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Abstract

The Eindhoven Race-track microtron contains two inho-
mogeneous bending magnets to obtain sufficient transverse
focusing. For the design of these magnets we have used a
first-order matrix theory to describe particle trajectories.
Recently, higher-order terms of the magnetic field have
been taken into account and the effects on the transverse
motions have been studied. Here, we have used the numer-
ical code COSY INFINITY [1] as well as numerical orbit
integrations through the measured field maps.

1 INTRODUCTION

At Eindhoven University of Technology, a 75 MeV race-
track microtron (RTME) [2] is being designed and con-
structed. This microtron (see Figure 1) will serve as in-
jector for the electron storage ring EUTERPE [3]. The
electrons are injected from a 10 MeV revised medical linac
into the microtron and are accelerated in a 2998 MHz
standing wave structure with an accelerating voltage of 5
MYV. Combined-function magnets have been used to pro-
vide closed orbits as well as sufficient focusing forces [4].
Furthermore, the magnets have been rotated in their me-
dian planes to assure closed orbits. The profile of the mag-
net poles consists of two distinct sectors (sector I and II)
such that the air gaps are 20 and 17 mm, respectively. The
magnetic field in sector I and IT are 0.51 T and 0.60 T, re-
spectively. The distance on the cavity-axis between the
bending magnets is 0.99 m. The main RTME parameters

Figure 1: Perspective view of the Eindhoven race-track
microtron

are listed in Table 1.

Table 1: Main RTME parameters.

RF frequency (A=0.10 m) 2998 MHz
Magnet separation 0.99 m
Injection energy 10 MeV
Extraction energy 75 MeV
Accelerating voltage 5 MV

Number of orbits 13
Magnetic field (sector I/II)  0.51/0.60 T
Air gap (sector I/II) 20/17 mm

2 ELECTRON-OPTICAL DESIGN

The combination of two-sector profiled bending magnets
and their rotation in the median plane offers an electron-
optical system with inherent focusing at three edges of each
magnet. For the design of the bending magnets, we have
maximized the transverse acceptances with respect to the
two degrees of freedom, offered by the choice of the two-
sector profile. To calculate the transverse acceptances, the
magnetic field has been modeled by sections with uniform
magnetic field (hard-edge approximation) and the particle
trajectories have been calculated from a sequence of first-
order transfer matrices. The effect of the fringing fields on
the vertical plane motion has been modeled by an extra
defocusing force in the vertical plane. The strength of this
extra force has been calculated from the magnetic field dis-
tribution in the median plane [5]. Furthermore, the effect
of the cavity on the transverse motions has been incorpo-
rated by using the transfer matrix as given by e.g. ref.[6].
The specific magnetic field distribution in case of the mi-
crotron bending magnets has been obtained by applying
the technique of conformal mapping [7, 8]. As a result of
these model calculations, we have chosen a suitable mag-
net pole profile [8].

The thus obtained magnet pole profile has been real-
1zed and magnetic field measurements using a Hall probe
have been done. Then, calculations with the code COSY
INFINITY [1] have been carried out, where the measured
magnetic fleld maps have been used as input. The result-
ing first-order matrix elements have been used to calculate
the transverse acceptances at injection. These calculations
yield a horizontal acceptance of about 40 mm-mrad and a
vertical acceptance of about 55 mm-mrad at injection (see
Figure 2). The aperture is taken to be 10 mm.

Besides the acceptances, we have also calculated the
tunes, for each turn separately. The horizontal tunes vary
from 1.2 at 15 MeV to 1.1 at 70 MeV. The vertical tunes
vary from 0.4 at 15 MeV to 0.3 at 70 MeV. To illustrate
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Figure 2: (a) Horizontal and (b) vertical acceptances at
injection as obtained from particle tracking through the
measured magnetic field maps.

the action of the electron-optical system, we have plotted
some trajectories from injection to extraction in the hori-
zontal plane {Figure 3a,b) and in the vertical plane (Figure
4a,b) for a parallel beam and a divergent beam, respec-
tively. These results have been confirmed by numerical
integration of the leading equations of motion, where the
measured magnetic field maps in the median plane have
been used as input [8].
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Figure 3: Trajectories in the horizontal plane for (a) a
parallel beam and (b) a divergent beam as obtained from
COSY INFINITY calculations.

From these figures, we see that the beam dimensions
during the acceleration process are of the same order of
magnitude as the beam dimensions at injection. This is
due to the presence of strong focusing, which is obtained
by proper shaping of the magnet poles.

Another consequence of the strong focusing is that the
sensitivity of the trajectories for misalignments of the
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Figure 4: Trajectories in the vertical plane for (a) a parallel

beam and (b) a divergent beam as obtained from COSY
INFINITY calculations.

bending magnets is substantially reduced with respect to
weak focusing microtrons. Numerical calculations [8] have
shown that the alignment tolerances can be met by align-
ment of the bending magnets.

3 HIGHER-ORDER EFFECTS

In the analysis so far, we have neglected the effect of
higher-order terms on the particle trajectories. In order
to determine to what extent the above given acceptances
are an adequate representation of the electron-optical sys-
tem, we have calculated the acceptances for the case that
higher-order terms are taken into account. To compare
the first-order calculations with higher-order calculations,
we define the acceptance A to be the volume

A ://// dzodzodzydz]),
where

{(2o, 20,25, 25)||2(s)] < R Alz(s)| < R ,¥s},

(1)

(2)

and
= Y (zlsfaly)es R, 3)
KA1,
z= Y (zlefzgeh<y)zs20a'52g. 4
£A, 8,0

Here, the half-aperture R is taken to be 5 mm. The first-
order acceptance A! is obtained by letting x + u = 1,
A=v=0inEq(3)and k = p =0, A+ v =11in Eq.(4)
where &, A, i, € {0,1}. The second-order acceptance 4*
is ohtained by letting k + A+ pu+v = 2, 8, A, u,v € {0,1,2}
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The coefficients (z|z5232'52'y) and (z|z§zz'52'y) in
case of the microtron have been obtained from calculations
with the code COSY INFINITY. As an illustration, we
have plotted in Figure 5 the resulting all non-zero second-
order coefficients after successive cavity passages at a po-
sition, directly at the end of the cavity. The end of the
cavity is taken as reference since the cavity aperture is the
main acceptance limitation. Here, the measured magnetic
field maps have been used as input. The values of the coef-
ficients (z|z§z3z'h2z'y) are typically between -400 and 400,
whereas the values of the coefficients (z|z§z3z'hz2'y) are
typically between -200 and 200. Realizing that the per-
missible positions zg, zg and divergences z{ and 2} are a
few millimetres and milliradians, respectively, (see Figure
2 we see that, due to second-order effects, the horizon-
tal beam size is increased typically 2 mm and the vertical
beam size is increased typically 1 mm.  Since we are
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Figure 5: The values of the non-zero second-order coef-
ficients as obtained from COSY INFINITY calculations
after successive cavity passages at a position, directly at
the end of the cavity.

interested in the effect of higher-order effects on the trans-
verse acceptances, we have calculated the acceptance as
defined in Eq.(1) for the case that only first-order terms
have been taken into account, and for the case that also
second-order terms have been taken into account (third-
and higher-order terms can be neglected since they give
no significant contribution to the acceptances). The ra-
tio A?/A? of the first- and second-order acceptances after
successive cavity passages are given in Table 2.

Table 2: Second-order acceptance, relative to the
first-order acceptance after successive cavity passages.

1 2 3 4 5 6-13

1.00 1.00 1.00 1.00 0.99 0.99
099 097 095 094 093 092

A?/A! (hor.)
A?JA? (vert.)

First of all, we see that the forming of the acceptances
takes place typically in the first few orbits. Furthermore,
we see that the decrease of horizontal acceptance due to
second-order effects is negligible, whereas the decrease of
the vertical acceptance is only 8%. This means that, al-
though the transverse beam sizes will increase 0.5-2 mm,
higher-order effects are no point of concern as far as the
transverse acceptances are concerned.

4 CONCLUSIONS

In this paper, we have described the electron-optical prop-
erties of the 75 MeV Eindhoven race-track microtron. The
electron-optical design, and the resulting technical design,
of the microtron is based on model calculations, where only
first-order effects have been taken into account. Calcula-
tions where also higher-order effects have been taken into
account have shown that, although the transverse accep-
tances decrease slightly, the resulting acceptances are still
sufficient to match the emittance of the linac-microtron
beam transport line.
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