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Résumé

Tout accélérateur électronique moderne destiné au traitement du
cancer doit répondre à de nombreuses contraintes conceptuelles dont l'une
est la hauteur isocentrique au-dessus du niveau du sol. On considère
généralement que la hauteur maximale â laquelle une infirmière peut travailler
près du malade est 130 cm. La venue d'appareils à énergie plus élevée a
rendu de plus en plus difficile l'application de cette contrainte, car des
champs magnétiques plus étendus sont requis dans l'aimant qui dirige le
faisceau sur le malade.

On a développé une nouvelle configuration d'aimants doublement
achromatiques à 270° qui minimise la hauteur de 1'isocentre pour une énergie
maximale et un champ magnétique maximal donnés. Il s'agit d'une configuration
asymétrique à deux aimants comprenant un indice de champ nul, des champs
égaux et un coude de plus de 180° dans le premier aimant. Ce système est
compact, facile à fabriquer et relativement insensible aux tolérances
d'assemblage. Des fentes permettant de définir l'énergie sont facilement
incorporées dans le concept et peuvent être aisément protégées contre les
rayonnements. La correspondance et l'orientation des faisceaux à l'entrée et
à la sortie sont réalisées facilement au moyen d'un doublet quadripolaire
compact d'entrée et de petits enroulements d'orientation. La conception et
la mise à l'épreuve sur banc d'essai d'une telle déviation destiné à un
accélérateur électronique de 25 MeV sont décrites dans le rapport AECL-7057.

Le présent rapport décrit en détail la mise à l'essai de l'aimant
à 10 MeV et à 21 MeV, réalisée en utilisant le faisceau électronique à énergie
variable de l'accélérateur Therac 25 employé pour le traitement du cancer.
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R.M. Hutcheon and B.A. Gillies

ABSTRACT

A modern cancer therapy electron accelerator unit must satisfy many
design constraints, one of which is the isocentric height above floor level.
Usually 130 cm is considered the maximum height at which a nurse can work with a
patient. The advent of higher energy machines has increasingly made this more
difficult to achieve, as higher magnetic fields are required in the magnet that
directs the beam onto the patient.

A new 270° doubly achromatic magnet configuration has been developed
which minimizes the isocentre height for a given maximum energy and maximum
magnetic field. The system is an asymmetric two magnet configuration, with zero
field index, equal fields and a bend of greater than 180° in the first magnet.
It is compact, easy to manufacture and relatively insensitive to assembly
tolerances. Energy defining slits are easily incorporated in the design and can
readily be radiation shielded. Input and output beam matching and steering is
easily accomplished with a compact input quadrupole doublet and small steering
windings. The design and bench testing of such a head magnet for a 25 MeV
electron accelerator is described in report AECL-7057.

The present report details the testing of the magnet at both 10 and
21 MeV using the variable energy electron beam from the Therac 25 cancer
therapy accelerator.
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BEAM TESTING OF THE LAB MODEL 270° HEAD MAGNET

R.M. Hutcheon and B.A. Gillies

1. Introduction

The Lab Model 270° magnet is the prototype of a head magnet for the

Therac 25 medical accelerator unit. As such, it has many requirements

placed on it:

(1) The net bend is 90°.

(2) It must accommodate energies between 5 and 25 MeV.

(3) It must have an energy acceptance of ± 10% (20% acceptance) to

accommodate the large accelerator energy spread at low energy.

(4) The beam spot diameter on target is i 3 mm.

(5) The position and angle of an electron incident on the

bremsstrahlung target must be essentially independent of

electron energy (1 2 mrad/%).

(6) The spot position and beam angle on target must be adjustable.

(7) It should provide a means for measuring the energy.

(8) Its physical projection (minus shielding) above the accelerator

axis must be - 21 cm with the target location no more than

4 cm below the axis (isocentre height - 128 cm).

A new 270° magnet design was developed to meet these requirements, and the

calculated properties of the magnet system are described in detail in

Reference 1.

Figure 1 is the actual layout drawing used in construction

(reduced scale), and shows the location of the quadrupoles, steering coils,

magnetic shielding, energy defining slits and trim coils. Figure 2 shows

views of the tnidplane of the actual magnet, with and without the vacuum

chamber in place. The quadrupoles match the input beam optics to the

magnet optics. The steering coils provdde fine adjustment of the input

beam angle - and thus output beam position and angle. The magnetic
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Fig. 1 Layout drawing (reduced scale) used in construction of the 270° magnet system, showing input
quadrupole doublet, steering coils, magnetic shielding, trim coil on pole # 2 and energy defining
slits.



Fig. 2 Photographs of the 270° magnet split down the midplane, showing
the coil and pole configuration and (lower) the vacuum chamber with
energy defining slits. The beam enters from the left.



shielding is necessary both to reduce the effect of unwanted fringe fields

on the input beam and to define the input and output field edges

reproducibly. The trim coils change the magnetic field in the small pole,

and thus the output position and angle. The energy defining slits are

located at a point of large dispersion but small magnification, producing

fairly clean energy definition.

The detailed characteristics of the accelerator beam have not

been measured, so for design purposes it was assumed represented by an

upright ellipse (2.0 mm, 2.5 mrad half axes) at the accelerator midpoint

(approximately 100 cm from the magnet input). Maximum transmission

through the accelerator is expected with a midpoint waist.

The beam measurements reported here will use the co-ordinate and

sign conventions shown in Fig. 3. This is the same as the TRANSOPTR and

TRANSPORT conventions, where x is positive radially outwards, and the y

direction, x direction and the beam direction form a right-handed

co-ordinate system. The units will be millimetres for displacement (and

length), milliradiar.s for angle (divergence) and percent for 6.

There were three diagnostic devices used in this study:

(a) an electron sensitive paper, which changes colour according to
2)

delivered dose

(b) zinc sulphide scintillator on thin foils

(c) a 0.6 cm Baldwin-Farmer ionization chamber on a travelling carriage.

The electron sensitive paper (sticky on one side) is used to make

a permanent record of the spot size at any location outside the vacuum,

generally on the top (input) surface of the bremsstrahlung target. The

distinct colours are yellow, pink, dark purple and unexposed green. A

quantitative dose distribution may be obtained by noting that the region

of transition between colours is fairly narrow, and that the ratio of the

dose rate at the yellow-to-pink compared to the pink-to-purple transitions

is 20:1. One may then take many pictures, each with a different total

electron charge (i.e. different exposure times) and build up a self-

consistent distribution pattern.
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Fig. 3 Schematic figure showing the coordinate and sign conventions used in
this work. All displacements and angles shown are positive in sign.



Zinc sulphide screens were made of powder sprinkled on transparent

tape and were viewed by a television camera to allow dynamic adjustment

of the beam spot.

The travelling ion chamber (with a small lead collimator) was

located 60 cm below the bremsstrahlung target, and used to measure either

the electron or bremsstrahlung distribution about the geometric centre of

the lower collimator system. This, together with the spot position

measurement at the target, provided a measure of the differential beam

angle, with an absolute error of ± 4 milliradians.

2. Initial Magnet Set-up with Beam

2.1 Adjustment of £he Anti-Syuaietric Quadrupole Doublet

The beam must be steered through the magnetic centre of the

quadrupole to reduce aberrations and eliminate steering effects. If one

has a symmetric beam, this is accomplished easily by viewing the straight-

through beam with a television camera. The quadrupole current is oscillated

about the value that produces a focus on the viewing screen and the

position of the beam entering the quadrupole is varied until the centroid

of the beam spot does not move. (Of course, the spot size and shape does

vary.) Note that the spot centroid does not have to be on the accelerator

axis - this can be adjusted later with the steerers after the quadrupole.

The operating quadrupole current can be approximately

determined by looking at the straight-through beam. As the quadrupole

current is increased, first a fairly well defined vertically oriented

ellipse should be seen, and then, at a higher current this should become

a well-defined horizontal line. The operating point lies between these

two conditions, usually closer to the higher (horizontal line) current

value. Note that if the polarity of the quadrupole is reversed, the

images will appear in the opposite order as the current is increased.

The desired polarity yields the specified sequence.



2.2 Steering Coil Calibration

The steering coil Is a small picture-frame segment with 260 turns

on each of the four sides, and with opposite coils connected in series

and arranged such that their fields buck each other. The position of

the beam spot on the straight-through window was measured as a

function of steering coil current for a specific beam energy (Fig. 4).

Together with the distance from the steering coil to the straight-through

window (810 mm), this yields an expression for the change in input beam

angle as a function of steering coil current and beam energy:

A Input Angle (mrad) = 4.7 * I(A) at 21 MeV

= 98.0 * I(A)/E(MeV)

2.3 Energy Defining Slit Current Signals

The initial set of slits were made of copper and defined a

28 mm gap - which corresponds to approximately ± 14% energy acceptance -

i.e. ± 14% about the central trajectory energy.

The low energy (% 10 MeV) spectrum is quite broad and locating

the mean energy on the central trajectory should yield approximately equal

slit currents. At higher energies the spectrum becomes narrower

(% + 1% at > 21 MeV), and is asymmetric about the most probable energy,

with a rapid drop-off on the high energy side and a long tail on the low

energy side (Fig. 5). Thus, if the beam is adjusted for equal pickup on

the slits, the mean energy trajectory will lie outside the central

trajectory, increasing the second order effects and subsequent aberrations.

During the measurements with the large gap copper slits, the main

magnet current was set at the midpoint between the two values of current

that produced maximum signals on the two slits,

Later, a set of graphite slits were installed, defining a ± 10%

energy acceptance. It was found, however, that the outer (high energy)
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Fig. 5 Accelerator output electron energy spectra (smoothed) as a function
of output energy.
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graphite slit was being shadowed by the magnet vacuum chamber walls

(the result of an early improper SCOFF edge position measurement) and that

the outer graphite slit subtended only a very small percentage of the

energy spectrum. (On future magnets this can be cured either by moving

the whole slit assembly to a slightly smaller radius (i.e. moving the

central trajectory to a smaller radius) or by increasing the outer wall

radius of the part of the vacuum chamber inside pole 1.)

2.4 Adjustment of Spot_Shape on_Target

The spot shape on target (or at the vacuum can exit window) is

primarily a function of the quadrupole current. A series of runs were

done at different energies, and the beam spot shape was observed with the

television camera and a zinc sulphide screen. The quadrupole current was

varied to produce an optimum small, symmetrical spot. The results are

shown in Fig. 6.

It is also necessary to know the sensitivity of the spot shape

to the quadrupole current, so a series of electron sensitive paper

exposures were done at 21 MeV for different quadrupole currents, but

equal integrated amounts of current.

Theoretical calculations were done with TRANSOPTR of the beam

half width as a function of quadrupole current. By making the assumption

that the diameter of the pink-to-purple transition line is proportional

to the spot half width, and by normalizing the data at the calculated

minimum spot size, one can compare the actual and calculated effect of

the quadrupole (Fig. 7). Considering that the input beam is somewhat

unknown and that it is certainly not symmetric in phase space, the

agreement is reasonable.

3. Setting the Spot Position and Angle on Target

3.1 Adjustment of the Shielding to Shunt Gag

Fine tuning of central trajectory characteristics may be done by

changing the position of the effective input edge. Calculations with

TRACK indicate that changing the input shunt to pole edge gap from
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43 mm to 20 mm will decrease the total bend by ^ 3 milliradians

(A9 = + 2 mrad) by the present sign convention and move the spot position

away from the accelerator by 4.5 mm (Ax, = - 4.5 mm). This co-aid be

very useful since it allows one to change the position of the beam without

a significant angular change.

The magnet was first operated with a 43 mm gap, and the target

spot was found displaced - 3.4 mm towards the accelerator (Ax, = + 3.4 mm)

at an extraction angle A6, = - 54 mrad (overbent). This could not be

satisfactorily moved with the steering and trim adjustments, so an

additional length was added to the shunts reducing the gap to 20 mm.

This shifted the spot to a position ~ 2.3 mm off centre, away from the

accelerator (Ax = - 2.3 mm), with Ae = - 34 mrad. Note that the

extraction angle did change by i + 20 mrad, aounter to the TRACK

predictions. No explanation was found for this effect.

Thus the change in gap had the following effect:

6 Gap (mm) 6 x, (ram) 6 6 (mrad)

- 23 - 5.7 + 20

where it is important to note that <5x, and 66 are of the opposite sign

and that the relative change in angle is still small compared to the spot

pos i t ion change.

3.2 Sensitivity to Trim Coil_Current

The spot position and angle sensitivities were measured as

functions of the trim coil current at low and high energy. The trim coil

current versus magnetic field calibration was reported in the design and

bench testing document

The percentage change in the pole # 2 field for the low and high

ound t

Energy

energy set-ups was found to be as follows:
AB

10 "2.1 (%/A)

25 0.55 (%/A)
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Note that the ratio does not scale with energy, showing that the pole is

approaching saturation and thus the trim coil is less effic"̂  mt at

producing field changes. These numbers (appropriately interpolated) may

be used together with the measurements (Figs. 8 and 9) to make a com-

parison with the performance calculated in the design document.

fAxf(mm)/e(%)]

[Aef(mrad)/e(%)]

where e = (——)
B2

Design

- 1.4

-10.5

10 MeV

- 1.4

-15.?

Measured

21 MeV

- 1.3

-16

Note that for a given trim coil current change the ratio of the angle

change to spot position change is given by

A9
- ~ i 12 mrad/mm
Ax

Trim

3.3 Sensitivity to_Vertical_Input_Steering

The beam position and angle on target may be varied by changing

the input beam angle, using the steering coil located immediately downstream

of the quadrupole doublet.

The measured variation of beam angle and spot position is shown

in Figs. 10 and 11. The ratio of the output angle change to spot position

change is

A6
•— - 21 mrad/mm

f
Vertical
Steering
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4. Measurements of the Doubly Achromatic Characteristics

The chromatic properties were measured by leaving the beam energy

fixed and varying the magnetic field. For a non-saturated single drive

coil magnet, this is equivalent to changing the beam energy - provided,

of course, that the beam energy spread is narrow relative to the magnet

acceptance. The energy spectra indicate that this is the case for energies

above 20 MeV. At 10 MeV, the FWHM is approximately 10%, making measure-

ments at this energy less definitive.

At 21.5 MeV, the beam spot position and angle at the top surface

of the bremsstrahlung target was measured over a ± 15% range about the

nominal magnet setup current (Fig. 12). A + 10% operating range may be

chosen over which the total spot centroid movement is 0.6 mm and the total

angle change is 24 milliradians, yielding

Air

ef) < 0.03 mm/%
o

(̂ j) i + 1.2 mrad/%
o

The shape of the curves actually suggests a quadratic dependence on energy,

as one might expect from a first order corrected system. Under this

assumption, the following estimates were made of the second order

chromatic terms:

+ 0.008 mm/(%)2; ^i fc - 0.11 mrad/(%)2

which should be compared with the numbers calculated by TRANSOPTR -

+ 0.008 m m / a ) 2 and - 0.07 mrad/(%)2.

Two months later the vacuum chamber was moved 8 mm towards the

accelerator and narrower graphite slits were inserted reducing the nominal

magnet acceptance to ± 10%. The magnetic shunt box was lengthened to

maintain the same gap between it and the pole If 1 input edge. A shift of

up to 2 mm in shunt position may have occurred at this time. The beam

position and angle were measured again- as a function of magnet current
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but at a location 10 mm below the target position. The measurements

(Fig. 13) bear little resemblance to the first set, although all chromatic

variation is quite acceptably small:

(£f) < 0.0A5 mm/%

(HT) i 0.21 mrad/%
o

at 21.5 MeV. At 10 MeV the chromatic dependence is smaller still, but

this decrease is probably a result of the broad energy spread which

effectively fills the magnet acceptance.

5. Measurement of Electron Beam Spot Size at Bremsstrahlung Target

As only an approximate measure of the electron beam spot intensity

distribution was required, the green electron sensitive paper method was

used.

At 21 MeV, the 5% intensity radius was measured to be 1 1.65 mm

radially and ^ 1.4 mm axially - well within specifications.

At 10 MeV, the beam spot was somewhat larger and more diffuse, so

a series of green electron sensitive paper images was made at constant

current but with varying exposures, ranging from 10 to 180 seconds. By

measuring the yellow-to-pink and pink-to-purple transition radii and
*

overlapping and interpolating, one can iterate to an approximate self-

consistent intensity distribution (Fig. 14). The diffuseness of the

transition edges limits the resolution, and introduces a large uncertainty

at small radius. Thus the shape for r < 1 mm is really a conservative

lower limit, and in fact the peak central intensity could be up to 25%

greater. These measurements were done with the slits at ± 14% energy

acceptance but when this was later reduced to + 10% there was no

significant reduction in spot size. Thus the beam spot size in the 10 MeV

mode is probably limited by the input beam size, which may be up to 5 mm

radius.
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6. Measurement of Extracted Electron Beam Angular Distribution

The Therac 25 accelerator must also operate in electron mode;

that is, the electron beam is extracted as cleanly as possible (i.e. with

a minimum of photon contamination) and swept in a controlled raster

pattern over the patient by a deflection magnet. To minimize both the

photon contamination and the angular spread of the electron beam (the

latter is important for flattening dose distributions) a 17.5 micrometre

(0.007 inch) thick nickel foil was used for the vacuum chamber beam

exit window. The thin nickel window was found to be quite rugged and able

to withstand small direct hits from tools.

The angular distribution measurements were made with the

travelling ion chamber embedded in a lead collimator and with the aperture

covered with sufficient lead to prevent the ion chamber from saturating.

Radial scans at 59 cm distance from the window are shown for both

high and low energy extracted beams (Figs. 15 and 16). The electron beam

FWHM diameter on a patient at 100 cm SSD should be 11.5 and 7.9 cm (half

angle at half maximum of 3.3° and 2.3°) at 10 and 20.5 MeV, respectively.

7. Measurement of Photon Beam Field Symmetry

The present tests used a single total-stopping copper bremsstrahlung

target (radiator), both at 10 and 20.5 MeV. The same collimated travelling

ion chamber was used for scans at 59 cm, and initially a 3 mm Lucite

build-up cap was used. All scans were done with an actual therapy mode

beam defining collimator in place (10 cm thick tungsten jaws in both

radial and axial planes), set to produce a 35 x 35 cm field at 100 cm SSD.

The photon dose distributions shown in Figs. 17 and 18 were

obtained at 10 and 20.5 MeV. They are reasonably symmetric and have

approximately the expected shape. The ratio between the intensity at the

peak (on axis) and at the collimator shadow edge is proportional to the

height of the flattener cone needed to produce a uniform intensity

distribution at the patient. For the 20 MeV case, the value 2.2:1 was

much lower than expected. Low energy photon contamination was suspected,
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Fig. 15 Measured angular distribution of the extracted electron beam using a small travelling ion
chamber - at 10 MeV.
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Fig. 16 Measured angular distribution of the extracted electron beam using a small travelling ion
chamber - at 21.5 MeV.
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Fig. 17 Measured photon beam lateral dose distribution with 3 mm Lucite build-up cap on ion chamber
- at 10 MeV.

Note: 1 rad = 10 mGy
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Fig. 18 Measured photon beam lateral dose distribution with 3 nun Lucite build-up cap on ion chamber

- at 20.5 MeV.

Note: 1 rad = 10 mGy
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so a 32 mm thick Lucite build-up cap was used, making the measurement depth

equivalent to % 35 mm in a water phantom - and thus reducing the

sensitivity to surface dose. The resulting radial and axial dose

distributions at 20.5 MeV are shown in Fig. 19 and verify the low energy

contamination hypothesis. A flattening ratio of % 3.3:1 is reasonable at

20.5 MeV. Using both steering and trim corrections, it was possible to

set up symmetric photon fields centered on the collimator jaw centre for

both radial and axial planes.
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Fig. 19 Measured photon mode radial and axial (lateral) dose distributions with 32 mm Lucite build-up

cap on ion chamber - at 20,5 MeV.

Note: 1 rad = 10 mGy
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