih a wovegnde £ i=
G=P_J05-P )+]. This sllows a determination of

=

-
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the leaded cavity OHfactor Q=061 O is
determined by the cavity peomeiry. Parameters of the BF
system for the imjecton scheme with 094, [2], are
shown in Table 2. The parameters comespond to 2 beam
power of =40 KW,

Table 2: RF Parameters of the CW Microtron
im PokW Po KW Poo EW s [
02 41 71 BLE 206 48810
In sccordance with data Tab. IT the BF and beam power
lost in the cavity is 118 KW with a cavity surface of 530.5
om?. This comesponds to 3 power density of =214.4

WicmZ. Such a heat sink with good cooling looks feasible.

Smee 100 KW CW magnetron generators with a cost
per umit power of <31 are comsistent with oumTent
mamifachirer capsbilifies, ome can consider 3 widely
tmable (in power) CW, twio-channel magnatron

gmmr.
Fig 2, based on nmnetrons with power combining, [5]

The power commol is provided by the controlled phase
shift of signals driving both chammels. Such a generator
allows operation of the microtron i CW and pulsed
modes. In the latter case the mininmem pulse durstion can
be a few ps at a repetition rate of mmdreds k¥Hz. One can
expect that the cost of power in such 3 generator also
shimild be 51 per Watt.

---------- 1 cum B3
|

1
|
|
I iepatn
H !
E—
1
'
| I
| |
I I
I I
i I
__________ a | ISP—

Figare 2: Concepmal scheme of the two-chamnel power-
contralled magpetron BF source with power combining.

INJECTION IN THE CW AMICEOTEREON
In accordsnce with the typel mjection scheme, [2],
sirmlatioms of the injection were performed, Fig. 3.
2 [y {a} e (b

| Catheda anis

Figure 3: (3) 2-D macking of the frst orbit. With mmbers
1 and 2 are marked the nammow slits directed along the ¥
s and used for mpe-output of the eleciroms. (B) 2-D
08 Applications of Accelerators
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macking of the beck-soesmine electrons hittine the
ETifter.

In the sinmlation the LaB, cathode emitting swface
was recessed in a hole below the infernal surface of the
pillbcor. The hole for the recessed emitter acts like a lens
and provides some Socusing of the injected electmons. For
a hole of radius ry; and a recession depth - the BF Seld in
the cathods surface center is, [5]:

JlE.r) a7 vvm

E. xE,-Jik -B-)-coslp, ]W

Hera.J, is the Bessel fimetinn of the first kind
£, - 2me(E2)
cavity axis, ! i the cavity leasth k= 7., (7,
wheme y,, =2 405 is the first zero of the Bessel fimcdon
and E, _.|'k,= —E . v is the equilibrium phase for the
IICTO oD

is the mandmmm field on the

Considering the Schotthy effect ope can eqoess the
owrent demsity of & LaB. single crystal emufter as a
fimction of (r, o) 25

LT gl = AT - s ‘[&Jrrg'w' Eslr.e) 1 |.
T,

KT 1

Here: 4=73 AF'or and el = 266 &V are the
Richardson constant snd the wosk fimction for LaB.,
respectively, k is the Boltzmarm constant and T is the
enutter temperatmre i Kelvin The mitial valne of the
entission current at the emitter radins r. & equal to, [§]:

Lir)=[[i@.r.o)rd do.
LU

From the sipmlstions, it follows that at the cathode
temperanme of 1650 K the omrent emitted by 5
diameter single-crystal LaB. endtter will exceed 200 m4.
It is enongh o provide a beam power of 40 kW The quite
low temperature of the cathode will ncrease the cathode
life time to a few thousamds hours. Desism of the
indirectly heated cathode with the LAB,, emitter is shown
in Fiz. 4, [4].

1 23456729101

Fizure 4: Layout of the micromon cathode assembly. 1-
emiter, 2- gaphite bolder, 3- cathode slesve, 4-
cylindrical filamens | 5- heat shields, & camying base, 7-

ISBM 978-3-95450-147-2
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tantahm plate, &, #- ceramic insulstors, 10- taniom stads,
11- spacer, 12- heater contact.

The 5 nm-dimmetser [100]-face LaB, szingle crystal
tablet-shape emitter is fixed in the graphite holder. The
ernitter thickness is 1.1 mm The graphite holder prevents
the diffusion of boron inside tantahem components of the
The cathode is mounted on two mnem smds soewed
imty the cavity cover, so that the cathode assembly is
recessed mothe cavity cover. The depth to which the
emitting surface is recessed inso the cover can be adjusted
with the spacers.

MAGNETIC-VACTTM SYSTEM
OF THE CW MICROTRON

The combined mammetic-vaomm system of the CW
microton is assumed to be sealed by an indium wire
betwesn the wpper and lower poles of the magnet, [7]. A
schematic of the genstic microtron magpet is shown m
Fig 5.

Vacusm

staing

@

@ 1850

Figare 5: Sketch of the 9.5 MeWV mbeless generic
microtron magmetic-vannm system. All sizes are I omm

Smee mmin parts of the mammet yoke are far from
sanmation, performed simmlatdons show  achievable
mhmngmuvnfﬂmn:mm:ﬁe]dufmslﬂ"‘fnra]l
orbdts. This vahie is nmch less than the n™ requirement. It
allows optimizaton of the yoke sizes reducns the
mcTooon weizht.
The electron beam will be extracted by imstallng a
maznetc channel of soft stesl nside the nrooTon
magnet &t 3 mngent to the cinoalar rajectory at the final
orbit such the beam exits slong the tanment The
exiraction system allows compensation of pernrbaton of
the marnetic feld in the neiphborboods of the previous
orbits resulting from the magnetic chamnel, by choosing
the geometry of the magnetic rods, Fig. 4. Ihemwas
tested m a pulsed 5-band micotron, [B],
m:heﬁnmmmmofﬂrbemﬁmm4

ISHM 978-3-95450-147-1
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Fizure & The extracting system of the L-band microron.

GAMMA AND NEUTRON YIELDS
OF THE CW MICEOTEREON

The bremssrahlme dose power of the microron at a
distance of 1 m from a fmgsten 0.3 radiation lensth-thick
target, estimated in sccordance with [2] is =130 kR min.

The photo-neutron yield from U-Be target at a
mricrotron besm power of 40 KW iz estimated 2 4.1-10%
n's, [2], at the optimal thickness of the target. Mote that
the beam power requires a dualciromt cooling of the
phote-neatron target. The expected bremsstrabhmg dose
powers and the photo-neutrons yields vs. the beam total
energy af the accelerated beam power of . 2 = 41 KW
are chown in Table 3.

Table 3: Radiation Parameters of the CW Micromon

n UL MeV Dose Rminm MNeanrons yield n's
19 77 20-10¢ 231002
| 85 11510° 29107
3 9.3 128-10° 4110

Mot that [7-8 MeV allows voiding of photo-newsrons
from the nmesten target.
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