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The FFF beam can be irradiated at a higher dose rate 

than a beam with a flattening filter beam (WFF beam)4), 
and various differences have been reported because of 
changes in the beam quality5, 6). Among them, the dose 
per pulse (DPP) increases and the ion collection efficiency 
decreases; thus, the ion recombination factor (ks) shows a 
different behavior from that of WFF7, 8).

Kry et al. reported that ks measured with TN30013 
changed from 1.005 to 1.008 and from 1.011 to 1.013 at 
a depth of 10 cm and dmax at 6 MV and 10 MV FFF, 
respectively9). Chang et al. also studied the variation of 
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The ion recombination factor (ks) of a beam without a flattening filter differs from that of a filtered 
beam. In this study, we examined the effect of changing the measurement conditions on ks in the 
off-axis direction, and clarified the effect on the beam profile. We calculated ks using the Jaffe 
plot and two-voltage method (TVM) by varying the measurement conditions, adding ks,rel, off-ax 
to the beam profile, and comparing the changes via local gamma analysis. The central value of 
ks increased with X-ray energy, and the effect become more pronounced when the measurement 
depth is varied. For the beam profile with high energy and a field size of 40 × 40 cm2, the results 
of the local gamma analysis are lower than the reference value. At the maximum dose depth, the 
results are poor, even when the field size is 30 × 30 cm2. At 40 × 40 cm2, the results are lower than 
the reference value even when the criteria are further relaxed. Our results indicate that ks differs 
depending on the measurement method, and thus, ks,rel,off-ax should be considered when measuring 
beam profiles with field sizes larger than 30 × 30 cm2.
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1.  Introduction

X-rays generated by a target have an intensity distribution 
with a sharp center1, 2). However, in recent years, linear 
accelerators that irradiate beams without flattening filters 
(flattening filter-free beams, FFF beams) have become 
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ks in the depth and off-axis directions and stated that 
by using CC13, ks varied by 1.2% (1.015 ± 0.002 to 1.002 ± 
0.001) for 6 MV FFF and by 2.0% (1.023±0.006 to 1.002 
± 0.001) for 10 MV FFF10). Jonathan et al. reported that 
the off-axis ks changed by up to 1.2% at 10 MV FFF when 
measured at intervals of 5 cm from the center in an 
irradiation field of 40×40 cm2 at a depth of 5 cm using 
TN3001311).

The change in ks affects the shape of the beam profile, 
such as the percentage depth dose (PDD) and off-center 
ratio (OCR). Jonathan et al. reported that local gamma 
analysis of 40 × 40 cm2 profiles (5 and 10 cm depths) 
acquired with 10 MV FFF using A1SL and CC04 with and 
without correction in ks showed a gamma pass rate of 94% 
(>5% of the points had a gamma index greater than 1)11).

In an FFF beam, the prof ile shape is convex 
and approximates the WFF only near the center12). 
Additionally, the convex shape varies as the irradiation 
field size changes; the smaller the field size, the steeper 
the convex shape13).

In recent years, multiple off-axis targets have been 
irradiated with a single isocenter for metastatic brain 
tumors, and the effects of patient position rotation error 
and isocenter misalignment on the target dose have been 
investigated14, 15). However, the off-axis ks that affects the 
OCR should not be ignored16, 17). Changes in the depth 
direction of ks in FFF beams have been actively studied; 
however, studies on changes in the off-axis direction 
are limited. As the shape and quality of OCR vary 
depending on the measurement conditions, such as the 
size and depth of the irradiation field, previous studies are 
insufficient, and more detailed research is necessary.

This study had three objectives: (1) investigate 
the effectiveness of the two-voltage method (TVM) 
measurements in the off-axis direction, (2) investigate the 
effects of changing the measurement conditions on ks 
in the off-axis direction, and (3) investigate the effect of 
changes in the ks value on the shape of the beam profile, 
and examine whether it should be taken into account 
when measuring beam data.

2.  Materials and methods

We used a Farmer ionization chamber (TN30013, 
volume 0.6 cm3, PTW) and a small ionization chamber 
(Semiflex 3D, volume 0.07 cm3, PTW), listed in Table 1. 
We used a RAMTEC Duo (Toyo Medic) electrometer. 
The target radiation was 6 MV and 10 MV X-rays 
(VARIAN TrueBeam STx) measured using FFF and 
WFF for comparison. A three-dimensional scanning water 
phantom, BEAMSCAN (PTW), was used. We stored the 
water phantom in the irradiation room at least one day 
before measurements to equalize with the temperature, 
and brought the ionization chamber into the irradiation 

room at least 3 h before the measurements.
To stabilize the measured values, we performed 1000 

MU of pre-irradiation after applying the voltage. If the 
coefficient of variation (CV) exceeded 0.05%, multiple 
measurements were performed until the CV stabilized18, 19).

We measured the applied voltage at five points: +100, 
+150, +200, +250, and +300 V because the American 
Association of Physicists in Medicine (AAPM) TG51 
addendum recommends +300 V as the upper voltage20).

2.1.  Method for calculating the ion recombination factor
We ca lcula ted and compared the va lue of  ion 
recombination factor ks using the inverse charge (1/Q) 
inverse voltage (1/V) (Jaffe-plot), and TVM21-22). ks can be 
calculated using TVM as follows.

　　　　　　　　 M1                          M1　　　ks   = a0  + a1 ( ―― )  + a2  ( ―― ) 2　　　　　　　　　　(1)　　　　　　　　 M2                         M2

where M1 and M2 are the measured values of the applied 
voltages V1 and V2, respectively, and the voltage ratio V1/
V2 was set to 3.0 (300 V/100 V). The parameters a0, a1, and 
a2 represent correction factors: a0 = 1.198, a1 = –0.875, and 
a2 = 0.677.

2.2.  Measurement conditions for ks

The source-to-surface distance (SSD) was maintained 
at 100 cm. The ionization chamber (Semiflex 3D) was 
placed at a depth of 10 cm and dmax with field sizes of 10 
× 10, 20 × 20, 30 × 30, and 40 × 40 cm2, respectively. ks for 
various depth and field sizes were measured at the center 
axis (CAX) as the reference value for each condition. 
The measurement conditions for ks at off-axis points (i.e., 
distances from the CAX) were 2, 4, and 5 cm for the 10 
× 10 cm2 field; 0, 4, 8, 9, and 10 cm for the 20×20 cm2 
field; 0, 4, 8, 12, 14, and 15 cm for the 30×30 cm2 field; 
and 0, 4, 8, 12, 16, 19, and 20 cm for the 40 × 40 cm2 field. 
The measurement of each field edge (the distance from 
the CAX was half of each field size) was excluded at the 
depth of dmax because the chamber volume was not fully 
contained in the field.

First, we examined the effect of measurement depth on 
ks. We measured ks for field sizes of 10 × 10, 20 × 20, 30 × 
30, and 40 × 40 cm2, at depth of 10 cm and dmax, for 6 MV 
and 10 MV FFF. Next, to examine the changes due to the 
type of detector, we compared the ks values measured 
using Semiflex 3D and TN30013 at depths of 10 cm and 
dmax for field sizes of 10 × 10, 20 × 20, and 30 × 30 cm2 at 
10 MV FFF. Further, to examine the difference between 
WFF and FFF beams, we measured and compared ks of 
WFF and FFF beams at a depth of 10 cm for a field size 
of 30 × 30 cm2 at 6 MV and 10 MV.

The shape of  a beam profile changes with the 
measurement direction10). Therefore, we measured only 
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for field sizes 30 × 30 and 40 × 40 cm2 in the In-line direction 
at depths of 10 cm and dmax and compared the results with 
those in the Cross-line direction. To examine the effect of 
the change in the dose rate on ks in the off-axis direction, 
we performed measurements with a 6 MV FFF beam 
(1400 and 400 MU/min) and 10 MV FFF beam (2400 and 
400 MU/min) for a field size of 30 × 30 cm2.

2.3.  Calculation of  relative ion recombination of f -axis 
factors
From the obtained ks obtained under the conditions 
described in section 2.2, we calculated the relative ion 
recombination off-axis correction factor ks,rel,off-ax for 
arbitrary points (x, y) at a depth d using Eq. (2). We set 
(x0, y0) as the beam CAX.

 ks,(x, y, d)
             ks, rel, of f -ax  = ――――――                                      (2)

ks,(x0, y0, d)

2.4.  Ef fect on beam profile
Using Semiflex 3D, we measured the beam profile with 
a measurement interval of 0.5 mm, depths of 10 cm and 
dmax for field sizes 10 × 10, 20 × 20, 30 × 30, and 40 × 40 cm2

in the Cross-line direction and 30 × 30 and 40 × 40 cm2 in 
the In-line direction. We measured the energy with 6 MV 
FFF and 10 MV FFF and used CAX for normalization. 

Fig. 1.  ks at each measurement point at 6 MV FFF, 10 cm depth, and 
field sizes of 10 × 10 , 20 × 20, 30 × 30, and 40 × 40 cm2 (+/– direction 
indicates the R/L direction).

Fig. 2.  ks at each measurement point at 6 MV FFF, depth dmax, and 
field sizes of 10 × 10, 20 × 20, 30 × 30, and 40 × 40 cm2 (+/– direction 
indicates the R/L direction).

Additionally, we performed smoothing to remove system-
dependent noise in the measurement23). Next, for the 
ks calculated under the conditions of section 2.2, we 
complemented the intervals between the measured points 
using linear interpolation and added them to the beam 
profile. We performed a local gamma analysis before 
and after the addition to calculate the gamma index to 
determine the effect of ks on beam profile. The analysis 
was performed using the software tool, BEAMSCAN. 
Judgement criteria were 0.5 mm/0.5%, 0.5 mm/1%, 1 
mm/1%, and 2 mm/1%, with failure defined as a gamma 
pass rate of less than 95%. Points outside the field were 
excluded because of uncertainties other than ks.

The beam profiles were measured five times in 
succession under identical conditions, gamma analysis 
was performed for each measurement, and the average 
value of gamma pass rate was calculated.

3.  Results

3.1.  Comparison of  Jaf fe-plot and TVM
The Jaffe-plot and TVM results agreed within 0.1% with 
no tendency to overestimate or underestimate the other. 
In addition, no trends were observed in any of the fields, 
dose rates, measurement directions, or measurement 
points.

Table 1.  Specifi cations of the ionization chambers
Factors PTW Semifl ex 3D 31021 PTW Farmer 300

Nominal volume (cm3) 0.07 0.6
Length of sensitive volume (mm) 4.8 23.0
Radius of sensitive volume (mm) 2.4 3.05

Collection time (μsec) 118 140
Nominal response (nC/Gy) 2.0 0.2
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No trend was observed when TN30013 and Semiflex 
3D were compared. TN30013 had a ks value of 1.009 at a 
depth of 10 cm, which changed by 0.2% at the field edge 
and 0.4% at the center when the depth was changed to 
dmax, as presented in Table 2.

The average value of ks at each measurement point 
in the WFF was 1.004 (±0.0004) for the 6 MV WFF and 
1.004 (±0.0004) for the 10 MV WFF, with little change 
between the center and edge of the field.

For the 6 MV FFF, the mean value of all measured 
points was 1.006 at the center and 1.004 at 15 cm from 
the center, and 1.005 (±0.0008) overall. For the 10 MV 
FFF, the mean value of all measured points was 1.01 at 
the center and 1.006 at 15 cm from the center. The mean 

3.2.  Variation of  ks under each measurement condition
By changing the depth from 10 cm to dmax, the ks of the 
6 MV FFF changed from 1.006 to 1.008 at the center 
(approximately 0.2%) and increased from 1.004 to 1.005 
at the field edges (approximately 0.1%), as shown in 
Figures 1 and 2. The 10 MV FFF showed an increase of 
approximately 0.4% from 1.01 to 1.014 at the center, and 
an increase of approximately 0.2% from 1.004 to 1.006 in 
the limbus, as shown in Figures 3 and 4. Both the 6 MV 
and 10 MV FFF showed little change when compared at 
the same measurement point, even when the field size 
was changed. The edge of the field was less affected by 
changes in depth and energy and did not change relative 
to the central part.

Fig. 3.  ks at each measurement point at 10 MV FFF, 10 cm depth, 
and field sizes of 10 × 10, 20 × 20, 30 × 30, and 40 × 40 cm2 (+/– direction 
indicates the R/L direction).

Fig. 4.  ks at each measurement point at 10 MV FFF, depth dmax, and 
field sizes of 10 × 10, 20 × 20, 30 × 30, and 40 × 40 cm2 (+/–indicates R/L 
direction).

Table 2.  ks at each measurement point at a depth of 10 cm, 10 MV FFF, dmax, and fi eld sizes of 10 × 10, 20 × 20, and 30 × 30 cm2 due to the dif ference in 
detectors (+/– indicates the R/L direction.)

Semifl ex 3D

Depth
(cm)

Field size
(cm2)

Distance from CAX (cm)
15 14 12 10 9 8 5 4 2 0 -2 -4 -5 -8 -9 -10 -12 -14 -15

10
10 - - - - - - 1.008 1.009 1.009 1.010 1.009 1.008 1.007 - - - - - -
20 - - - 1.007 1.008 1.008 1.009 1.009 1.009 1.010 1.009 1.009 1.009 1.008 1.008 1.007 - - -
30 1.005 1.005 1.006 1.007 1.008 1.008 1.010 1.010 1.009 1.010 1.009 1.009 1.009 1.008 1.008 1.008 1.007 1.006 1.006

dmax

10 - - - - - - - 1.011 1.012 1.013 1.012 1.012 - - - - - - -
20 - - - - 1.009 1.010 1.012 1.012 1.013 1.013 1.012 1.011 1.011 1.009 1.009 - - - -
30 - 1.008 1.009 1.010 1.011 1.011 1.012 1.012 1.013 1.014 1.013 1.012 1.012 1.010 1.010 1.010 1.009 1.008 -

TN30013
Depth
(cm)

Field size
(cm2) 15 14 12 10 9 8 5 4 2 0 -2 -4 -5 -8 -9 -10 -12 -14 -15

10
10 - - - - - - 1.007 1.008 1.009 1.009 1.008 1.008 1.007 - - - - - -
20 - - - 1.006 1.006 1.006 1.008 1.009 1.009 1.009 1.009 1.009 1.009 1.007 1.007 1.006 - - -
30 1.005 1.005 1.006 1.007 1.007 1.007 1.007 1.008 1.009 1.009 1.009 1.008 1.008 1.006 1.006 1.006 1.005 1.005 1.004

dmax

10 - - - - - - - 1.011 1.012 1.013 1.012 1.012 - - - - - - -
20 - - - - 1.008 1.009 1.011 1.011 1.012 1.013 10.12 1.011 1.011 1.009 1.008 - - - -
30 - 1.007 1.007 1.008 1.009 1.009 1.011 1.011 1.012 1.013 1.012 1.011 1.011 1.010 1.008 1.008 1.007 1.007 -
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value for all measurement points was 1.007 (±0.0018). 
Compared with WFF, FFF had a higher value of ks at 
the center, and the convex shape is more pronounced at 
higher energies. As shown in Table 3, ks varied only 0.1% 
at most when the measurement direction changed.

A maximum change of 0.1% was observed in both 6 MV 
and 10 MV FFF when the dose rate was changed. As ks

does not depend on the irradiation field size, we observed 
the same trend for ks, rel, off-ax. Figure 5 shows the results of 
ks, rel, off-ax in the Cross-line and In-line directions at a 10 MV 
FFF, depth of dmax, and irradiation field size of 40 × 40 cm2.

Fig. 5.  ks, rel, off-ax in the Cross-line and In-line directions for 10 MV 
FFF, depth dmax, and irradiation field size of 40 × 40 cm2 (+indicates the
R and Gun directions; – indicates the L and Target directions).

Fig. 6.  Local gamma analysis in the Cross-line direction at 10 MV 
FFF, depth 10 cm, and field sizes of 10 × 10, 20 × 20, 30 × 30, 40 × 40 
cm2.

Fig. 7.  Local gamma analysis in the Cross-line direction at 10 MV 
FFF, depth dmax, and field sizes of 10 × 10, 20 × 20, 30 × 30, and 40 × 
40 cm2.

Fig. 8.  Local gamma analysis in the In-line direction at 10 MV FFF, 
depth 10 cm, and field sizes of 30 × 30 and 40 × 40 cm2.

Table 3.  ks at each measurement point with a depth of 10 cm, 10 MV FFF, dmax, and fi eld sizes of 30 × 30 and 40 × 40 cm2 according to the 
dif ference in measurement direction (+/– indicates the R/L direction.)

Cross-line

Depth
(cm)

Field size
(cm2)

Distance from CAX (cm)
20 19 16 15 14 12 8 4 0 -4 -8 -12 -14 -15 -16 -19 -20

10
30 - - - 1.005 1.005 1.006 1.008 1.010 1.010 1.009 1.008 1.007 1.006 1.006 - - -
40 1.004 1.005 1.005 1.005 1.006 1.006 1.008 1.009 1.010 1.008 1.007 1.007 1.006 1.006 1.005 1.004 1.004

dmax
30 - - - - 1.008 1.009 1.011 1.012 1.014 1.012 1.010 1.009 1.008 - - - -
40 - 1.006 1.006 1.007 1.007 1.008 1.009 1.012 1.014 1.012 1.010 1.008 1.007 1.007 1.006 1.006 -

In-line
Depth
(cm)

Field size
(cm2)

Distance from CAX (cm)
20 19 16 15 14 12 8 4 0 -4 -8 -12 -14 -15 -16 -19 -20

10
30 - - - 1.005 1.005 1.006 1.007 1.009 1.010 1.008 1.007 1.006 1.005 1.005 - - -
40 1.004 1.004 1.005 1.005 1.006 1.006 1.008 1.009 1.010 1.009 1.007 1.006 1.006 1.005 1.005 1.004 1.004

dmax
30 - - - - 1.007 1.008 1.009 1.012 1.013 1.011 1.009 1.008 1.007 - - - -
40 - 1.006 1.007 1.007 1.008 1.008 1.009 1.011 1.013 1.011 1.009 1.008 1.008 1.007 1.007 1.006 -
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3.3.  Ef fect on Beam Profile
In the 6 MV FFF, the gamma pass rate was 100% under 
all conditions. In the 10 MV FFF, the pass rate was 94.79% 
when the depth was 10 cm with 0.5 mm/0.5% and field 
size 40×40 cm2, as shown in Figure 6. At dmax, the change 
was more pronounced than that at a depth of 10 cm 
(76.91% at 1 mm/0.5 %), as shown in Figure 7. For a field 
size of 30 × 30 cm2, the pass rate was 96.84%, as shown in 
Figure 7.

The gamma pass rates in the Cross-line direction and 
In-line directions were 57.66% and 75.57%, respectively, 
at 10 MV FFF, a field of 40 × 40 cm2, and 1 mm/0.5%. As 
shown in Figures 7–9, the gamma pass rate significantly 
worsens in the Cross-line direction. The position closest 
to the center, where a gamma index of 1.0 or higher was 
counted, did not depend on the size of the field; however, 
dmax appeared closer to the center, as listed in Table 4. 
Toward the field edge, the uncorrected and corrected 
beam profiles were not aligned.

4.  Discussion

The Jaffe-plot and TVM results were reported to be 
within 0.3% by Jonathan et al., which is a larger deviation 
than the 0.1% in our study11). They used an applied voltage 
of –250 V, which resulted in a higher ks than the ks in 
our experiments performed at +300 V. In their study, 
the upper limit of the applied voltage was 400 V, and 

the minimum applied voltage was –50 V, which caused 
uncertainties because of the small amount of charge.

We consider that the lack of change in ks in the WFF 
beam resulted from a significant change in DPP in the 
FFF beam. This means that the DPP changes with depth 
and is higher at dmax. However, in the off-axis direction, 
the DPP did not change as much at the field edges as it 
did at the CAX. When correcting for ks, understanding the 
change in the DPP in the off-axis direction is necessary 
for each profile measured at each depth.

ks using TN30013 was 1.009 at a depth of 10 cm and 
1.013 at dmax in the central region. These values are 
consistent with those reported in previous studies9, 10).

The size of  the penumbra region varied as the 
measurement direction changed, becoming larger in 
the In-line direction. The convex slope of the FFF beam 
depends on the field size; however, it does not affect ks. 
This, together with the lack of change observed in the 
comparison of dose rates, confirms the results of previous 
studies showing that ks depends on DPP in the off-axis 
direction10).

In the analysis of beam profile, the gamma index 
worsened as the field size increased. Although the 
gamma pass rate was satisfactory (>95%), we considered 
performing the correction by ks necessary when 
measuring fields larger than 30 × 30 cm2.

Even with the worst gamma index profile, the gamma 
pass rate from 0.5 mm/1% was less than 95%, which 
is inconsistent with the results of Jonathan et al. who 
found a gamma pass rate of 94% at 40×40 cm2 and 2 
mm/1%11). A possible reason for the discrepancy is that 
the measurement interval in Jonathan et al. was longer (2 
mm) than the 0.5 mm interval in our study, with the data 
interpolated between the measurement points, thereby 
resulting in uncertainties.

Under the conditions of 40×40 cm2 and 1 mm/0.5%, 
the gamma pass rate in the Cross-line direction was 
much worse than that in the In-line direction. One of the 
possible explanations is the different CAX values. When 
measuring the Cross-line and In-line directions, the water 
phantom is often needed to be repositioned such that the 

Fig. 9.  Local gamma analysis in the In-line direction at 10 MV FFF, 
depth dmax, and field sizes of 30 × 30 and 40 × 40 cm2.

Table 4.  Position closest to the center, counting gamma index 1 or more in each measurement direction, 
depth, fi eld sizes of 30 × 30 and 40 × 40 cm2, and 10 MV FFF (Cross-line: +/– indicates the R/L) (In-line: +/– 
indicates the Gun/Target direction).

Direction Depth
(cm)

Criteria
Field size(cm) 0.5 mm/0.5% 1 mm/0.5%

Cross-line
dmax 30 -129.7 130.75 -
10 40 -169.2 194.9 -

dmax 40 -96.4 108.9 -116.5 117.9

In-line
dmax 30 -128.2 129.1 -
10 40 -169.8 167.2 -

dmax 40 -135.2 133.5 -159.1 146.5
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short axis of the chamber faces the direction of off-axis 
movement. This may have caused a partial volume effect. 
Another possibility is that the differences in the profile 
shapes owing to differences in the measurement direction 
caused variations in the amount of charge. Furthermore, 
as presented in Table 5, the gamma index approaches 
1.0 beyond 15 cm from CAX. As the beam profile was 
normalized by CAX, the slight change in the ks value 
between the center and field edges may have affected the 
gamma pass rate at the edges. However, this variation 
in ks in CAX was considered acceptable because it was 
equal to or less than the variation reported in the study 
by Chang et al10).

As the value of ks does not change when the irradiation 
field size changes, the same values of ks, rel, off-ax were 
added at each point. In addition, the gradient was steeper 
in 40 × 40 cm2 than in 30 × 30 cm2. Therefore, the position 
where the gamma index exceeds 1.0 was considered to 
be closer to the center. However, as presented in Table 4, 
the position near the center, where one or more gamma 
indices were counted, did not depend on the size of the 
field, probably because the effect of the profile slope was 
minimal.

The gamma index varied significantly between 1 
mm/0.5% and 1 mm/1%, with the latter having no effect 
at all. Venselaar et al. reported that an accuracy of 
0.5% reproducibility for deep doses is desirable. They 
suggested that the measurement relative depth-dose 
data should be 0.5%24). As treatment of micro-brain 
metastases of less than 1 cm3 was also being performed, 
more detailed beam data measurement was needed, and 
the setting of this criterion was considered appropriate25). 

Additionally, registering the beam data by adding ks, rel, off-ax 
to the profile in case of acquisition of the beam data 
was considered necessary. The results of this study also 
suggest the need for more detailed data acquisition, 
although the AAPM Task Group 53 reported that the 
accuracy of the inner beam measurement in a square 
irradiation field is within 1.5%26).

A limitation of this study is that slight variations in ks 
occurred when the measurement direction and irradiation 
field size varied. However, we were able to demonstrate 
the necessity of adding ks, rel, off-ax when measuring beam 
profiles. Further studies should utilize the beam data of 10 
MV FFF, where the value of ks is particularly large, and 
verify the influence of clinical treatment planning cases.

5.  Conclusion

This study revealed that TVM can be used to measure 
ks in the off-axis direction. In the FFF beam, ks changed 
with the off-axis displacement from the center, and its 
rate of change became more pronounced when the depth 
changed; however, the other measurement conditions did 
not affect the change in ks. We showed that ks,rel,off-ax must 
be considered when measuring profiles with a field size of 
30 × 30 cm2 or larger, and that performing measurements 
with strict criteria, such as 1 mm/0.5%, is necessary.
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