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An improved magnetic beam extraction channel for
the Oak Ridge Isochronous Cyclotron (ORIC) has been
designed to significantly reduce the external f ie ld
disturbance and provide uniform in-channel f ie ld . This
wi l l make beam extraction near vr • 1 more predictable.
The new channel consists of an iron tube of constant
cross section with independently adjustable windings,
both inside and outside the iron. The windings have a
cose current density distribution. The iron tube is 1
meter long with a bore of 6 cm; aperture for beam is 4
cm. The external f ie ld is negligible except for small
perturbations in the f ield arising from the geometry
modifications required at the ends so that the beam can
enter and leave. The f ie ld reduction inside the chan-
nel is variable from 0.4 to 0.6 Tesla without s igni f i -
cant change in either the internal f ield uniformity or
the external f ield level.

Introduction

The extraction system orrangemerit .ror ORIC is shown
in Fig. 1. The device labeled "compensated-iron magne-
t i c channel" must provide a f ie ld reduction that is
adjustable from about 0.4 Tesla to 0.6 Tesla. Uniform-
i ty of the f ie ld inside this channel and a minimum
external f ield are also important characteristics for
assuring good quality beam and predictable extraction

Fig. 1. Extraction system arrangement for ORIC
showing location of "compensated-iron
magnetic channel."

conditions. Since the in i t ia l operation of the cyclo-
tron in 1963, a channel using iron and current carrying
conductors in two. separately adjustable circuits has
been used.1 Recent insights gained from a more precise
knowledge of the beam orbit behavior close to extrac-
tion radius have motivated redesign of the extraction
channel to achieve reduced disturbance on the circu-
lating beam and a mor-? uniform f ie ld reduction inside
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the channel. The original channel was fonaed with
coils and an iron box that are rectangular in cress
section (Fig. 2), but curved from end to end to follow
the beam path. The radial beam aperture varies f ro*
2.7 cm at the entrance to 5.9 cm at the exit. Both the
flare and the rectangular channel shape contribute to
the non-uniformity of the internal f ie ld and to the
external f ie ld disturbance.

Fig. 2. Cross section of the existing extraction
channel with separately powered inside and
outside coi ls. In this channel the iron
contributes about 0.07 Tesla reduction
(~ 10% of the tota l ) .

Channel Design

The new extraction channel design has a constant
cross section with conductors and iron placed as shown
in Fig. 3. The beam aperture is 4 cm and the length is
100 cm. I t is well known that a cos8 distribution of
current density yields an internal f ie ld that is
uniform.2.? He have chosen, as a practical method of
winding the coi ls, to distribute the current with
constant spacing along the f ie ld direction (z) on the
surface of a cylinder (Fig. 4). This can be shown to
be a good approximation of a cos8 current density
distribution. This arrangement gives a f ie ld that is
nearly uniform within the coil and has approximately a
1/r2 fa l l -o f f outside.

An interesting feature of coils of different radii
constructed with the same z-spacing of conductors is
the fact that they produce the sane internal f ie ld for
the same conductor current. As wi l l be seen, this pro-
perty can be used to explain the internal f ie ld of the
iron cylinder.

Since the channel is positioned between the pole
tips of the cyclotron magnet in a region where the base
f ie ld intensity is 1-2 Tesla, the channel iron is essen-
t i a l l y fu l ly saturated, and it.s effect can be closely

(NUNRfc



OMH."O«S K«41t ORNL-WW 85-9417

Fig. 3.
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Cross section or new channel design. The
inside coil conductors and the outside coil
constitute two separately powered circuits.
In this design ths iron does not contribute
to the field reduction. The conductor is
6.35 mm (1/4 in.) square with a 3.18 rnn
square water passage. Conductors of the
inner most coil (coil 1) are centered on a
circle of 2.9 cm radius. Coils 2 and 3 are
centered on circles of 3.6 and 5.7 cm,
respectively.
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Fig. 4. Two arrangements for achieving cos8 current
density distribution which result in uniform
field inside and 1/r2 fall off outside.
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Fig. 5. Filament representation of surface currents
on uniformly magnetized or saturated iron
used to compute the field due to the iron.
Positive inside surface filaments are paired
with negative inside surface filaments having
the same z. Outside surface filaments are
similarly paired.

In an "ideal" channel of this configuration, but
without openings in the ends for beam, any field reduc-
tion from 0.4 to 0.6 Tesla inside the channel can be
achieved by suitable choice of coil currents, with a
maximum current of 2600 amps, while at the same time
having everywhere zero external field. The inside and
outside coil required"currents to achieve these con-
ditions are illustrated by Fig. 6. These curves can be
computed from the data in Tab'e I by choosing a current
for coil 3 and finding the appropriate current for coils
1 an4 2 in series so that the contributions at 10 cm
from the center of the channel sum to zero. The field
at all other points external to the channel is also
essentially zero. Calculated uniformity inside the
channel is ~ * 0.3%.
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Fig. 6.
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Required currents in the inside and outside
coils to achieve any desired field reduc-
tion throughout the operating range for the
channel with iron.

TABLE 1

approximated using the method of surface currents.^ In
our computations, each step on the surface of the iron
(Fig. 5) has been represented by a single current fila-
ment, as has each of the coil conductors. For the iron,
a saturation value of Bo = 2.08 Tesla has been used,
corresponding to a surface current of 16542 ampere-
turns/cm. A small error in the assumed saturation value
merely changes the coil currents required to simultan-
eously achieve both external compensation and the
internal desired field. The configuration of the iron
also results in a cose current density distribution,
and since there are two iron surfaces with opposing
currents, the field contribution of the iron is zero
inside the channel and has a 1/r2 fall-off outside.

Inside coils
Coil 1 Coil 2

Outside
Coil 3

I (amps)

Bo* (gauss)

Bio** (gauss)

2600 2600

-2322.5 -2315.9

2600

-2313.3

185.0 287.9

Iron
only

1.3

733.5 -916.4

*B 0 is the magnetic field in the center of the channel.

**Bio is the magnetic field 10 cm from the center ofthe channel.
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When conductors are moved out of their "ideal"
position at the ends of the channel to make room for
the passage of the extracted beam, the external field
is no longer zero near the displaced conductors. Local
field disturbances of > 0.1 Tesla would exist near the
ends if left uncompensated. However, these high field
regions can be largely eliminated by local addition of
iron and small adjustments in the positions of a few
conductors near the ends. Although such trimming is a
compromise because of the variable level of operation,
it is quite satisfactory. Analyzed in terms of first
harmonic seen by the ORIC circulating beam close to the
channel the net disturbance is — 3 gauss after trim-
ming. This is a value that can be compensated easily
by the cyclotron harmonic correction coils.

Variations

Although this channel was designed specifically for
a range of 0.4 to 0.6 Tesla, the fully-compensated
field reduction can be extended down to 0.33 Tesla
without exceeding 2600 amps by separating the inside
coil into two circuits and operating the smaller radius
coil with opposite polarity. If a different range is
required, it can ' " obtained by the appropriate selec-
tion of iron thickness, or at the expense of power by
raising the current to the cooling limit of the conduc-
tor (~ 3900 amps).

In principle, it is also possible to achieve the
same fields without the iron, but the coil current
requirements differ markedly as shown in Fig. 7. If
the iron is removed, the outside coil current must be
reversed to compensate the external field of the inside
coil. Under these conditions the outside coil opposes
the field of the inside coil, but is more effective
outside the channel than inside. The power requirement
for a channel with copper conductors, but without iron,
is shown in Fig. 8(a). When iron is added so that the
channel has the configuration of Fig. 3, the power is
given by curve 8(b). If a channel without iron were
required, for example in a region where iron was not
uniformly magnetized, a superconducting version would
probably be the most practical.
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Fig. 7. Operating currents required for a channel
with the same coil geometry as Fig. 3, but
with no iron.
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Fig. 8. Power required for a 1-meter-long channel
without iron (a) and with iron (b).

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.


