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Abstract 
Microtrons are accelerators for low to intermediate energy electrons. 
The operating principles for both circular (classical) and racetrack 
microtrons are described. Longitudinal and transverse stability is 
discussed and some examples of applications are given. 

1. INTRODUCTION 

The microtron is a cyclic particle accelerator for low to intermediate energies (up to 
some tens of MeV in circular microtrons and up to a few hundred MeV in racetrack 
microtrons). The particles are accelerated by a high frequency electric field in a resonant 
cavity or a linac, and are recirculated by a homogeneous, constant magnetic field. This 
resemblance to the classical cyclotron has resulted in the microtron being sometimes referred 
to as an "electron cyclotron". The microtron is however restricted to accelerating particles 
whose kinetic energy can be increased by an amount comparable to their rest energy during 
one single pass through the accelerating cavity, and the only particles in question are therefore 
electrons and positrons. Microtrons offer a combination of high beam currents, with small 
emittance and very good energy resolution. 

The microtron was first proposed by Veksler in 1944 [1], and the first working 
microtron was constructed a few years later, in Ottawa, Canada in 1948 [2]. Mainly due to 
inefficient injection methods, resulting in very low beam currents, the microtron more or less 
disappeared from the scene in Western Europe and North America for about a decade. After 
the war, in the Soviet Union however, the microtron was studied theoretically, and by the 
1960's it was highly developed and extensively used. A new injection method was developed 
by Wernholm in Stockholm in 1964 [3], by which the beam current could be increased an 
order of magnitude. During this period of time research and development programs were 
carried out in for example Sweden, Italy, Canada, England and USA. 

The sector-focused, single-cavity, racetrack microtron (RTM) at the University of 
Western Ontario was the first practical machine of this type to be built, in 1961 [4]. Due to 
beam optical stability, sector-focused racetrack microtrons are limited to a few accelerating 
cavities. The first multi-cavity standard RTM was built at the University of Illinois at Urbana-
Champaign in the mid 70's, and is described by Hanson et al. [5]. Other notable racetrack 
microtron projects are e.g. the University of Mainz 180 MeV RTM [6], the 50 MeV machine 
in Stockholm, which has been operational since 1974 [7], the 100 MeV injector RTM at the 
University of Wisconsin [8] and the 100 MeV racetrack microtron at the University of Lund, 
also used as a storage ring injector [9]. In this context the Scanditronix commercially 
available RTM50 and RTM100, developed from the accelerator concepts at Lund and 
Stockholm should be mentioned. 

971 



2. THE CIRCULAR OR CLASSICAL MICROTRON 

The layout of the classical microtron is illustrated in Fig. 1 below. 

Fig. 1 The classical microtron 

2.1 Operating principles 

The condition for synchronous acceleration in the microtron is based on a relation 
between the magnetic field and the frequency and amplitude of the accelerating voltage. The 
magnetic field, B and the energy gain, AE are adjusted so that the revolution time in the first 
orbit equals an integer number of RF-periods. 

Tj = (2T/ec2B)E! = M r (1) 

where T t is the revolution time and Ex the total energy in the first orbit, y. an integer and 
T= 1/f is the RF-period. For all other orbits the revolution time must increase with an integer 
number of RF-periods relative to the previous orbit: 

AT = (27r/ec2B)AE = VT (2) 

where AT is the difference in revolution time between two orbits, AE the energy gain in the 
resonator and v an integer. The total energy in the first orbit is: 

Ej = EQ+EJ+AE (3) 

where EQ is the electron rest energy (0.511 MeV) and E; is the injection energy. Combining 
Eqs. (1), (2) and (3) we find the energy gain for resonant acceleration: 

AE = ( E 0 + E > / ( M - 0 = (ec2B/2irf> (4) 

where obviously n = 2,3,4,.., v = 1,2,3,.. and /x > v. The total energy in orbit n and the 
magnetic field are then: 

E» = AEG*/i/+n-l) (5) 
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B = (2wf/ec2)AE/p = (2irf/ec2)(E0+Ei)/(/i-i'). (6) 

The mode of operation for which /* = 2 and v — 1 is called the fundamental mode, where 
AE = E 0+E ;, and the magnetic field is maximum. So for a given final energy this results in 
the most compact microtron. The magnetic field is still rather small, however, and for a 
RF-frequency of 3 GHz we have B = 0.107 T. For a final energy of 20 MeV the diameter 
of the last orbit will then be approximately 1.3 m. 

2.2 Injection 

The injection system in the first microtron was based on field emission from the lips 
of the accelerating cavity (see Fig. 2), resulting in very low beam currents (average currents 
of the order of 10 nA). Wernholm [3] developed an injector consisting of a compact coaxial 
electron gun, located outside the accelerating cavity (see Fig. 2). With this system an average 
current of 50 /xA at 5 MeV was reached. 

MOSCOW 19S9 STOCKHOLM 1967 

Fig. 2 Injection systems 

More complex injection methods are described by Kapitza and Melekhin, see the 
Bibliography. These methods make it possible to vary the particle energy, by modifying the 
first orbit energy. Consider the injection scheme 'Moskow 1959' in Fig. 2. The first orbit 
energy is modified in the following way: 

Ei = Eo+/cAE (7) 

where K is an arbitrary coefficient (K> 1). Introducing 

B 0 = 2xfEo/ec2 (8) 
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the cyclotron field for the electron at RF-frequency f, we have from Eq. (6): 

B/B0 = (AE/E0)(1/?). 

Then, using Eqs. (1) and (2) we get: 

AE/E0 = vl(y.-Kv) 

B/B0 = VQI-KP). 

(9) 

(10) 

(11) 

Kapitza and Melekhin have demonstrated that the electrons can be accelerated over a fairly 
wide range of K, thus giving a variable final energy. In the fundamental mode (/x = 2, v = 
1) K has to be between 1 and 2. If for example K = 3/2, then AE/E0 = B/B0 = 2, reducing 
the orbit radius a factor of two for a given energy. 

2.3 Extraction 

Extracting the beam from a microtron is a fairly simple matter, since the orbit 
separation is large, 3.2 cm in the fundamental mode. The common extraction method is by 
insertion of a field-free channel (usually a steel tube) tangential to the orbit to be extracted, 
see Fig. 3. 

Deflection 
tube 

Magnet coils 

•Resonator 

Extracted beam 

Extraction tube 

Fig. 3 Beam extraction from a conventional microtron 

For multi-energy operation, a movable deflection tube together with a fixed extraction 
channel is used. In this way any orbit (in principle) can be extracted. Inserting a magnetic 
tube in the gap of the dipole perturbs the field homogeneity for the inner orbits, and 
compensation rods are therefore placed alongside the deflection tube on each side of the 
median plane. 
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2.4 Phase stability 

As in the case with electron synchrotrons as well as proton synchrotrons above 
transition, the revolution period for the electrons accelerated in the microtron increases with 
energy, and the phase stable region is located on the negative slope of the accelerating 
voltage. In the microtron the phase change per orbit is large (2T in the fundamental mode), 
and therefore the phase oscillations are best described by difference equations. The relations 
between the phase <£n+1 at the resonator passage between orbit n and n+1, and the relative 
energy error ôE^/AE for a particle are: 

<5En+1/AE = ôEj/AE 4- (cos<£n+1-cos<£s)/cos</>s 

(12) 

(13) 

where index s denotes the synchronous particle. These recursion relations can be used to find 
the size and shape of the phase stable region by inserting different intial conditions 4>\ and $EX 

in numerical calculations, using Eqs. (12) and (13). The stable phases can be found by 
studying small deviations from the synchronous phase, i.e. linearising Eqs. (12) and (13). The 
result will be a matrix equation: 

(14) 
^n+il [1 2ITP/AE ] fô<£n 

ôE n + 1J [-AEtan$s l-2-7r*'tan<£j [ôE,, 

for which the stability condition | Trace M | < 2, applies. So for the stable phases we require: 

0 < 7nnan4>s < 2 (15) 

which leads to the following stable phases: 

o 

(16) 

With 4>s at the center of the phase-stable region, we get the largest phase-stable area for v 
= 1, and <$>% = 17.7°, within which phase-stable oscillations occur. In general these 
oscillations maintain a constant phase and energy width of the electron bunches, making the 
energy resolution inversely proportional to the number of orbits. This case is illustrated in 
Fig. 4. 

As an example, assume we are working in the fundamental mode (J> = 1) with 4 ^ = 
32.5°. We can now estimate the energy resolution: ÔE = (32.5°/360°)0.561 MeV = 0.051 
MeV, resulting in a relative energy resolution of 0.2% for a final energy of 20 MeV, which 
is a typical figure for a circular microtron. 

V r= 1: 0 < 4>s 
< 32.5° 

V = 2: 0 < 4>s < 17.7° 
V = 3: 0 < 4>s 

< 12.0° 
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Fig. 4 Phase motion in the classical microtron 

2.5 Transverse stability 

With a homogeneous magnetic field there are no problems with the radial stability, 
but there is no magnetic focusing in the axial direction. Instead, the focusing from the 
electric quadrupole lenses formed by the electric field gradient in the apertures of the 
accelerating cavity is employed. This gradient is such that it is focusing at the entrance, but 
defocusing at the exit from the cavity. However, the focusing action is enhanced by the 
increase in momentum during the resonator passage, and also because the synchronous phase 
is on the falling part of the RF-period. This results in a net focusing action, which is 
sufficient for vertical stability. 

2.6 RF systems 

The usable range of frequencies for microtron RF systems is limited by the 
requirement of a large magnetic field for compactness, leading to a high RF frequency (see 
Eq. (8), the expression for the cyclotron field), and the mechanical difficulties of building 
small accelerating cavities. Most microtrons have been based on RF systems operating in the 
S-band, with a wave length of 10 cm. The most common power source is the pulsed 
magnetron. Typical values are power levels at several megawatts, with pulse lengths up to 
5 /xs and duty factors of the order of 0.1 %. 

2.7 Applications 

Applications for conventional microtrons are found in, for example, the following 
areas: 

- Nuclear physics 
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- Injectors for storage rings and synchrotrons [3,10] 
- Medical applications (radiation therapy) [11] 
- Industrial applications (e.g. radiography and radiation 

treatment). 

3. THE RACETRACK MICROTRON 

Circular microtrons for final energies higher than about 20 MeV become heavy and 
large due to the low value of the cyclotron field, (B0 = 0.1 IT for f = 3 GHz). 
Furthermore, the many and long orbits impose severe restrictions on the homogeneity of the 
magnetic field. An efficient way to overcome these limitations is offered by the racetrack 
microtron. The RTM can be considered as a circular microtron split in two halves, with a 
linear accelerator, capable of a much higher energy gain than the single accelerating cavity 
in the classical microtron, placed on the straight section between the two dipoles, see Fig. 
5. 

Fig. 5 The racetrack microtron 

3.1 Operating principles 

The conditions for resonant acceleration are basically the same as for the circular 
microtron, but are modified by the straight section I between the magnets. We get for the 
revolution time in the first orbit: 

Tx = (2x/ec2B)(E0+Ei+AE) + 21/c = HT = \xlî. (17) 

Compare to Eq. (1). The increase in revolution time between orbits n and n+1 must obey: 

AT = (2x/ec2B)AE = VT (18) 

assuming v = c in all orbits. Introducing the wavelength of the microwave X = cr = c/f, 
we have the resonant energy gain: 
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AE = (Eo+E>/0t-j/-2£/X). (19) 

In this case n>2 and v = 1,2,3,... The magnetic field is given by Eq. (6): B = 
(2irf/ec2)AE/j/, or in terms of the cyclotron field, Eq. (8): 

(Bo/B)(AE/E0) = v. (20) 

An expression for the orbit radius p n, in the n'th orbit is sometimes useful. 

2x(pn/X) = (Bo/B)(En/E0) = (n+i>, (21) 

where i = (EQ+E^/AE. It is clear from Eq. (19) that the energy gain in the RTM can be 
made much larger than in the classical microtron, since the straight section 2 can be chosen 
"freely". (The length of the straight section 2 has to be such that y. becomes an integer.) 
With this higher energy gain the magnetic field becomes several times the cyclotron field, 
making the accelerator compact for a high final energy. 

As an example let us look at some design parameters for a 20 orbit RTM, with 100 
MeV final energy. With f = 3 GHz we get X = 10 cm and B 0 = 0.107 T as before. 
Choosing v = 1 for maximum phase stable area, together with the energy gain 5 MeV and 
an injection energy of 50 keV, we find the magnetic field from Eq. (20): B = 1.05 T. We 
can now calculate the first orbit radius of 1.8 cm and the radius of orbit 20 to 32 cm from 
Eq. (21). These figures determine the first orbit geometry and the size of the dipoles, 
respectively. The length of the straight section, 2 is determined by the length of the linac 
(the accelerating gradient) and maybe other space requirements. With 2 « 1 m, we get /x 
= 21, which is much larger than for the classical microtron. 

3.2 Injection 

The particles can be injected into an RTM in a way similar to the circular microtron 
where a thermionic electron gun is supplying non-relativistic electrons at an injection energy 
of a few tens of keV. The electrons are either injected directly from the gun, or there is a 
pre-buncher between the gun and the linac for a more efficient injection. Another approach 
is to inject high energy, relativistic (typically a few MeV) electrons from a pre-accelerator, 
such as a Van de Graaff or a linac. This second approach becomes a necessity when the 
energy gain in the linac becomes high. 

A few words about first orbit geometries are appropriate here. There are two 
problems in connection with the first orbit in an RTM. First, the orbit radius may not be 
large enough for the first orbit to clear the linac structure. Secondly, the electrons in the first 
orbit may not be sufficiently relativistic, so that some correction of the first orbit path length 
is required. A solution to both of these problems is offered by the reflected first orbit 
geometry suggested by Alvinsson and Eriksson [12], where the electrons after the first pass 
through the linac are displaced by a magnet system and then directly reflected back into the 
linac by the main dipole (see Fig. 6). The acceleration phase during the first pass can be 
independently adjusted by sliding the linac along its axis, without affecting the phase for 
subsequent orbits. 
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Displacing Accelerator Electron 
Magnets (Linac) Gun 

Fig. 6 A racetrack microtron layout illustrated by the Scanditronix RTM50 

3.3 Extraction 

The orbits are well separated also in the RTM, making the extraction of any orbit 
uncomplicated. The extraction is usually carried out with a small magnet deflecting the orbit 
to be extracted into an extraction channel. For multi-energy operation, when several orbits 
are to be extracted, the magnet is made movable or extraction magnets are placed in each 
orbit (see Fig. 6). 

3.4 Phase stability 

The relations for the phase motion in the classical microtron, i.e. Eqs. (12) and (13), 
are valid also for the RTM, with the energy resolution inversely proportional to the orbit 
number. It must be emphasized however, that Eqs. (12) and (13) are derived under the 
assumption of extreme relativistic particles and that there is no focusing of the particles. In 
a practical case the focusing modifies the phase motion and the conditions for extreme 
relativistic particles may not be fulfilled for the first few orbits. Performing numerical 
calculations with these factors taken into account is therefore the best approach to study the 
phase stability in the racetrack microtron. 

3.5 Transverse stability 

The transverse stability in the RTM is completely different from the conventional, 
circular microtron due to the main dipole geometry, and a separated-function solution to the 
transverse stability problem is usually employed. Characteristic for racetrack microtrons is 
also that the beam optics has to focus over a large dynamic range. 

There are two different approaches to arrange the beam optics in an RTM. One solution 
is placing focusing elements in the drift section of each orbit, and in this way the betatron 
phase advance can be kept constant for all orbits. The other approach is to put the focusing 
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elements on the linac axis. In order to avoid overfocusing in the first orbits, the focusing in 
the last orbits becomes weak. The beam optics will therefore be working close to integer 
resonances, with high sensitivity to dipole errors. This is however not so serious here as in 
synchrotrons, because these errors can easily be corrected by small dipoles in each orbit. 

A problem common to all RTM's is the vertical defocusing effect from the fringe fields 
of the dipoles, with a focal length of the same order of magnitude as the bending radius in 
the magnet. This can be solved by the reversed field from active field clamps suggested by 
Babic and Sedlacek in 1967 [13], and now used in most RTM's. If the fringe field is 
symmetric about the median plane the vertical focal length due to the fringe field is given 
by: 

fv = P 2 

d d d 
J (B/B0)dz - J (B/Bo)2dz - 2(y2/3) \ (B7B0)2dz + 

0 0 0 
(2) 

where d is the nominal extent of the fringe field, p is the orbit radius in the uniform field 
B0 and B' = dB/dz. From this it is evident that for small values of y, when the y2-term is 
negligible, a fringe field distribution can be found for which fy is infinite. 

The vertical focusing from the reversed field is only important for the first orbits, since 
fy ~ p 2. However, it can be improved by introducing a small gradient in the main dipoles. 
This will give a focal length f « B/2g, where g is the gradient, independent of energy. 

3.6 RF systems 

All racetrack microtrons operate in the L-band (~ 1.3 GHz) or the S-band 
(~3GHz), using klystrons as the RF-power source, due to the higher power levels needed 
compared to conventional microtrons. Pulse lengths from less than 1 jus up to around 5 fis 
are typical, with duty factors from approximately 0.1 to several percent. Most RTM's 
employ standing wave linacs, with accelerating gradients in the range 2-15 MV/ra, and 
energy gains per pass of typically 1 to 5 MeV. Average beam currents are typically between 
1 and 100 jxA. 

3.7 Applications 

Racetrack microtrons find applications in various areas of science and technology. 
For example: 

- Injectors to storage rings and synchrotrons, where their excellent momentum spread and 
small emittance simplify multi-turn injection [9]. 

- Nuclear physics. 
- Industrial applications, e.g. radiography and electron radiation treatment. 
- Medical applications: radiation therapy, where the high energy and good beam quality 

is employed for scanned beam techniques [14]. The high energy available also makes 
production of short-lived isotopes from photonuclear reactions possible. 

- Free-electron laser applications. 
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