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ABSTRACT 

 

Background: Although flattening filter free (FFF) beams are commonly used in clinical treatment, the accuracy of 

dose measurements in FFF beams has been questioned. Higher dose per pulse (DPP) such as FFF beams from a linear 

accelerator may cause problems in dose profile measurements using an ionization chamber due to the change of the 

charge collection efficiency. Ionization chambers are commonly used for percent depth dose (PDD) measurements. 

Changes of DPP due to chamber movement during PDD measurement can vary the ion collection efficiency of 

ionization chambers. In the case of FF beams, the DPP fluctuation is negligible, but in the case of the FFF beams, the 

DPP is 2.5~4 times larger than that of the FF beam, and the change in ion collection efficiency is larger than that of 

the FF beam. PDD profile normalized by maximum dose depth, 10 cm depth for example, may therefore be affected 

by the ion collection efficiency. 

Purpose: In this study, we investigate the characteristics of the ion collection efficiency change depending on the 

DPP of each ionization chamber in the FFF beam. We furthermore propose a method to obtain the chamber- 

independent PDD by applying a DPP-dependent ion recombination correction. 

Methods: Prior to investigating the relationship between DPP and charge collection efficiency, Jaffe-plots were 

generated with different DPP settings to investigate the linearity between the applied voltage and collected charge. 

The absolute dose measurement using 8 ionization chambers under the irradiation settings of 0.148, 0.087, and 0.008 

cGy/pulse were performed. Applied voltages for the Jaffe-plots were 100, 125, 150, 200, 250 and 300 V.  The ion 

recombination correction factor Pion was calculated by the two-voltage analysis (TVA) method at the applied voltages 

of 300 V and 100 V. The DPP dependency of the charge collection efficiency for each ionization chamber were 

evaluated from the DPP- Pion plot. PDD profiles for the 10 MV FFF beam were measured using Farmer type chambers 

(TN30013, FC65-P and FC65-G) and mini-type chambers (TN31010, TN31021, CC13, CC04 and FC23-C). The 

PDD profiles were corrected with ion recombination correction at negative and positive polar applied voltages of 100 

V and 300 V. 

Results: From the DPP-Pion relation for each ionization chamber with DPP ranging from 0.008 cGy/pulse to 0.148 

cGy/pulse, all Farmer and mini-type chambers satisfied the requirements described in AAPM TG-51 addendum. 

However, Pion for the CC13 was most affected by DPP among tested chambers. The maximum deviation among 

PDDs using 8 ionization chambers for 10 MV FFF was about 1%, but the deviation was suppressed to about 0.5% 

by applying ion recombination correction at each depth. 

Conclusions: In this study, the deviation of PDD profile among the ionization chambers was reduced by the ion 

recombination coefficient including the DPP dependency, especially for high DPP beams such as FFF beams. The 

present method is particularly effective for CC13, where the ion collection efficiency is highly DPP dependent.  

 

Key words: Ion-recombination correction, Dose profile measurement, Dose per pulse 
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1. Introduction 

  Accurate beam profile measurement has become in recent years one of the most important components of high-

precision radiation therapy1,2,7. Calculation accuracy of the radiation treatment planning system (RTPS) is affected 

by the quality of the obtained beam profile3-6. Measured beam data are used for beam modeling to reproduce machine 

characteristics such as photon/electron radial energy distributions, fluence distribution, percentage depth dose (PDD) 

and beam profile. Among these characteristics, PDD and beam profile measurements are usually acquired by each 

institute. Higher accuracy for these beam data measurements is desirable for more accurate dose calculations in the 

RTPS7. The characteristics of the detector are important for the accuracy in depth profile measurements8,30. Ionization 

chambers, for example, with low energy dependence are desirable in measuring PDDs7. 

  VARIAN TrueBeam linacs (Varian Medical Systems, Palo Alto, CA, USA) are equipped with a flattening filter 

free (FFF) beam in addition to the conventional flattening filter (FF) beam. The FFF beam has 2.5 to 4 times higher 

dose per pulse (DPP) compared to that of the FF beam. The nominal DPP for the 6 and 10 MV FF beams of TrueBeam 

linacs is 0.03 cGy/pulse at the maximum dose depth with a 10×10 cm2 irradiation field, while those for the 6 and 10 

MV FFF beams are 0.08 and 0.13 cGy/pulse, respectively. The dose rates in TrueBeam linacs are controlled by 

skipping certain beam pulses12,20,21,33, so the DPP does not depend on the beam dose rate (MU/min). On the other 

hand, DPP affects the ion collection efficiency in dosimetry with ionization chambers in the pulse beam of linear 

accelerators9-14,20,23-26.  

  The deviation of ion collection efficiency by ionization chamber type is not negligible for FFF beams. The DPP 

of the FFF beam varies greatly with the depth of the water. On the other hand, studies on the variation of 

ion collection efficiency by ionization chamber in FFF beams have been performed at a certain depth (e.g., 10 cm), 

but there is no report on the change in ion collection efficiency during PDD measurement. Since the change in ion 

collection efficiency due to high DPP beam such as FFF beam should be different among ionization chambers, the 

beam profile for FFF beam may be different depending on ionization chamber used for the profile measurement. 

  In this study, we investigate the ion collection efficiency change during depth dose profile measurements for several 

ionization chambers and propose a practical ion-recombination correction method to obtain equally accurate PDD 

profiles even if using different ionization chambers. 

 

2. Materials and Methods 

2.A. Ionization chambers 

  Eight ionization chambers were used in this study: Farmer-type, TN30013 (PTW, Freiburg, Germany), FC65-G 

(IBA Dosimetry, Schwarzenbruck, Germany), FC65-P (IBA Dosimetry), mini-type, TN31010 (PTW), TN31021 

(PTW), CC13 (IBA Dosimetry), FC23-C (IBA Dosimetry), CC04 (IBA Dosimetry). A 3D water phantom, Blue 

Phantom2 (IBA Dosimetry) was employed for all measurements. The electrometer employed in the study was 

RAMTEC Smart (Toyo Medic, Tokyo, Japan). For polarizing voltage, a positive voltage was applied to the center 

electrode and the electron charge was collected from the center electrode, unless otherwise specified13. The applied 

voltages in the figures and tables are unified by the polarity of the center electrode. 



4 

 

 

2.B. DPP dose rate evaluation 

  Varian TrueBeam was used for all experiments in this study. In this linac, the FFF beam is controlled by the pulse 

drop method, which stabilizes the dose rate by skipping some beam pulses during irradiation12,20,21,33. Since the 

number of pulses in the beam is essential for accurate DPP measurement, an in-house pulse counter was used for 

counting the beam pulses during irradiation. The pulse counter was connected to an AFC TRIG (J17) connector in 

the console control cabinet of the TrueBeam. TrueBeam 2.7 or later has an output for the beam pulse signal. Accurate 

counts of the beam pulse are easily obtained by connecting to this J17 connector32). For the absolute DPP 

measurement, a Farmer-type ionization chamber (TN30013, PTW) and a scanning water phantom (Blue Phantom2, 

IBA Dosimetry) were used. The absolute DPP (cGy/pulse) was calculated from the absolute dose of 1000 MU 

irradiation divided by the measured beam pulse counts. For obtaining various DPPs, 10 patterns of DPP irradiation 

settings were set as shown in Table 1. Among the irradiation settings, 4 and 6 MV FF beams were used for 0.008 and 

0.022 cGy/pulse, respectively, and 10 MV FFF beams were used for all other settings. The absorbed dose was 

calculated according to IAEA TRS-4831. The DPPs ranged from 0.008 to 0.148 (cGy/pulse). The ratio of maximum 

DPP to minimum DPP is 18.5. 

 

2.C. DPP dependent ion recombination correction 

2.C.1 Ion recombination correction formula 

  Cylindrical ionization chambers are commonly used in dosimetry for high-energy X-ray radiotherapy. An electric 

field gradient between the center electrode and the cavity wall depends on the applied polarizing voltage to the 

ionization chamber13,23 and the charge collection efficiency depends on the electric field gradient. Electron loss 

frequently occurs at lower applied voltages due to ion recombination. On the other hand, electron generation occurs 

at higher applied polarizing voltages due to electron avalanche. Various methods for calculating ion recombination 

have been reported in previous studies such as theoretical estimation from detector dimensions, direct estimation by 

measurement, etc.9-13,17,18,20-26. The most accepted method for estimating the ion recombination correction factor is 

substituting the measured value of the actual beam into an approximate equation1,8,15,16,19, whose typical method is 

the TVA (two voltage analysis) method8-12,16-26. The TRS-398 published by the International Atomic Energy Agency 

(IAEA) recommends use of the TVA method for estimation of ion recombination correction factor ks which can be 

obtained by the following formula16:  

𝑘𝑆 = 𝑎0 + 𝑎1 (
𝑄𝐻

𝑄𝐿
) + 𝑎2 (

𝑄𝐻

𝑄𝐿
)

2

  (1) 

where QH and QL are the charges measured at different applied polarizing voltages VH, VL, respectively. Coefficients 

of a0, a1, and a2 are determined by the ratio VH / VL of the two applied polarizing voltages. For these coefficients, 

TRS-398 adopts the value of Weinhous18 and recommends that VH/VL should be larger than 3.0. 

 On the other hand, in AAPM TG-5119,8 the ion recombination correction factor Pion is deduced from the virtual 

charge Q∞ at infinite voltage which can be obtained by a linear extrapolation from the relationship between the charge 

measured by TVA and the applied polarizing voltage. The ion recombination correction factor Pion(VH) for the high 

voltage VH is obtained by the following equation (2): 
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𝑃𝑖𝑜𝑛(𝑉𝐻) =
1−

𝑉𝐻
𝑉𝐿

𝑄𝐻
𝑄𝐿

⁄ −
𝑉𝐻

𝑉𝐿
⁄

   (2) 

where the high voltage is VH, the low voltage is VL, and QH and QL are the charge quantities measured at the voltages 

of VH and VL, respectively. 

  As in Eqs. (1) and (2), when linearity is observed between multiple applied voltages and collected charges within 

a certain range of rated applied voltages, multi-voltage analysis (MVA) can be used.12,25 The virtual charge (Q∞) at 

the maximum ion collection efficiency is often obtained by extrapolation using Jaffe-plots. Exploiting this by letting 

V-1→0, one finds Q∞ from which the recombination factor can be found. Using Q∞ to define the ion recombination 

correction factor Pion(VM) using Q∞ is expressed by the following equation: 

𝑃𝑖𝑜𝑛(𝑉𝑀) =
𝑄∞

𝑄
    (3) 

where Q∞ and Q are the saturation charge current and the measured charge current at polarizing voltage VM, 

respectively. Q∞ denotes the ion collection efficiency of 100%, i.e., infinite voltage, and V-1→0 is the same as with 

the TVA method. In Eqs. (1) and (2) the ion recombination correction factor can be calculated only for high voltage 

(VH) used in measurement, while in Eq. (3), Pion can be calculated for all applied polarizing voltages. 

 

2.C.2 DPP dependent Jaffe-Plots 

  Prior to investigating the relationship between DPP and charge collection efficiency, Jaffe-plot measurements were 

performed with different DPP settings to investigate the linearity between the applied voltage and collected charge. 

The absolute dose measurement using 8 ionization chambers under the irradiation settings of 0.148, 0.087, and 0.008 

cGy/pulse were performed. Applied voltages for the Jaffe-plots were 100, 125, 150, 200, 250 and 300 V. 

  The ion recombination correction factor Pion was calculated by the TVA method (Eq. (2)) at the applied voltages 

of 300 V and 100 V. The DPP dependency of the charge collection efficiency for each ionization chamber were 

evaluated from the DPP- Pion plot. 

 

 

2.D. Depth dose profile with and without ion recombination correction 

  In order to apply ion recombination correction for the depth dose profile measurement, PDD measurement with 

two polarizing voltages of 100 V and 300 V were performed (Fig. 1(a)). We applied ion recombination correction not 

to the integral charge but to the average current because the average current includes dose rate information. The ion 

recombination correction coefficients for kS using Eq. (1) and Pion using Eq. (2) were calculated at deeper depth than 

the depth at maximum current because the PDD profile at the surface changes drastically. For example, as shown in 

Fig. 1(b), ks can be expressed as a function of measured depth by curve fitting. Finally, as shown in Fig 1(c), corrected 

measured current can be converted from original measured current using the ion recombination correction function. 

  PDD profiles for the 10 MV FFF beam were measured using Farmer type chambers (TN30013, FC65-P and FC65-

G) and mini-type chambers (TN31010, TN31021, CC13, CC04 and FC23-C). The PDD profiles were corrected with 

ion recombination correction by equations (1) and (2) at negative and positive polar applied voltages of 100 V and 

300 V. 
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3. RESULTS 

3.A. DPP dependent ion recombination correction 

  Figure 2 shows Jaffe-plots of FC23-C as representative of mini-type and TN30013 as representative of Farmer-

type chambers, respectively, at 0.148, 0.087 and 0.008 cGy/pulse. The applied voltage of Jaffe-plots ranged from 100 

to 300 V. The inverse of the collected charge Q, 1/Q, is normalized to the charge at 100 V, 1/Q100V. The Farmer and 

mini-type ionization chambers all showed good linearity between 100 V and 300 V. Fig. 2(a) and (b) show the Jaffe-

plots of FC23-C with positive and negative polar applied voltage, respectively. The coefficient of determination R2 

in the linear approximation of the Jaffe-plot of the FC23-C for all DPPs was R2 > 0.99. As shown in Fig. 2(c)(d), the 

gradients of the Jaffe-plots for the TN30013 chamber were smaller than FC23, and the TN30013 chamber had good 

linearity (R2 = 1.0). Other Farmer-type chambers (FC65-P, FC65-G) also had good linearity. 

 The ion recombination correction factor Pion for each ionization chamber was measured under the settings listed in 

Table 1. Fig. 3(a) shows the DPP-Pion plots for each ionization chambers with DPP ranging from 0.008 cGy/pulse to 

0.148 cGy/pulse. Table 2 shows characteristics of linear approximation for DPP dependency of Pion obtained from 

Fig. 3(a). The slope of CC13 was the largest among all chambers. AAPM TG-51 Addendum advocates the intercept 

should be less than 1.002 as a requirement for reference-class ionization chambers.8,13 As shown in Table 2, these 

criteria were satisfied for Farmer and mini-type chamber. Fig. 3(b) shows a comparison with the value published in 

a previous study by Hyun14 and McEwen et al.13. The agreement for TN30013 was within 0.16% (McEwen). The 

agreement for CC13 was within 0.62% (Hyun) and within 0.08% (McEwen). 

 

3.B. PDD profile measurement with and without ion recombination correction 

  Figure 4 shows the original PDD and PDD with ion recombination correction by equations (1) and (2) at negative 

polar applied voltage. Figs. 4(a) - 4(c) show original PDD, corrected PDD(1) and corrected PDD(2), respectively, for 

the 10 MV FFF beam. Figs. 4(d) - 4(f) show deviations of original PDD, corrected PDD(1) and corrected PDD(2), 

respectively, from TN30013 for Farmer and mini-type chambers. Figure 5 shows the same original PDD, corrected 

PDD(1) and corrected PDD(2) at positive applied voltage. Figs. 4(d) and 5(d) show that the deviation of original PDD 

between the ionization chambers is as large as 1%. The deviation of CC13 is especially large. As shown in Figs. 4(e), 

4(f), 5(e) and 5(f), the deviation of the PDD with the ion recombination correction is reduced to 0.5%. Figure 6 shows 

the same original PDD, corrected PDD(1) and corrected PDD(2) normalized at 10 cm depth with negative polar applied 

voltage, and Fig. 7 shows the same with positive polar applied voltage. 

 The original PDD in Figs. 4-7 show that the maximum deviation between ionization chambers is about 1%. In 

particular, the deviation of CC13 from TN30013 was the largest among all chambers. The corrected PDD(1) and 

PDD(2) for Farmer and mini-type ionization chambers converged within 0.5% regardless of the applied polarizing 

voltages. The ion recombination correction effectively reduced the deviation between ionization chambers, especially 

drastic for CC13. These discrepancies are not caused by the increase in water depth, but by the shallow depth region, 

i.e., the high DPP. The validity of this consideration is reflected in the results normalized by 10 cm depth. The original 

PDD of CC13 shows a relative decrease in charge collection near the depth at maximum dose, where it is high at 

DPP (Fig. 6(d) and Fig. 7(d)), then the deviation becomes higher as the water depth increases. The reason is because 
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the high DPP reduces the efficiency of charge collection. By applying the ion recombination correction as shown in 

Fig. 6(e), 6(f), 7(e) and 7(f), the decrease in charge collection around the depth of maximum dose is adequately 

corrected and the deviation among all chambers is suppressed. 

 

4. DISCUSSION 

  As shown in Fig. 2(a, b, c, d), all the Farmer and mini-type chambers have good linearity at the applied voltage of 

100-300 V with independence of the change of DPP. The ion recombination correction coefficients kS_MVA calculated 

by MVA, kS_TVA by TVA (Eq. 1), and Pion (Eq. 2) were 1.025, 1.024, and 1.025, respectively, at the applied voltage 

of 300 V and DPP of 0.148 cGy/Pulse. The deviations between kS_MVA, kS_TVA, and Pion were at most 0.02%, indicating 

that these ion recombination correction factors are almost equal under the good linearity showed in the Jaffe-plots12,25. 

Equation (1) is an approximation derived by solving the nonlinear equations by Weinhouse et al.18. Equations (1) and 

(2) agree within 0.3% at the applied voltage ratio of 3.0, which is consistent with our results19. On the other hand, 

Equation (2) calculates the collected charge at infinite voltage V∞ by extrapolation. This is the same process as the 

estimation of the ion recombination correction factor by MVA. Therefore, the agreement between them depends on 

the linearity of Jaffe-plots. In other words, if the linearity between the applied voltage and the collected charge is 

satisfied, the ion recombination correction coefficients kS_MVA and Pion are almost identical. The results of this study 

indicate that both methods for the ion recombination correction can be acceptable. 

As shown in Fig. 3(a), the relationship between DPP and ion recombination correction coefficients showed good 

linearity for Farmer and mini-type chambers. On the other hand, the slope of CC13 is larger than that of the other 

chambers, indicating that the ion recombination correction factor is most affected by DPP. And as shown in Fig. 9, 

the relationship between the measured current and the corrected current with the ion recombination correction can be 

fitted with a quadratic function rather than a linear function. This is caused by the nonlinearity of the charge collection 

efficiency, especially at high DPP, where the charge collection efficiency of the chambers decreases. As shown in Fig 

8, in the case of the CC13 chamber with 10 MV FFF beam, the difference between the maximum and the minimum 

of the ion recombination correction factor was almost 2% for the entire PDD measurement. Among the same mini-

type chambers, PTW TN31010, which has a similar cavity volume to CC13, has a smaller DPP dependency on the 

ion recombination correction factor than the other dosimeters, as shown in Fig. 3. As for the reason for the more 

significant DPP dependency of CC13 compared to other chambers, it may be due to the difference in detector 

dimensions and electrode materials. The detector dimensions affect the potential gradient between electrodes which 

greatly influences the probability of electronic avalanche occurrence. Figure 10 shows the theoretical potential 

gradient near the center electrode which is calculated from the diameter of the center electrode and the distance 

between the electrodes for the ionization chambers used in this study. The electric potential gradients near the center 

electrode of CC13 and 31010 are 1.05 and 1.06 times larger, respectively, while the difference due to the electronic 

avalanche is estimated to be not so large. On the other hand, the potential gradients of 31021 and CC04 are 1.31 to 

1.36 times higher than those of the Farmer-type ionization chambers, indicating that they are more prone to electron 

avalanche. However, the DPP dependencies of 31021 and CC04 were smaller than the Farmer-type chambers, which 

means that the electronic avalanche does not affect the DPP dependency. On the other hand, the central electrodes of 
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CC13 and 31010 are made of C552 (air-equivalent plastic) and aluminum, respectively, and their electrical 

resistivities are 0.03 Ωm and 2.65 × 10-8 Ωm, respectively, a difference of six orders of magnitude. However, C552 

is also used as the central electrode in CC04, but its DPP dependency is very small. This may be because the distance 

between the electrodes is small and ionic recombination is unlikely to occur in the first place, so the effect may simply 

not be visible. 

In the case of measurement at small DPP such as 6 MV and 10 MV FF beams, the dose rate dependence of charge 

collection was not a major issue in PDD measurements. However, since the PDD curve is affected by the charge 

collection it is several times higher than DPP, such as with 10 MV FFF beams, and the deviation from the true curve 

is not negligible. On the other hand, the deviation can be effectively corrected by applying the ion recombination 

correction with corrected PDD(1) and corrected PDD(2). As for the differences in the correction methods, ks (TRS-

398) and Pion (TG-51) (Fig. 4 - 7), there is no significant difference. If the inverse of the applied voltage is proportional 

to the inverse of the collected charge in the Jaffe-plots, MVA and TVA (ks, Pion) are almost identical. For the ion 

recombination correction factor at a fixed water depth for FFF beams, Hyun et al.14 concluded the two-point voltage 

method (TVA) proposed in AAPM TG-5119 is useful for FFF beams because the TVA method was almost equivalent 

to the more rigorous Jaffe-plots-based method (MVA). 

  Various studies of ion collection efficiency have been conducted for a very small number of fixed DPPs; however, 

no study has been conducted regarding changing DPP conditions. As mentioned above, charge collection efficiency 

varies with DPP. In this study, instead of using fixed ion recombination correction coefficients, the actual DPP 

dependent ion recombination correction function was obtained from the original PDD curves with two different 

applied voltages. 

  Chang et al.27 showed that the mean standard deviation (SD) of PDD for three TrueBeam linacs was within 0.2%, 

but these measurements were all acquired using CC13 chambers. In addition, Tanaka et al.28 showed that the 

discrepancy between the PDDs of TN31010 and CC13 chambers using 14 different TrueBeam linacs was about 0.8% 

under the condition of 10 MV FFF and irradiation fields of 10×10 cm2. This result is almost the same as the present 

study. TrueBeam linacs also provide representative beam data27 (RBD) as standard for users. The PDD of the RBD 

is measured by using a CC13 chamber. There is a positive opinion on the use of the RBD for the beam modeling of 

the facility, stating that the deviation of the RBD from the beam data collected at the facility is less than 1%29. On the 

other hand, Tani et al. compared the beam data and the RBDs of nine measurements with CC13, TN31010, and 

TN31021 chambers, and found that they agreed within 1%, but the deviation of the calculated dose in the water 

phantom exceeded 2% for the modeled beam30. When the RBD is used for beam modeling, it is not important that 

the RBD agrees from the measured beam data (MBD) within 1%, but the important question is whether the calculated 

dose distribution after beam modeling in the RTPS is the same or not regardless of the input beam data sets (RBD, 

MBD) for beam modeling. 

  The measured beam data set affects the calculation accuracy in RTPSs. In addition, PDD data significantly affects 

determining the energy spectrum and other important parameters in beam modeling30,31. Since the CC13 chamber has 

a large DPP dependency in charge collection, the PDD profile of the 10 MV FFF beam deviates from the PDD profile 

obtained by other ionization chambers by about 1%. This discrepancy can be as large as 2% deviation in the dose 

calculation in the RTPS. The problem here is the fact that the RBD uses the CC13 chamber. Chang et al.27 suggest 
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that due to the relatively large variation of Pion for 10 MV FFF, adequate correction should be considered, especially 

for treatments with deep-seated tumors. We believe that the present method is useful for RBD measurements. 

Since our proposed method eliminates the DPP dependency with the collected charge in measuring the PDD for 

10 MV FFF beams, the same PDD can be obtained with any ionization chambers. For the same ionization chamber, 

ion recombination correction including DPP dependency can be applied from the relation shown in Fig. 1. Therefore, 

if the PDD measurement of 10×10 cm2, for example, is performed with positive and negative applied voltages, the 

number of measurements does not increase because the measurement with the normal negative applied voltage is 

sufficient for the profile measurement in other irradiation fields. 

 

Table 3 summarizes the uncertainty budget. For estimating inter- and intra- measurement uncertainty, two different 

measurements were performed using a CC13 ionization chamber: one measurement was repeated 10 times with the 

same setup (repeat case); the other measurement was re-setup 6 times for each measurement (resetup case). Since 

measurement uncertainty is expected to depend on the amount of charge, the uncertainty at each measurement 

position was evaluated as 𝑢𝑀𝑒𝑠. The corrected PDD𝐶(𝑑) (at depth d [mm]) can be expressed as Eq. (4) using raw 

charge Q𝑂(𝑑) and recombination correction factor ks. 

 

        PDD𝑐(𝑑) =
Q𝑐(𝑑)

Q𝑐_𝑚𝑎𝑥
=

Q𝑂(𝑑) ∙ 𝑘s

Q𝑐_𝑚𝑎𝑥
                                                      (4) 

 

Considerable components of uncertainty for budget estimation are 𝜎Q𝑂
, 𝜎𝑘𝑆

 and 𝜎Q𝐶_𝑚𝑎𝑥
, so the measurement 

uncertainty of PDD measurement at certain depth (𝑢𝑀𝑒𝑠) can be estimated from propagation of uncertainty as 

follows: 

 

        𝑢𝑀𝑒𝑠
2 = (

𝜕PDD𝐶

𝜕Q𝑂
)

2

𝑢Q𝑂

2 + (
𝜕PDD𝐶

𝜕𝑘𝑆
)

2

𝑢k𝑆

2 + (
𝜕PDD𝐶

𝜕Q𝑐_𝑚𝑎𝑥
)

2

𝑢Q𝐶_𝑚𝑎𝑥

2  

                = (
𝑘𝑆

Q𝐶_𝑚𝑎𝑥
)

2

𝑢Q𝑂

2 + (
Q𝑂

Q𝐶_𝑚𝑎𝑥
)

2

𝑢k𝑆

2 + (−
Q𝑂 ∙ 𝑘𝑆

Q𝐶_𝑚𝑎𝑥
2 )

2

𝑢Q𝐶_𝑚𝑎𝑥

2                       (5) 

 

Here, 𝑢Q𝑂
  and 𝑢𝑘𝑆

  at each measurement point were calculated from the standard deviation of repeated 

measurements. 𝑢Q𝑐_𝑚𝑎𝑥
  at maximum measurement point was calculated from the standard deviation of repeated 

measurement as well. The uncertainty of ks and Pion were estimated from Eqs. (1) and (2). The potential uncertainty 

for estimating ks and Pion was assumed to be 0.1% in accordance with previous studies8,13,20. 

As for B-type uncertainty factors, uncertainty due to the measurement position, uncertainty due to 

temperature/pressure drift and potential uncertainty due to the ion recombination correction calculation are listed. As 

for the uncertainty due to the measurement position, the positional accuracy of the 3D water phantom (± 0.1 mm) 

and the water level change (0.1 mm) due to evaporation of water during measurement were taken into account; the 

change in measured values due to a positional change of 0.2 mm was calculated for each measurement position. In 

the PDD measurements, profile measurements were performed at an applied voltage of 300 V over approximately 15 
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minutes. When the applied voltage was changed to 100 V, after waiting 10 minutes for the measurements to stabilize, 

pre-dose irradiation was performed for 10 minutes (6 Gy) at a dose rate of 600 MU/min. The two PDD profile 

measurements at 300 V and 100 V took 15 minutes each, with a 20-minute wait for stabilization following the change 

in applied voltage, for a total of 50 minutes for one series of measurements. The uncertainty associated with 

temperature and pressure changes during PDD profile measurement was estimated to be 0.2%, assuming that the 

temperature change during the measurement was within 0.5°C and the pressure change varied within 1 hPa. Figure 

11 (a) and (b) show the composite uncertainty at each measurement position for %DD(1) with negative and positive 

polarizing voltage. Figures 11 (c) and (e) show the same for %DD(2). The solid and open squares stand for the 

uncertainty for original PDD with resetup and repeat cases. The solid and open circles stand for the uncertainty for 

corrected PDD with resetup and repeat cases. The solid and open triangles stand for the uncertainty for ks and Pion 

with resetup and repeat cases. The solid line stands for the difference of corrected PDD from original PDD. As shown 

in Figure 11, although the composite uncertainty is large near the water surface, it becomes less than 0.2% at depths 

after 12 mm even in the case of resetup, indicating that estimation with sufficient accuracy is possible, including in 

the peak region. 

 

5. CONCLUSIONS 

We obtained depth profiles of 10 MV FFF beams using various ionization chambers and found that the deviation 

among these dosimeters amounted to 1%. This deviation occurs from the difference of DPP dependency of the ion 

collection efficiency for each ionization chamber. On the other hand, when the ion recombination correction was 

applied to the obtained depth profiles, the deviation was reduced from 1.0% to 0.5%. In this study, the deviation of 

PDD profile among the ionization chambers was reduced by the ion recombination coefficient including the DPP 

dependency, especially for high DPP beams such as FFF beams. The present method is particularly effective for 

CC13, where the ion collection efficiency is highly DPP dependent.  
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Figure 1. Figure 1. Methodology of ion recombination correction for PDD profile measurement 

 

 

 

Figure 2. Jaffe-plots with DPP at 0.148, 0.087, 0.008 cGy/pulse for FC23-C and TN30013 chambers with positive 

and negative applied voltage. 
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Figure 3. Relationship between DPP and ion recombination correction factor Pion for ionization chambers. (a) all 

chambers, (b) 30013, CC13 compared with McEwen and Hyun.  

 

 

 

Figure 4. Original PDD and PDD with ion recombination correction by equations (1) and (2) at negative applied 

voltage. (a) original PDD normalized at maximum dose, (b) corrected PDD(1), (c) corrected PDD(2), (d) 

original PDD deviation from TN30013 for Farmer and mini-type, (e) corrected PDD(1) deviation from 

TN30013 for Farmer and mini-type, (f) corrected PDD(2) deviation from TN30013 for Farmer and mini-

type. 
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Figure 5. Original PDD and PDD with ion recombination correction by equations (1) and (2) at positive applied 

voltage. (a) original PDD normalized at maximum dose, (b) corrected PDD(1), (c) corrected PDD(2), (d) 

original PDD deviation from 30013 for Farmer and mini-type , (e) corrected PDD(1) deviation from 30013 

for Farmer and mini-type , (f) corrected PDD(2) deviation from TN30013 for Farmer and mini-type. 

 

 

Figure 6. Original PDD and PDD normalized at 10 cm-depth with ion recombination correction by equations (1) 

and (2) at negative applied voltage. (a) original PDD normalized at 10 cm, (b) corrected PDD(1), (c) 

corrected PDD(2), (d) original PDD deviation from TN30013 for Farmer and mini-type , (e) corrected 

PDD(1) deviation from 30013 for Farmer and mini-type , (f) corrected PDD(2) deviation from 30013 for 

Farmer and mini-type. 
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Figure 7. Original PDD and PDD normalized at 10 cm-depth with ion recombination correction by equations (1) and 

(2) at positive applied voltage. (a) original PDD normalized at 10 cm, (b) corrected PDD(1), (c) corrected 

PDD(2), (d) original PDD deviation from 30013 for Farmer and mini-type , (e) corrected PDD(1) deviation 

from 30013 for Farmer and mini-type , (f) corrected PDD(2) deviation from 30013 for Farmer and mini-

type. 

 

 

Figure 8. Depth-Current field at polarizing voltages of 100 and 300 V as a function of measurement depth associate 

with approximate ks, Pion for CC13 chamber. 
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Figure 9. Relation between measured current and corrected current for CC13 chamber. 

 

 

 

Figure 10. Electric potential gradient calculated from chamber dimensions. 
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Figure 11. Combined uncertainty at each measurement point (k = 1). 

 

 

Table 1. Irradiation settings for DPP (cGy/pulse) measurement. 

Energy (MV) 4MV FF 6MV FF 10MV FFF 

Distance (cm) 
SSD 90 90 100 100 100 90 100 100 90 90 

SCD 100 100 130 120 110 100 105 102.3 95 92.3 

Depth (cm)  10 10 30 20 10 10 5 2.3 5 2.3 

DPP(cGy/pulse)   0.008 0.022 0.032 0.052 0.087 0.104 0.111 0.121 0.134 0.148 

 

 

Table 2. Characteristics of linear approximation for DPP dependency of Pion obtained from Fig. 3(a). 

  Chamber  
POS NEG 

Slope Intercept R2 Slope Intercept R2 

Farmer-type 

30013 0.108 1.001 0.999 0.107 1.001 0.999 

FC65-P 0.139 1.001 1.000 0.146 1.001 1.000 

FC65-G 0.123 1.001 0.999 0.130 1.001 1.000 

Mini-type 

FC23-C 0.136 1.001 1.000 0.139 1.001 1.000 

CC13 0.194 1.002 0.996 0.207 1.001 0.999 

31010 0.078 1.000 0.999 0.075 1.002 0.999 

31021 0.101 1.001 0.999 0.098 1.001 0.995 

CC04 0.076 1.001 1.000 0.080 1.001 1.000 
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Table 3. Uncertainty budget for the corrected %DD. 

Source 
Uncertainty 

Contribution 
Type 

Measurement uncertainty (including setup) uMes A 

Uncertainty for ks or Pion uks, uPion A 

Potential uncertainty for estimating ks or Pion 0.1% B 

Position accuracy (including evaporation) uPosition B 

Temperature / Pressure drift 0.196% B 

 


