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[Abstract] 8 

Objective: To investigate the relationships between 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖  and different parameters 9 

includes calculation methods, choices of bias voltage, beam energies, dose rate, depth, 10 

different type of chamber and electrometers. 11 

 12 

Methods: 6 MV, 10 MV, 6 MV-FFF and 10 MV-FFF x-rays were fully commissioned 13 

on an Elekta Versa HD linear accelerator. First part of this work is to investigate 14 

methods to calculate the 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 values. The 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 values for beams were measured at 15 

source-to-surface distances (SSD) of 100 cm in a water tank phantom at a depth of 5.2 16 

cm for 6 MV and 6 MV-FFF beams and 10.2 cm for 10 MV and 10 MV-FFF beams in 17 

a 10 * 10 cm² field. The results are calculated by ‘two-voltage’ method and with 1/V 18 

versus 1/Q curves (‘Jaffé-plots’ method) in different energies and different bias voltage 19 

pairs to find suitable bias voltage pairs for 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 calculation. Second part, this work 20 

discusses the relationships between 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖  and factors of dose rate, energy, types of 21 

chamber and electrometer. At last, this paper discussed the relationships of 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 and 22 
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depth in water phantom and if we need to introduce ion recombination correction factor 23 

in percentage depth dose curve measurements. 24 

 25 

Results: At the setup mentioned above, ‘two-voltage’ method and ‘Jaffé-plot’ method 26 

shows small differences (<1%) for all energies with 300 V-100 V, 400 V-200 V, 400 V-27 

100 V bias voltage pairs. All results for different chambers and vendors for all energies 28 

were within 2% from the unity(1 ≤ 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖＜1.02), and the ion recombination effect 29 

caused by different dose rate is not substantially different. The factor changes more than 30 

2% in different depth for 10 MV-FFF beams. 31 

Conclusion: We recommended a thoroughly 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 measurement in commissioning and 32 

quality assurance procedure.  33 

 34 

Key words: Ionization recombination correction, Versa HD, Percentage depth dose, Two-35 

voltage method 36 

 37 

Funding：The China National Key R&D Program during the 13th Five-year Plan 38 

period (Grant No. 2016YFC0105206, 2016YFC0105207) 39 

 40 

1. Introduction: 41 

Flattening Filter-Free (FFF) X-ray beam has been used in clinical practice for some 42 

recently produced linear accelerators. Elekta Versa HDTM，which has traditional 43 

flattened beams, but also offers FFF photon beams up to 1400 MU/minutes for 6 MV 44 
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X-rays and 2200 MU/minutes for 10 MV x-rays. FFF high dose rate x-ray beams 45 

delivery technique has obvious advantages in organ motion management. For example, 46 

with FFF beams, large MUs can be delivered in short beam-on time within a single 47 

breath-hold or gated portion of a breathing cycle. This technique improves patients 48 

comfort and dose delivery accuracy and it becomes necessary for SBRT/SRS treatments 49 

now. [1] 50 

When commissioning Linear accelerator, ionization chamber has always been used 51 

when calibration absolute dose and collecting PDD curve and profile. According to TG-52 

51 report the fully corrected charge reading from an ion chamber, M, is given by  53 

* * * *ion TP elec pol rawM P P P P M=       (1) 54 

Where  𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖  corrects for ion recombination effect. According to Attix, ion 55 

recombination effect consists of two parts, initial recombination occurs when the 56 

positive and negative ions formed in the same charged-particle track encounter and 57 

recombine, therefore it is independent of dose or dose rate and general recombination 58 

occurs when ions from different tracks meet each other and recombine on their way to 59 

the collecting electrodes and it is dose-rate-dependent. Ionization chamber’s reading is 60 

minified by ion recombination effect by collecting less charge in the chamber no matter 61 

by initial recombination or general recombination. [2] Therefore, reading of ionization 62 

chamber need to be corrects by  𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 and also other factor. In this study, we mainly 63 

focus on discussing  𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 value. 64 

‘Two-voltage’ method 65 

TG-51 published in 1999 suggests that  𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 is a function of dose rate and it should 66 
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be less than 1.05 and for measuring  𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖, TG-51 suggest a ‘two-voltage’ method 67 

when determining the corrected charge reading. For pulsed or pulsed-swept beams 68 

with  𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 < 1.05, 
ra

1 /

/ /

H L
ion H L

w raw H L

V V
P

M M V V

−
=

−
      (2) 69 

Although the exact equations for pulsed or pulsed-swept beams are nonlinear, this 70 

equation gives 0.2% differences when the voltage ratio to 2 and 0.3% when the bias-71 

voltage ratio to 3 according to TG-51 report. [3] 72 

 73 

Since TG-51 was written in 1999 and the accelerator’s ability of giving high dose rate 74 

beams increases since then, so it is essential for us to re-evaluate the validation of TG-75 

51 recommended ‘two-voltage’ method in measuring 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖  factors. Furthermore, if 76 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 changes significantly in different position in radiation field and under different 77 

setup condition. We may need to re-evaluate our method of collecting PDD and profile 78 

when commissioning accelerator. 79 

‘Jaffé-plot’ method 80 

Stephen F.Kry and etc. and Attix introduced a method called Jaffé-plot.[4] They assume 81 

that the relationship between one over the voltage bias adding to ion-chamber (1/V) and 82 

one over the charge reading (1/Q) are linear. They assume that it is a better method for 83 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 calculation. In this case, we want to evaluate the accuracy of TG-51 recommended 84 

‘two-voltage’ method by comparing it with ‘Jaffe-plot’ method in different set-ups. 85 

 86 

The present work gives a partial discussion of the photon ionization recombination 87 

effect, this work aims at giving a thorough analysis of this effect.  88 
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 89 

2. Methods and materials: 90 

The purpose of this work is to investigate the relationships between 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 and different 91 

parameters (calculation methods, bias voltage, beam energy, dose rate, depth, different 92 

type of chamber and electrometers). We separate our experiments in 3 parts which are:  93 

1. Verify the validity of the TG-51 ‘two-voltage’ method using ‘Jaffé-plot’ method and 94 

find the suitable bias voltage for 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 measurement.  95 

2. Discuss the relationships between 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 and factors of dose rate, types of chamber 96 

and electrometer. 97 

3. Discuss the relationships between 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 and depth in phantom.  98 

 99 

Four kinds of chambers are used in this study. FC65-G from Scanditronix–Wellhofer, 100 

the plane-parallel Roos (type 34001) chamber from PTW, CC13 and Razor diode 101 

(formerly known as CC01) chamber from IBA were used in this study. The FC65-G 102 

chamber is a vented cylindrical Farmer-type ionization chamber with a volume of 0.65 103 

cm cm3, IBA CC13 chamber is an ionization chamber with active volume of 0.13 cm3 104 

and IBA Razor diode is a diode with active volume of 0.13 cm3. Three kinds of 105 

electrometers are used in this study. IBA Dose2 electrometer is a Dual-Channel 106 

reference class Electrometer, PTW Unidose electrometer is also a reference class 107 

electrometer and standard imaging CDX-2000B electrometer are all used in this study 108 

to compare the differences between chambers and electrometers. 109 

 110 



6 

 

Measurements were carried out on an Elekta Versa HD linear accelerator using photon 111 

energies: 6 MV, 10 MV, 6 MV FFF and 10 MV FFF (TPR20/10=0.686, 0.738, 0.679 112 

and 0.726, respectively). 113 

3. Theory: 114 

According to Attix, ionization recombination effect consists of two parts, which is 115 

initial recombination and general recombination [2], for initial recombination effect, 116 

Boag(1966,1986) [5] introduced Jaffé-Zanstra theory [6] for calculate it mathematically, 117 

which is the theoretical basis of ‘Jaffé-plot’ method. 118 

 119 

Jeffe-Zanstra theory predicts that: 120 

'

1

1 1 c

Q Q V
= +              (3) 121 

Where c is a constant of the chamber and is independent of 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 calculation and V is 122 

the applied bias voltage on chamber.  123 

The reason behind this is that collection efficiency f in short pulses can be written as: 124 

1
ln(1 )f u

u
= +         (4) 125 

Where  126 

1

2

2

.
/

u
k k V

e dα ρ
=

+
                          (5) 127 

in which ρ is the initial charge density created per pulse，d is the electrode spacing, 128 

for cylindrical or spherical chambers d is to be replaced by (a-b)K, V is the voltage 129 

applied on chamber, 

1 2

/

k

e

k

α
+

is a constant based on chambers. Define γ =f*u，we can 130 

rewrite equation (4) as : 131 
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1
f

eγ
γ

=
−

         (6) 132 

Then we can simplify equation (6) in chambers we used by Taylor expansion as an 133 

approximation as: 134 

1

1 0.5
f

γ
=

+
         (7) 135 

Then it can be written as equation (1) as in the experiment set-up, f is close to 1 andγ136 

can be approximately replaced by u in equation (7). 137 

 138 

The initial recombination factor can be found from ‘Jaffé-plot’ method, which is plot 139 

the relationship between one over the voltage bias adding to ion-chamber (1/V) and one 140 

over the charge reading (1/Q) and illustrating the extrapolation of 1/Q vs. 1/V to 1/V = 141 

0, yielding 1/Q, and by ‘Jaffé-plot’ method, we can also find the ion recombination 142 

corrections factor in any bias voltage. In this case, by comparing the 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 calculated 143 

by ‘two-voltage’ method and ‘Jaffé-plot’ method, we can evaluate the validation of 144 

‘two-voltage’ method under different setups. 145 

 146 

Experiment set-ups: 147 

First part of this study is to Verify the validity of the TG-51 ‘two-voltage’ method using 148 

‘Jaffé-plot’ method and find the suitable bias voltage pairs for 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 measurement. For 149 

this experiment, we want to simulate the condition as we are doing dose calibration. 150 

The measurement set-ups are shown in Table.1. at SSD = 100 cm, field size at 10 *10 151 

cm2 as TG-51 recommendation.  152 

 153 

 154 
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Table. 1 Measurement Conditions for ‘Two-voltage’ method 155 

Instruments Bias voltages Energies Measurement 

Depth 

Dose rate 

LINAC: VersaHD. 

Water phantom: 

Bluephantom2. 

Electrometer: Dose2. 

Ion chamber: FC65-G. 

100 V, 150 V, 

200 V, 300 V, 

400 V, 500 V. 

6 MV 5.2 cm 300 MU/min 

10 MV 10.2 cm 300 MU/min 

6 MV FFF 5.2 cm 700 MU/min 

10 MV FFF 10.2 cm 1100 MU/min 

 156 

Under each measurement condition, charge collected should be measured three times 157 

and record the average charge and deviation to reduce noise and all 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 factor under 158 

different voltage was calculated by ‘two-voltage’ method and ‘Jaffé-plot’ method 159 

respectively. 160 

 161 

Second part of this study is discussing the relationships between 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 and dose rate, 162 

types of chamber and electrometers. 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 factors were calculated for each energy in 163 

dose rate at: up to 700 MU/min for 6 MV and 10 MV photon beams and up to 1400 164 

MU/min for 6 MV FFF photon beams and up to 2200 MU/min for 10 MV FFF photon 165 

beams using FC65-G chamber and IBA Dose2 electrometer. 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 factors were 166 

calculated by data collected by CC01, CC13, FC65-G and PTW parallel plane chamber 167 

at set-ups in Table.1 at SSD = 100 cm, field size at 10 *10 cm2 as TG-51 168 

recommendation for each energy. The electrometer used in this experiment is IBA 169 

Dose2. The bias voltage is 300 V-100 V and 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 factors were calculated by ‘two-170 

voltage’ method. Then compare the differences between different 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖  factors 171 

collected by different chambers. 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 factors were determined by data collected by IBA 172 

Dose2, PTW Unidose and Standard-imaging CDX-2000B electrometers separately in 173 
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each energy at set-ups in Table.1 at SSD = 100 cm, field size at 10 *10 cm2 as TG-51 174 

recommendation for each energies. The bias voltage is 300 V-100 V using FC65-G ion 175 

chamber and 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 factors were calculated by ‘two-voltage’ method.  176 

 177 

Third part of this study is discussing the relationships between 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 and depth in water 178 

phantom. 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 factors were collected in different depth under water up to 30 cm at 179 

SSD = 100 cm, field size 10 *10 cm2 with CC13 ion chamber and IBA Dose2 180 

electrometer.  Dmax of different energies (1.62 cm for 6 MV, 2.22 cm for 10 MV, 1.74 181 

cm for 6 MV-FFF and 2.34 cm for 10 MV-FFF beams) were measured additionally. 182 

 183 

4. Results   184 

4.1 Verify the validity of the TG-51 ‘two-voltage’ method using ‘Jaffé-plot’ method 185 

and find the suitable bias voltage pairs for 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 factors measurement. 186 

Good repeatability was observed for all charges measurements. Correspondingly, the 187 

results show consistent 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 values, varying no more than 0.3% for all measurement 188 

under same set-ups. Standard deviations of all measurements are smaller than 0.3%. 189 

Results of readings of electrometers at different voltage are shown in Table.2. 190 

 191 

Table.2 Charge collected (nC) at different bias voltage. 192 

Bias voltage (V) 
Energy 

6 MV 10 MV 6 MV-FFF 10 MV-FFF 

100  18.09±0.02 15.02±0.02 17.85±0.02 14.69±0.03 

150  18.15±0.01 15.11±0.02 18.00±0.03 14.88±0.01 

200  18.18±0.02 15.14±0.01 18.08±0.02 14.99±0.03 

300  18.22±0.01 15.19±0.02 18.17±0.03 15.09±0.03 

400  18.24±0.01 15.21±0.02 18.21±0.02 15.14±0.02 

500  18.27±0.01 15.24±0.01 18.26±0.02 15.17±0.02 

 193 
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Using Table.2, any two bias voltage pairs under the same beam energy can be used to 194 

calculate 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 factors of that beam by ‘two-voltage’ method mentioned above. Using 195 

Equation.2, the 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 factors calculated by these ‘Two-voltage’ pairs are shown in 196 

Table.3. To verify the validity of ‘two-voltage’ method, the 1/Q versus 1/V curve were 197 

plotted in Figure.1. Since the measured signal showed a good linear relationship 198 

between 1/Q versus 1/V, linear best-fit lines were extrapolated to 1/V = 0 to find the 199 

value of no recombination condition and were shown on Figure.1. The 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖  factors 200 

calculated by ‘Jaffé-plot’ method are shown in Table.4. 201 

 202 

Table.3 Pion results calculated from different bias voltage pairs for different energies. 203 

 

Bias voltage 

pairs  

Energy 

6 MV 10 MV 6 MV-FFF 10 MV-FFF 

100 V-200 V 1.005 1.008 1.013 1.021 

150 V-200 V 1.002 1.002 1.004 1.007 

100 V-300 V 1.004 1.006 1.009 1.014 

150 V-300 V 1.004 1.005 1.010 1.014 

200 V-300 V 1.004 1.007 1.010 1.014 

100 V-400 V 1.003 1.004 1.007 1.010 

150 V-400 V 1.003 1.004 1.007 1.011 

200 V-400 V 1.003 1.005 1.007 1.010 

300 V-400 V  1.003 1.004 1.007 1.010 

100 V-500 V 1.002 1.004 1.006 1.008 

150 V-500 V 1.003 1.004 1.006 1.008 

200 V-500 V 1.003 1.005 1.007 1.008 

300 V-500 V 1.004 1.005 1.007 1.008 

400 V-500 V  1.007 1.008 1.011 1.008 

 

 204 

 205 

 206 

 207 

 208 

 209 

 210 

 211 
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Figure.1 Plot of 1/V vs. 1/Q of different beam energies. 212 

(a)6 MV (b) 10 MV (c) 6 MV-FFF (d) 10 MV-FFF 213 
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 215 

 216 

 217 

 218 

 219 

Table.4 P ion calculated by ‘Jaffé-plot’ method. 220 

 

Voltage 

Energy 

6 MV 10 MV 6 MV-FFF 10 MV-FFF 

200 V 1.007 1.009 1.015 1.020 

300 V 1.004 1.006 1.010 1.013 

400 V 1.003 1.005 1.007 1.010 

500 V 1.002 1.003 1.005 1.008 

 221 

Since we assume that‘Jaffé-plot’ method is a validate method to calculate 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 factors. 222 

‘Two voltage’ method, however, is easy to operate in clinic, so we want to find the 223 
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suitable bias voltage pairs for all energies by compare Table.2 and Table.4.  224 

 225 

100 V-300 V, 200 V-300 V, 100 V-400 V, 150 V- 400 V, 200 V-400 V, 300 V-400 V are 226 

the bias voltage pairs that have less than 0.1% differences between two methods, we 227 

define all these bias voltage pairs as ‘suitable bias voltage pairs’. 100 V-300 V bias 228 

voltage pair shows few differences between two methods. In this case, we select 100 229 

V-300 V bias voltage pair for further measurement and discussion. 230 

 231 

4.2 Discuss the relationships between 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖  factors and dose rate, types of ion 232 

chambers and electrometers. 233 

Results of 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 factors vs. dose rate are shown in Figure.2. 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 factors vs. different 234 

chambers are shown in Table.5 and 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 factors vs. different electrometers are shown 235 

in Table.6. 236 

 237 

 238 

 239 

 240 

 241 

 242 

 243 

 244 

 245 

 246 

Figure.2 P ion factors vs. dose rate 247 
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 248 

 249 

 250 

 251 

 252 

 253 

 254 

 255 

 256 

 257 

 258 

 259 

 260 

 261 

 262 

 263 

Table. 5 P ion factors vs. types of chamber  264 

Types of chamber  
Energy 

6 MV 10 MV 6 MV-FFF 10 MV-FFF 

CC01  1.005 1.008 1.005 1.011 

FC65  1.004 1.006 1.009 1.014 

CC13  1.005 1.007 1.011 1.016 

Parallel-plate 

chamber 
1.005 1.009 1.006 1.011 

 265 

Table.6 P ion factors vs. electrometers 266 

Bias Voltage 
Energy 

6 MV 10 MV 6 MV-FFF 10 MV-FFF 

Dose2  1.004 1.006 1.009 1.014 

Uni-Dose  1.003 1.006 1.009 1.014 
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Standard-Image  1.002 1.004 1.005 1.007 

 267 

 268 

4.3 Discuss the relationships between 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 factors and depth in phantom (under water) 269 

The results of this part are shown in Figure.3 270 

Figure.3 Pion value vs. Measurement depth. 271 

 272 

 273 

5. Discussion 274 

 275 

‘Jaffé-plot’ method is more convincing than ‘two-voltage’ method in our opinion is that 276 

not only because we discussed the theory of this method above, but also it can plot the 277 

function of 1/V and 1/Q by several points instead of 2 points to determine the 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 278 

factors. Since the uncertainty in readings of electrometers and setups are minimal, the 279 

main uncertainty introduced in ‘two-voltage’ method appears to be the approximation 280 

used by this method (approximate 0.2%). We can also find from Table.2 that FFF beams 281 

have larger uncertainty than traditional flattened beams which shows same results as 282 

Kry et al [4] and has been discussed by them that this larger uncertainty in FFF beams is 283 
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because of potential partial volume effects. As we mentioned above, ‘Jaffé-plot’ method 284 

is more convincing than ‘two-voltage’ method. However, ‘Jaffé-plot’ method is hard to 285 

operate than TG-51 recommended ‘two-voltage’ method. In this case, we want to find 286 

the bias voltage pairs when they show good consistency to use ‘two-voltage’ method 287 

‘Jaffé-plot’ method. In our study, for all beams and ion chambers, 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 factors was 288 

well described with the two-voltage method. Under our bias voltage pair (100 V-300 289 

V), the 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 factor agreed within 0.1% with ‘Jaffé-plot’ method. If the choice of the 290 

bias voltage pair is inappropriate, the differences between these two methods can be as 291 

larger as 1.25% which is hard to accept. Correspondingly, we conclude that ‘two-292 

voltage’ is validate in 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖  factor calculation only if we choose the ‘validate bias 293 

voltage pairs’ mentioned above or other bias voltage pairs which also show good 294 

consistency between these two methods.  295 

                            296 

The ion recombination effect caused by different dose rate is not substantially different. 297 

Attix [2] concluded that higher dose rate will cause higher 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 values. By his theory, 298 

the 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 values will change as the dose rate changes in same energy photon beams, but 299 

we have the opposite results as his hypothesis in Table.2. Before experiment, we 300 

imagine that 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 factors should increase as dose rate increases since ion in chamber 301 

has more chance to collide and recombine if the number of ion in the chamber increases. 302 

It shows no relationships, however. We assume that the reason of which is that Elekta 303 

Versa HD changes dose rate by changing number of pulses instead of changing dose 304 
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per pulse. Since the dose per pulse did not change when adjust dose rate, it shows no 305 

correlation between 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 factors and dose rate.  306 

 307 

The differences of 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 factors between different chamber and electrometers are less 308 

than 1% for each energy. All chamber and electrometers that show on this study can be 309 

used for absolute or relative dose measurement. Although differences are minimal, but 310 

we still recommend a 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 factors measurement on each chamber before measuring 311 

dose.  312 

 313 

The differences of 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 factors on different depth in water changes more than 2% in 314 

different depth for 10 MV-FFF beams, more than 1% in different depth for 6 MV-FFF 315 

beams and less than 1% for 10 MV and 6 MV photon beams. 316 

 317 

In our setup, the 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 factor changes more than 1% when the measurement depth in 318 

water changes in FFF beams which cannot be ignore in clinic because if we have larger 319 

than 1% differences in data collection for TPS or instrument commissioning in the first 320 

place, it will cause larger variation in treatment. When treat the patients, more 321 

uncertainty maybe introduced in the system and it may cause more than 5% differences 322 

than we planned in the TPS, which is unacceptable. Therefore, we recommended a 323 

thoroughly 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 measurement in commissioning and quality assurance procedure. 324 

 325 
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Previous works gives a partial discussion of the photon ionization recombination effect, 326 

this work aims at giving a thorough analysis of this effect and give recommendations 327 

in different conditions. 328 

 329 

6. Conclusion 330 

TG-51 recommended ‘two-voltage’ method is still a validate method for high dose rate 331 

flattening filter free radiation beams. 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 factors changes minimal when dose rate, 332 

chamber and electrometer changes but it changes due to depth in water. We recommend 333 

a thoroughly 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 measurement in commissioning and quality assurance procedure. 334 

 335 
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Figures

Figure 1

Plot of 1/V vs. 1/Q of different beam energies. (a)6 MV (b) 10 MV (c) 6 MV-FFF (d) 10 MV-FFF



Figure 2

P ion factors vs. dose rate

Figure 3



P ion value vs. Measurement depth.
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