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A B S T R A C T

The characteristics of the focal spot of the linear accelerator (linac) play a role in determining the resulting dose
distribution within the patient, and hence probability of treatment success. A direct measurement of focal spot
position is not recommended by AAPM Task Group 142, but factors influenced by focal spot position, such as
beam symmetry and isocentre position, are. Traditional methods of measuring focal spot position are time
consuming and can only be performed at gantry 0°. The presented method has been proposed using a phantom of
novel design to accurately measure the position of the focal spot relative to the collimator’s axis of rotation
(CAX) at any gantry angle, and to measure the intra-fraction movement of the focal spot relative to the mean
position during treatment. The method was reproducible to within 0.012mm/0.029mm (mean/max) for the
three Varian linacs tested. The focal spot position was shown to deviate from the CAX by up to 0.386mm during
gantry rotation. The focal spot position was more unstable at the start of treatment, with the worst performing
linac having an initial displacement of up to 0.15mm from its mean position before stabilizing to within
0.01 mm after 3 s. The method proposed is a beneficial addition to the quality assurance (QA) schedule of any
clinic, allowing quick determination of source position and movement at any gantry angle. Measurement of focal
spot allows the possibility of fine-tuning the electron beam steering system to improve the standard of the photon
beam and of stereotactic treatments.

1. Introduction

Highly accurate treatment machines are required for modern
radiotherapy techniques where a high geometric accuracy is desired.
On clinical C-arm linacs, the geometric intersection of the rotation axes
of the couch, gantry and beam collimation system is known as the
mechanical isocentre, and the geometric intersection of the central axis
of all radiation beams through linac motion is known as the radiation
isocentre. The shape, size and position of the mechanical isocentre
[1–4] can be influenced by gantry sag [3,5–9], gantry head tilt and
inaccuracies in the precision bearing system [3,10–12].

The radiation isocentre is meant to coincide with the mechanical
isocentre and is influenced by the mechanical isocentre, collimation
positional inaccuracies including sag [13], focal spot position

misalignment with the CAX and a misalignment of the treatment beam
and flattening filter with the collimators’ central axis (CAX) [14–17].
The ability to independently measure each of these parameters is de-
sirable to determine which quantity is most in error to improve iso-
centre accuracy.

The report of the American Association of Physicists in Medicine
(AAPM) Task Group 142 [18] recommends that maximum runout of
each axis (size of the isocentre), and the coincidence of radiation and
mechanical isocentre should be no more than 1mm for stereotactic
radiosurgery (SRS) or stereotactic body radiotherapy (SBRT), and no
more than 2mm for non-SRS treatment machines.

Numerous methods have been proposed for measuring linac iso-
centre positions including use of mechanical pointers [19] or Varian's
IsoLock method [20] for the mechanical isocentre, starshot tests
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[1,7,11,21,22] for the radiation isocentre, Winston-Lutz tests [3,23,24]
for the coincidence of the mechanical and radiation isocentres, and
Varian’s IsoCal method [25] to validate the coincidence of the radiation
and imaging isocentres.

The focal spot position is the position on the tungsten target at
which the electron beam strikes to produce the clinical photon radia-
tion beam. This should be aligned with CAX to ensure maximum
treatment accuracy. The position, size and shape of the focal spot are
largely dependent on the beam steering and servo systems, consisting of
various focussing and deflection coils. A dual monitoring system and
feedback control loop increase the accuracy of the focal spot position by
monitoring beam symmetry and adjusting various steering coils to
correct for any asymmetry. Varian machines steer for electron beam
angle, with a servo system connected to two D shape ion chambers as
part of the monitoring system and adjusting the transverse and radial
angle coil currents. Two C shaped ion chamber monitoring chambers
that are connected to a servo system controlling the radial and trans-
verse steering coils to change the focal spot translational position and
increase beam symmetry [26]. At the treatment level, the radial coils
primarily affect the treatment beam in the in-plane direction, and the
transverse coils affect the beam in the cross-plane direction.

Nyiri et al. [15] proposed two methods to determine focal spot
position. The corotational penumbra modulation method is sensitive to
jaw sag and thus can only be performed at gantry 0° [27]. The image
centre shift method consists of taking images at multiple collimator
angles of two rod phantoms attached to a specially-made jig at different
distances from the source. This was only performed at gantry 0°.

Chojnowski et al. [28] proposed a phantomless method utilising the
jaws and MLC, taking four images of a 10×10 cm2

field at opposed
collimator angles. This method is fast in determining focal spot mis-
alignment, but is dependent on jaw sag and so is limited to gantry 0°.
Barnes et al. [29] extended the work of Chojnowski et al. to implement
an EPID based method of angular and translational beam steering of
Varian linacs. This method is much faster than traditional methods of
beam steering, but can only be performed at gantry 0°.

Yuen et al. [17] developed and tested a phantom designed to attach
to the linac accessory mount and perform a focal spot position test si-
milar to the half beam block method. The method was shown to be
highly accurate with a 0.01% standard uncertainty, but was only per-
formed at gantry 0°.

Sonke et al. [30] measured the intra-fraction movement of the focal
spot by taking images of a rod phantom in continuous acquisition or
movie mode. This method was only performed at gantry 0°, and mea-
sures the focal spot position at the isocentre level.

The traditional method of measuring focal spot position is done
using half beam blocking [31], but is usually not done routinely due to
the large amount of time required. Jaw sag influences this method, and
thus can only be performed at gantry 0°.

This study aims to introduce a novel method to determine the focal
spot position of linear accelerators relative to the CAX at the source
level. Unlike previous methods, this method can be performed at any
gantry angle due to the stability of the phantom used. The phantom is
also used to measure intra-fraction movement of the focal spot relative
to its mean position, at multiple gantry angles. Although the method
can be applied to any linac, the present work only focusses on Varian
linacs.

2. Materials and methods

2.1. Accelerators and EPIDs

One Varian Trilogy linac, one Varian Clinac iX linac, and two Varian
TrueBeam linacs (Varian Medical Systems, Inc. Palo Alto, CA, USA)
were used to acquire data. Due to the similarities in construction, the
Trilogy and Clinac iX will henceforth be known as Clinacs when re-
ferring to both these machines, and as Trilogy or iX when referring to

the individual machine. The TrueBeams will be labelled as TrueBeam A
and TrueBeam B. The iX and the TrueBeams are used for SRS, Intensity
Modulated Radiotherapy (IMRT) and Volumetric Modulated Arc
Therapy (VMAT) treatments. The Clinacs are capable of 6MV and 18MV
photon treatment modalities, and the TrueBeam is equipped with 6MV,
10MV and 6MV flattening filter free (FFF) treatment modes.

An a-Si 1000 digital electronic portal imaging device (EPID) panel
installed on each linac was used to acquire the images with a panel
resolution of 0.391mm.

2.2. Phantom design and function

A specialized phantom was developed to attach to Varian linac
heads using the same concept as for Elekta linacs[32] (Fig. 1). The
phantom consists of two tungsten ball bearings housed on a rigid alu-
minium frame, with a base plate designed to attach to the accessory
mount of the linac. One ball bearing is positioned close to the exit
window, and the other to the EPID panel. Both are placed at opposite
ends of the treatment field to avoid interference in the images. The
phantom weighs 4.619 kg and simulations using SOLIDWORKS Simu-
lation software (2013 SP4.0) indicated a maximum deflection of
0.01–0.02mm at any gantry angle. The ball bearings have diameters of
4.75mm and 6.35mm.

The field is shaped as a thin rectangle with the ball bearing shadows
on either end along the long axis, with a field size of 4× 16 cm2 at the
source-axis distance (SAD). The collimator is then rotated, and images
taken at 12 different collimator angles spaced equally by 30°.

An illustration of the method is shown in Fig. 2. Both ball bearings
will rotate around CAX and, assuming the focal spot is aligned with
CAX, will produce radiation-beam shadows centred about CAX. Any
shift from CAX is due to a misalignment of the focal spot. This shift is
dependent upon the focal spot position relative to CAX at the source
level,

→
d , source to ball bearing distances, l1 and l2, and the source to

detector distance, l3.
The centre of the circles traced out by the ball bearing shadows are

Fig. 1. Focal spot phantom attached to the treatment head of a Varian Trilogy,
with field light and EPID showing initial setup position. The ball bearings are
located at the top and bottom of the phantom, with projected shadows at each
end of the thin field.
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at
→
C1 and

→
C2 for the upper and lower ball bearings respectively. The

centre of rotation, or CAX, at
→
C0 can be determined by Eq. (1).
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Rearranging this equation, we can eliminate
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A measurement of focal spot position relative to its stable position
can be calculated when taking multiple images at the same gantry and
collimator angle. The stable position is here defined as the mean posi-
tion of the focal spot from 5 s after the beam is switched on to the end of
delivery,

→
dav. The distance between the two shadow positions,

→
S1,2, is

calculated for each image, and the mean distance across all but the first
5 s worth of images in the acquisition,

→
S av1,2, is subtracted from these.

This is analogous to subtracting the mean distance between circle
centres. The position of the focal spot from its stable position,

→
d −

→
dav,

can then calculated using Eq. (3).
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2.3. Computer aided software

In-house MATLAB developed software (MATLAB R2015a, The
MathWorks, Inc., Natick, Massachusetts, USA) was used to analyse the
images. The two ball bearing shadows are located by taking the regions
of interest about the shadow and using the circular Hough transform
(Fig. 3a). For the full range of collimator angles, a circle is fitted to the
large (upper) and small (lower) ball bearing shadows, with centres at

→
C1

and
→
C2 respectively (Fig. 3b). Eq. (2) is then used to calculate the focal

spot position,
→
d .

2.4. Acquisition of data

With the phantom attached to the treatment head using the acces-
sory tray slot and 4 toggle clamps to secure the phantom in place, the
EPID panel was positioned as close to the lowest point of the phantom
as possible without any collisions. A series of images were acquired at
12 different collimator angles to give a single measurement of focal spot
misalignment using the method described above. Field sizes of
4 cm×16 cm were used with a source to detector distance (SDD) of
167 cm. This was repeated at 12 different gantry angles for each photon
treatment modality available, producing 144 dicom image files. The
measurement was repeated a total of 3 times at gantry 0° and gantry
180° to test for reproducibility. All images were taken at 100

Fig. 2. The centres of the circles traced out by the ball bearing shadows have

positions,
→
C1 and

→
C2, that are a projection from the focal spot (red circles),

through the centre of rotation of the ball bearings or CAX (yellow circles), to the

EPID panel (yellow lines). The displacement,
→
d , of the focal spot from the CAX,

→
C0, or expected focal spot position, will affect the shadow positions of the upper
ball bearing at l1 more than the ball bearing at l2. The difference in these

projections,
→
C1,2, can be used to determine

→
d using Eq. (2).

Fig. 3. The Circular Hough transform is used on the regions of interest (yellow boxes) to locate the ball bearing shadows indicated by the red and blue circles (a). A

circle is fitted to the upper (red) and lower (blue) shadows across the 12 images (b), with circle centres
→
C1 and

→
C2 for the upper and lower shadows respectively.
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monitoring units (MU) per image at a dose rate of 600MU/min for the
6MV and 18MV energies, and 1400MU/min for the 6MV FFF beam.

2.5. Comparison to an IC array measurement

To validate the accuracy of the presented method, a measurement of
focal spot position was performed at Gantry 0° using an Ion chamber
(IC) array (Profiler2, Sun Nuclear Corporation, Melbourne, Florida,
USA) on a Varian TrueBeam to compare to the phantom measurement.

This was done by attaching the IC array to the accessory mount of the
gantry, and taking measurements of the beam profile at collimator
angles of 90° and 270°. The average beam centre between collimator
90° and 270° measured with the IC array is a measure of the influence of
focal spot position on the beam at the measurement level [33].

The values of
→
C1,2 measured using the phantom were then back

projected to the IC array level by multiplying it by lICA/l3, where lICA is

Fig. 4. The measured focal spot misalignments of the Varian Trilogy (a), Clinac iX (b), TrueBeam A (c) and TrueBeam B (d) as a function of gantry angle. Each Linac
and energy combination was measured on the same day, including tests for reproducibility. CP and IP indicate cross-plane and in-plane misalignments respectively.
The error bars are taken from Table 1 for each linac and energy.

Table 1
1σ reproducibility uncertainties for all linacs in mm for the cross-plane and in-
plane position of the focal spot relative to CAX. The maximum reproducibility is
recorded from the standard deviations calculated at gantry 0° and 180°.

Linac Energy Cross plane position (mm) In plane position (mm)

Trilogy 6MV 0.009 0.029
18MV 0.017 0.021

Clinac iX 6MV 0.006 0.015
18MV 0.012 0.010

TrueBeam A 6MV 0.010 0.016
6 FFF 0.007 0.010

TrueBeam B 6MV 0.005 0.009
6 FFF 0.003 0.020

Table 2
Maximum absolute deviation of focal spot position, in mm, across all con-
sidered gantry angles, relative to CAX. The maximum recorded deviation in
cross-plane and in-plane directions is recorded, as well as the maximum dis-
tance between the focal spot and the CAX.

Linac Energy Cross plane
deviation (mm)

In plane deviation
(mm)

Distance
(mm)

Trilogy 6MV 0.374 0.157 0.380
18MV 0.224 0.208 0.277

Clinac iX 6MV 0.243 0.099 0.251
18MV 0.386 0.062 0.386

TrueBeam A 6MV 0.160 0.091 0.169
6 FFF 0.154 0.163 0.224

TrueBeam B 6MV 0.223 0.122 0.251
6 FFF 0.178 0.059 0.188
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the SDD of the IC array in the accessory mount, 57.4 cm.

2.6. Focal spot movement during treatment

The phantom and imager were set up as described in the previous
section, with gantry and collimator both at 0°. The EPID panel was then
used to acquire multiple images in continuous acquisition or cine mode
while the beam is running. Eq. (3) is then used to calculate the focal
spot displacement from its stable position as a function of time. Images
were acquired at 3 fps for the Clinacs, and 12fps for the TrueBeams.
This was performed for the 6MV and 18MV beams on the Clinacs, and
6MV and 6FFF for the TrueBeams, at gantry 0° and 180°. All images for
this test were acquired at a dose rate of 600MU/min for all energies,
which corresponds to an exposure of 3.33MU/image and 0.83MU/

image for the Clinacs and TrueBeams respectively.

3. Results

Plots of focal spot in-plane (IP – gun-target direction) and cross-
plane (CP – orthogonal to gun-target direction) positions for each linac
are shown in Fig. 4.

The reproducibility uncertainties for each linac and energy are ta-
bulated in Table 1. The method had a mean and max reproducibility of
0.012mm and 0.029mm respectively (1σ). This is based on the values
of the reproducibility uncertainty for the cross plane and in plane de-
viations of the focal spot from CAX recorded in Table 1.

The maximum displacement of the focal spot position of each linac
and energy from CAX during gantry rotation is shown in Table 2. The
focal spot is shown to have a maximum displacement from CAX of
0.386mm and 0.208mm for the cross-plane and in-plane positions
respectively. This corresponds to a beam centre shift of 0.420mm and
0.226mm at the isocentre level for the cross-plane and in-plane posi-
tions respectively.

The measurements acquired with the IC array and phantom at
gantry 0° are shown in Table 3. The results of both methods agree to
within 0.003mm.

The results of measuring focal spot position as a function of time are
shown in Fig. 5. All three linacs tested are shown, for each energy and

Table 3
Focal spot position measured at gantry 0° using an IC array and the presented
method on Varian TrueBeam B. Three measurements were taken for each test,
and the average positions recorded, in mm.

Method Cross plane position (mm) In plane position (mm)

IC array −0.020 0.063
Phantom −0.017 0.066

Fig. 5. Average absolute distance of the focal spot from the mean position, averaged over 3 series for the Varian Trilogy (a), Clinac iX (b), TrueBeam A (c) and
TrueBeam B (d) as a function of time. Each Linac and energy combination was measured on the same day. A 5-point moving average is applied to smooth the data.
The TrueBeam data was measured at 12fps and the Clinacs at 3fps, and all data is resampled to a 0.33 s temporal resolution.
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gantry angle tested. The iX showed the largest instability of up to
0.15mm before stabilizing to within 0.01mm after 2.5 s.

Fig. 6 shows the trajectory the focal spot takes to reach its stable
position. The trajectory of both Clinacs as TrueBeam B is plotted in the
figure. TrueBeam A is omitted as its focal spot is observed to have no
initial focal spot instability.

4. Discussion

The method described has been shown to be successful in de-
termining the focal spot position with a reproducibility of less than
0.012mm/0.029mm (mean/max) and has shown to be robust at the
cardinal angles on three different models of Varian linacs. The results
agree with an IC array measurement on a Varian TrueBeam at gantry 0°
to within 0.003mm.

Many methods ignore the influence of gantry rotation on linac focal
spot position. This method has shown that, during a full gantry rotation,
there is a deviation of focal spot position from the CAX of up to
0.386mm at the source level, and a maximum deviation in beam centre
at the isocentre level of 0.420mm. This is 42% and 21% of the isocentre
size tolerances for SRS and non-SRS treatments respectively.

For the Clinacs and TrueBeam B, the focal spot is observed to have a
displacement from its mean position for the first few seconds of treat-
ment of up to 0.15mm, before taking an almost direct path to within
0.01mm from the stable position after 1–3 s. This is likely due to the
servo system that adjusts focal spot position as the beam is running,
using measurements of beam symmetry supplied by the dual mon-
itoring unit. The initial displacement of the focal spot is dependent on
the action of the beam steering system before any adjustments by the
servo system, and the time to stabilise depends on the servo period,
which must account for the time to measure beam symmetry, and the
time to adjust the coil currents.

There were no trends between linacs as to which gantry angle and
energy was the most unstable, as the linacs were least stable under
different conditions. Peak instability of all linacs was also different,
with the iX exhibiting the most instability on start-up. All linacs appear
to converge to within 0.01mm once stabilised. The TrueBeam machines

tested had less stabilisation time than the Clinacs, with TrueBeam A
showing no initial focal spot instability. This could simply be that the
machine stabilised faster than the frame rate, or possibly that the ma-
chine performed well on the day of measurement.

The data was acquired at a dose rate of 600MU/min. This corre-
sponds to a delivery of 25MU at 2.5 s stabilization time for the iX. The
Trilogy delivers 10–30MU depending on which energy and gantry
angle is being used, and TrueBeam B delivers up to 10MU. Sonke et al.
[30] found the stabilization occurs after the delivery of 20MU at dose
rates between 350MU/min and 500MU/min on 5 Elekta Linacs and 2
Varian Clinacs. This corresponds to stabilization times of 2.4–3.4 s,
which is consistent with results presented here.

The effects of focal spot instability results in a blurring of the source
and an increase in the apparent source size, which in turn increases the
geometric penumbra region, reducing treatment quality. The effect of
this is negligible for high dose per beam treatments, or low dose rate
treatments, where the source can stabilise before much of the treatment
is delivered. The effect of beam holds in the treatment may require the
beam to re-stabilise, reducing the quality of treatment. The size of this
effect and its clinical implications are topics for further research.

The method can be used at any gantry angle due to the stability of
the phantom, and is not limited to gantry 0° like previously proposed
methods. The quick setup and delivery time make this test an effective
tool for characterizing focal spot position and instability at multiple
gantry angles during linac commissioning and annual QA. It can also be
used to investigate trends in focal spot position and instability over the
machines lifetime.

Phantomless methods such as the method proposed by Chojnowski
et al. [28] and Barnes et al. [29] may be more suited to monthly QA at
gantry 0°.

5. Conclusion

The method proposed has proven to be an effective tool in the lo-
calisation of the position of the focal spot relative to the collimator’s
axis of rotation (CAX) with a low uncertainty. Unlike previous methods,
this method has been shown to work at any gantry angle due to the
stability of the phantom.

The focal spot was shown to be unstable for the first 1–3 s, or
10–30MU, of treatment before stabilising to within 0.01mm from the
mean position for the Varian Trilogy and Varian Clinac iX Linacs. One
of the Varian TrueBeams showed less than 1 s of instability, with the
second TrueBeam showing no initial instability. There were no trends
observed between machines as to which gantry angle or beam energy
had the most instability.
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