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Abstract

Background: Ion chambers are required for calibration and reference dosimetry applications 

in radiation therapy (RT). However, exposure of ion chambers in ultra-high dose rate (UHDR) 

conditions pertinent to FLASH-RT leads to severe saturation and ion recombination, which limits 

their performance and usability. The purpose of this study was to comprehensively evaluate a 

set of commonly used commercially available ion chambers in RT, all with different design 

characteristics, and use this information to produce a prototype ion chamber with improved 

performance in UHDR conditions as a first step toward ion chambers specific for FLASH-RT.

Methods: The Advanced Markus and Exradin A10, A26, and A20 ion chambers were evaluated. 

The chambers were placed in a water tank, at a depth of 2 cm, and exposed to an UHDR electron 

beam at different pulse repetition frequency (PRF), pulse width (PW), and pulse amplitude settings 

on an IntraOp Mobetron. Ion chamber responses were investigated for the various beam parameter 

settings to isolate their dependence on integrated dose, mean dose rate and instantaneous dose rate, 

dose-per-pulse (DPP), and their design features such as chamber type, bias voltage, and collection 

volume. Furthermore, a thin parallel-plate (TPP) prototype ion chamber with reduced collector 

plate separation and volume was constructed and equally evaluated as the other chambers.

Results: The charge collection efficiency of the investigated ion chambers decreased with 

increasing DPP, whereas the mean dose rate did not affect the response of the chambers (±1%). 

The dependence of the chamber response on DPP was found to be solely related to the total dose 

within the pulse, and not on mean dose rate, PW, or instantaneous dose rate within the ranges 

investigated. The polarity correction factor (Ppol) values of the TPP prototype, A10, and Advanced 
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Markus chambers were found to be independent of DPP and dose rate (±2%), while the A20 and 

A26 chambers yielded significantly larger variations and dependencies under the same conditions.

Conclusions: Ion chamber performance evaluated under different irradiation conditions of an 

UHDR electron beam revealed a strong dependence on DPP and a negligible dependence on 

the mean and instantaneous dose rates. These results suggest that modifications to ion chambers 

design to improve their usability in UHDR beamlines should focus on minimizing DPP effects, 

with emphasis on optimizing the electric field strength, through the construction of smaller 

electrode separation and larger bias voltages. This was confirmed through the production and 

evaluation of a prototype ion chamber specifically designed with these characteristics.

1 | INTRODUCTION

The full potential of radiation therapy (RT) as a cancer therapy is limited by its toxicity 

to normal tissue structures, especially critical structures adjacent to the treatment site. 

Preclinical data have indicated that delivering radiation at dose rates of 40 Gy/s or higher 

over a period less than 200 ms, commonly referred to as ultra-high dose rate (UHDR) 

irradiation, has been shown to have the radiobiological advantage of selectively sparing 

normal tissue while maintaining a tumoricidal effect in in vivo preclinical models, which 

has been dubbed the FLASH effect.1–5 Although the FLASH effect has been observed 

in many organ systems, the physical characteristics of the radiation beam such as dose 

per pulse (DPP), pulse repetition frequency (PRF), pulse width (PW), mean dose rate, 

and instantaneous dose rate needed to achieve and optimize the FLASH effect are still 

largely unknown6,7. Difficulties in measuring these irradiation parameters with conventional 

detectors and measurement techniques have led to underreporting and inconsistencies in the 

published literature. Available radiation detectors that are dose rate independent such as 

radiochromic film, thermoluminescence detectors, alanine, and methyl viologen8,9 are not 

capable of real-time dose measurements or beam monitoring. Nevertheless, translation of 

FLASH-RT to the clinic is already underway, with one completed Phase I trial and at least 

two clinical trials currently recruiting in the United States and Europe,10,11 despite these 

major limitations in the dosimetric evaluation and calibration of UHDR beamlines.

To elucidate the mechanism behind the FLASH effect, and to ensure accurate monitoring 

of the dose being delivered, accurate real-time radiation detectors that can operate within 

UHDR beamlines are urgently needed12. Currently, several studies have reported the use 

or the demonstration of real-time dosimeters capable of measuring the output of UHDR 

electron or proton beams in real-time such as diamond detectors, plastic scintillators, beam 

current transformers (BCTs), radioluminescent detectors, and Faraday cups9,13–17. Although 

they offer excellent temporal resolution (ns-μs range), these detectors are not perfect; 

they may suffer from a variety of dependencies in UHDR beamlines such as radiation 

damage, saturation, changes to sensitivity, energy dependence, and tissue non-equivalence. 

Traditionally, in the realm of RT, ionization (ion) chambers are used for the calibration 

of clinical linear accelerators under protocols established by the American Association 

of Physicists in Medicine (AAPM)18–20 or the International Atomic Energy Agency 

(IAEA).21,22 For this reason, ion chambers are regularly tested and calibrated at secondary 

standards laboratories to ensure accurate radiation dose measurements when used for clinical 
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or research applications.23 However, the protocols recommended by the AAPM (TG-51)18 

or the IAEA (TRS-398)22 cannot be applied directly to UHDR beamlines owing to the major 

saturation, ion recombination, and polarity effects induced in conventional ion chambers 

upon irradiation at dose rates and DPP values relevant to UHDR beamlines.8,13 Standard 

models of characterizing ion chamber behavior such as Boag’s two-voltage analysis24 are 

also invalid under conditions of high-DPP and UHDR beamlines8,13. These limitations have 

downstream effects as well, since other detectors used to measure radiation are often cross-

calibrated with ion chambers for accurate dose measurements. Therefore, there is a pressing 

need to evaluate existing chambers both to determine the current performance characteristics 

and to identify specific features of the ion chamber design that can be optimized in order to 

obtain more accurate readings in UHDR beamlines. The goal of this approach is to facilitate 

the clinical translation of FLASH-RT through the use of accepted AAPM protocols and 

to establish dose calibrations with detectors that are traceable to the National Institute of 

Standards and Technology (NIST).

Comprehensive evaluations of the dependencies of detectors in UHDR electron beamlines 

must consider the characteristics relevant to those beamlines, such as PW, DPP, mean and 

instantaneous dose rate, PRF, and total irradiation time25. Thus, radiation detectors must 

be characterized based on the isolated effects of these parameters. Unfortunately, such 

comprehensive evaluations are difficult to perform due to variability in machine performance 

when operating at these extreme dose rates and a lack of a “ground truth” to evaluate the 

detectors against. Currently, ion chambers evaluated for their response in UHDR electron 

beamlines include the PTW Advanced Markus chamber,8,26 PTW Roos,26,27 and a variety 

of custom-designed chambers such as end-window-chambers28 with 0.5 to 2 mm electrode 

separation; ultra-thin parallel plate ion chambers29 with 0.22 and 0.27 mm air gaps; and an 

ultra-thin parallel plate ionization chamber with a 0.25 mm air gap.30 These reports have 

indicated through measurement or simulations that the charge collection efficiency, which 

includes the effects of saturation as well as ion recombination effects due to ion-ion and 

ion-electron recombination processes, depends strongly on DPP, and that modifications to 

ion chambers such as a higher bias voltage or a smaller electrode separation can improve 

charge collection efficiency and reduce the polarity effect exhibited by ion chambers in 

UHDR electron beamlines.

The work reported here represents one of the most comprehensive experimental evaluations 

of ion chambers in pulsed UHDR electron beamlines to date. This work involves 

experimental isolation of variable beam parameters, such as mean and instantaneous dose 

rate as well as DPP, that extends beyond what has been provided in previous studies, which 

either involve extensive simulations with limited experimental data to validate the findings 

or extensive experimental data without comprehensive isolation of each beam parameter. 

The ion chambers’ response was evaluated against each individual beam parameter, 

including dose, DPP, mean dose rate, and instantaneous dose rate by modifying the 

number of pulses delivered, PW, PRF, and pulse amplitude16. The ion chambers’ response 

was evaluated against dose rate independent BCTs, which represent the most accurate 

instrumentation available for real-time evaluation of UHDR electron beam parameters on a 

pulse-by-pulse basis9,16,31. The ion chambers’ response was further evaluated as a function 

of ion chamber design, where the chambers included in this study represent a wide variety 
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of parallel plate chambers with different collecting volumes, collector plate separation, bias 

voltage capabilities, and materials, as well as a cylindrical micro chamber for reference. 

Based on this evaluation, a custom-designed thin parallel-plate (TPP) prototype ion chamber 

was developed to improve the ion chamber performance characteristics in UHDR electron 

beam conditions. This work addresses previous limitations in the methodology of detector 

performance evaluation in UHDR irradiation conditions and the results obtained on ion 

chamber response will help to shape future ion chamber designs for UHDR dosimetry 

applications.

2 | METHODS

The ion chambers evaluated in this study were the Advanced Markus (PTW, Freiburg, 

Germany), Exradin A10 Markus-type Chamber (Standard Imaging, Middleton, WI, USA), 

Exradin A26 Microchamber (Standard Imaging), Exradin A20 Low-Energy X-ray Chamber 

(Standard Imaging), and a TPP prototype ion chamber constructed based on the A20 ion 

chamber design but with a reduced electrode gap of 1 mm. Only one chamber of each 

model was tested. The goal of this study was to evaluate ion chambers with substantially 

different design characteristics from a wide array of ion chambers to inform future 

developments rather than evaluating subtle batch differences between ion chambers. The 

relevant specifications for each ion chamber are listed in Table 1. The specifications for the 

ion chambers came almost entirely from their respective vendor manual32,33. The average 

ion collection times for the ion chambers at their vendor specified maximum bias voltage, 

which was utilized in this study, were not listed in their vendor manual but were instead 

calculated using the equation: τ = d2
V × ki

, where τ is the average ion collection time, d is the 

electrode spacing, V is the bias voltage (in this study we used the max bias voltage), and 

ki is the ion mobility constant, specifically the positive ion mobility constant where ki = 

1.58 cm2/Vs as calculated by Geleijns et al for positive ions34. In calculating the average 

ion collection time for the cylindrical ion chamber, we substituted the electrode spacing 

parameter (d) with the radius of cylindrical chamber (r = ½(Sensitive Volume Diameter – 

Collector Diameter)).

Before each irradiation session, the temperature and pressure were measured, recorded, 

and applied in corresponding correction factors to the measured signal.18 The range of 

temperature and pressure values recorded over the entire time course of this experiment 

ranged from 294-296 K and 100.7-100.8 kPa. Each ion chamber investigated was connected 

to a SuperMAX electrometer (Standard Imaging) utilizing the maximum vendor-specified 

bias voltage, had a waterproof cap or sleeve placed on the chamber, and was inserted in a 

filled 1D Scanner (Sun Nuclear, Melbourne, FL, USA) water tank of dimensions 35 × 39 

× 36.2 cm3 for irradiations performed in both CONV and UHDR beamlines. To ascertain 

the chamber response at clinical dose rates and DPP values (i.e., 0.16 Gy/s and < 1mGy 

per pulse), the 16 MeV beam (R50 = 6.4 cm) on a Varian 21EX linear accelerator calibrated 

under the TG-51 protocol18 was used under reference conditions with the chamber placed 

at a depth of maximum dose (dmax), 3.4 cm in water, such that it was situated in the 

flat region of the percent depth dose curve; 300 MU were delivered per measurement, 

and measurements were performed at bias voltages of −500 V and ±1000 V for the A10, 
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A20, A26, and TPP prototype ion chambers and −200 V and ±400 V for the Advanced 

Markus chamber. This procedure was done to calculate Pion (the correction factor that 

accounts for ion recombination) and Ppol (the correction factor that accounts for the polarity 

effect in the chamber response)18 at the vendor recommended maximum bias voltage for 

each ion chamber in a clinical beam (i.e., at conventional dose rates). Three consecutive 

measurements, corrected for temperature and pressure, were obtained for all ion chamber 

measurements used in this study unless specified otherwise.

P ion V max =
1 − V max

V max/2
Mmax

Mmax/2
− V max

V max/2

,

(1)

Ppol = Mmax
− − Mmax

+

2Mmax
− ,

(2)

In equation 1, Pion was calculated at the vendor recommended maximum bias voltage (Vmax) 

and half-maximum bias voltage Vmax/2 with their respective averaged measurements Mmax 

and Mmax/2 acquired at those voltages. In equation 2, Ppol was calculated at the vendor 

recommended maximum bias voltage (Vmax) at both the negative and positive bias voltage 

with their respective averaged measurement, M−
max and M+

max, performed at those bias 

voltages.

The ion chamber evaluations in UHDR electron beamlines were performed using the 

Mobetron35 (IntraOp, Sunnyvale, CA, USA). The Mobetron can deliver both UHDR and 

CONV dose rate beams with variable parameters such as beam energy, PW, number 

of pulses, PRF, and SSD.35 BCTs (Bergoz Instrumentation, Saint-Genis-Pouilly, France) 

integrated into the head of the Mobetron were used to monitor and record the beam 

parameters of each individual pulse delivered in UHDR electron conditions16. The BCTs 

in this work represent the working standard against which the ion chambers were evaluated 

when placed in water. For dosimetric reporting, the BCTs were calibrated against energy- 

and dose rate-independent radiochromic film (Gafchromic EBT3, Ashland Inc., Covington, 

KY, USA) at each reference setup for the ion chambers placed in water as previously 

reported.16,36 Except when explicitly noted, the settings used on the Mobetron were a 9 

MeV UHDR beam (R50 = 4 cm) with a PRF of 90 Hz and the widest PW setting of 3.6 

μs (corresponding to a DPP of 6.4 Gy), with the measurement setup directly below the exit 

window of the head of the Mobetron to achieve the highest DPP for the PWs available. 

The ion chamber response was evaluated in terms of the charge collection efficiency and 

Ppol as defined in TG-5118 . The charge collection efficiency is defined as the percentage of 

the temperature and pressure corrected signal (MUHDR) per unit dose (DUHDR), measured 

using Gafchromic film and the BCTs, that is delivered to the ion chamber in an 9 MeV 

(R50 = 4 cm) UHDR beamline at a depth of 2 cm (dmax) divided by the fully corrected 
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signal (MCONV) per unit dose (DCONV), measured using Gafchromic film, delivered to the 

ion chamber in a 16 MeV (R50 = 6.4 cm) CONV beamline at a depth of 3.4 cm (dmax), as 

shown in Equation 3.8 The depth of the measurements for the respective beam energies were 

selected based on their location in the flat part of the percent depth dose curve. The fully 

corrected signal includes correction factors involving Pion, Ppol, PTP, and Pelec (assumed 

equal to 1).18

Cℎarge Collection Efficiency = MUHDR/DUHDR
MCONV /DCONV

× 100%

(3)

When comparing the ion chamber response under different conditions of mean and 

instantaneous dose rate, a common metric used to evaluate their response was the coefficient 

of variation, which is the percent ratio of the standard deviation to the mean value of 

the dataset evaluated. In plotting the charge collection efficiency and Ppol as a function 

of various beam parameters related to dose, DPP, and dose rate, the error bars shown 

represent two standard deviations taken from three consecutive readings and may sometimes 

be hidden by the measurement points because of their relatively small values.

2.1 | Bias voltage response

To evaluate how each ion chamber’s response at the highest PW (3.6 μs) and DPP 

(6.4 Gy) setting, in terms of charge collection efficiency (Eq. 3), was influenced by the 

applied bias voltage, the bias voltage was incrementally increased from 100 V to the vendor-

recommended maximum bias voltage, which was 1000 V for all chambers investigated 

except for the Advanced Markus chamber, which has a maximum bias of 400 V (Table 1).

2.2 | Integrated Dose response

The response of the ion chambers as a function of dose was evaluated at the highest PW (3.6 

μs) and DPP (6.4 Gy) setting. The accumulated signal from each chamber was recorded after 

the delivery of a set number of pulses ranging from 1 to 200 pulses (Table 1).

2.3 | Mean dose rate response

The ion chamber response in terms of charge collection efficiency and Ppol as a function 

of mean dose rate was evaluated at a DPP of 6.38 ± 0.29 Gy. The PRF settings examined 

ranged from 30 to 120 Hz, corresponding to mean dose rates ranging from 241 to 963 Gy/s. 

The mean dose rate was calculated using the following equation (Eq. 4), with the number of 

pulses labeled as Np:

Mean Dose Rate = DPP × Np
Np − 1
PRF + PW × 10−6

[Gy/s] .

(4)
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2.4 | Dose per pulse response

2.4.1 Variable Pulse Width Response—The dependence of each ion chamber’s 

response on DPP was evaluated in two ways: (1) by changing the PW while keeping 

the instantaneous dose rate (amplitude of the pulse) constant and (2) by changing the 

instantaneous dose rate (amplitude of the pulse) while keeping the PW constant. In the first 

approach, the DPP was changed by modifying the PW between 0.5 and 3.6 μs at a constant 

SSD. Measurements were obtained at the highest DPP setting possible for each PW by 

placing the linac head directly at the water surface, resulting in DPP values of 1.06 ± 0.05 to 

6.32 ± 0.27 Gy, respectively.

2.4.2 Variable Instantaneous Dose Rate Response—In the second approach, the 

PW setting was held constant at 3.6 μs, and the DPP was modified by changing the SSD 

while delivering a set number of pulses at each SSD location with the chambers placed at 

dmax (2 cm depth in water). The range of DPP values investigated for each chamber was 

0.36 ± 0.01 to 6.41 ± 0.07 Gy.

2.5 | Instantaneous dose rate (Pulse Width) response at a constant dose per pulse

The instantaneous dose rate in this paper is defined as the DPP divided by the PW, which 

is measured at full width at half maximum of the pulse16,37,38. Because the pulses delivered 

are not perfectly square16, the instantaneous dose rate is defined as the average dose rate 

over the width at 50% of max amplitude of the pulse. The ion chamber response as a 

function of PW and instantaneous dose rate was assessed by matching the DPP delivered 

to the chambers for different PWs. This was accomplished by modifying the SSD for each 

PW selected to ensure that the DPP measured at the location of the ion chamber remained 

constant regardless of the PW setting used. The DPP values selected allow at least two PW 

settings with matched DPP values, which were approximately 1, 2, and 3 Gy per pulse. For 

a DPP of 1 Gy, the PWs that could produce a DPP of approximately 1 Gy at the location of 

the ion chamber ranged from 0.5 to 3.6 μs. For a DPP of 2 Gy, the PWs that could produce 

a measured DPP of approximately 2 Gy at the ion chamber location ranged from 1.2 to 3.6 

μs. For a DPP of 3 Gy, the range of PWs used was 3 to 3.6 μs. Table 3 summarizes the 

parameters that were changed in conjunction with the parameters that remained constant in 

this study.

3. RESULTS

Table 4 lists the Pion and Ppol values of the ion chambers investigated in this study after 

irradiation with a 16 MeV electron beam delivered at a conventional dose rate of 0.16 Gy/s.

3.1 | Bias voltage response

The ion collection efficiency for all tested chambers increased with increased bias voltage 

(100, 300, 500, 800, and 1000 V for the A10, A26, A20, and TPP prototype; and 100, 200, 

300, and 400 V for the Advanced Markus). Using a bias voltage of 1000 V was found to 

have a charge collection efficiency approximately twice that measured at the manufacturer-

recommended bias voltage of 300 V for the A10, A20, and A26. The same response was 

found for the TPP prototype chamber. For the Advanced Markus, using a bias voltage of 400 
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V demonstrated a charge collection efficiency that was 20% higher than that measured at 

300 V under the same DPP and dose rate conditions (Fig. 1).

3.2 Integrated Dose response

A linear relationship between the measured signal with the dose delivered at the maximum 

bias voltage setting was observed for all the ion chambers, with an R2 > 0.99 (Figure 

2A). Figure 2B shows the charge collection efficiency as a function of dose delivered 

for each of the ion chambers investigated. The coefficients of variation of the charge 

collection efficiency measured at different doses in the A10, Advanced Markus, A26, and 

TPP prototype ion chambers in Figure 2B were within 1% of one another, whereas the 

coefficient of variation for the charge collection efficiency measured at different doses for 

the A20 was determined to be 3.3%, all at a dose range of 6.40 ± 0.26 to 1215 ± 34 Gy using 

a PW of 3.6 μs.

3.3 | Mean dose rate response

The charge collection efficiency and Ppol values at the maximum bias voltage setting were 

found to be independent of PRFs ranging from 30-120 Hz (mean dose rate) (<1% coefficient 

of variation), with the exception of the A20 chamber (Figure 3) at a PW setting of 3.6 

μs. The range of values for the measured charge collection efficiency for each of the ion 

chambers were 2.3-2.4% (A20), 25.4-25.7% (A10), 35.6-36.0% (A26), 36.8-37.0% (Adv. 

Markus), and 67.6-68.2% (TPP). The range of values for the measured Ppol for each of the 

ion chambers were 1.55-1.60 (A20), 1.084-1.086 (A10), 1.481-1.485 (A26), 0.993-0.998 

(Adv. Markus), and 1.076-1.086 (TPP).

3.4 | Dose per pulse response

3.4.1 | Variable Pulse Width Response—Figure 4 shows the charge collection 

efficiency and Ppol values at the maximum bias voltage setting for the ion chambers 

investigated at DPP values ranging from 1.06 ± 0.05 to 6.32 ± 0.27 Gy with corresponding 

PWs ranging from 0.5 to 3.6 μs and constant PRF of 90 Hz, with a constant instantaneous 

dose rate of 2 MGy/s. The charge collection efficiency was shown to decrease with increased 

DPP from increasing PW at the same SSD. The charge collection efficiency decreased from 

52% to 26% for the A10 chamber, 65% to 36% for the A26, 64% to 37% for the Advanced 

Markus, 6.3% to 2.4% for the A20, and 99% to 67% for the TPP prototype chamber, 

when increasing the DPP from 1.06 ± 0.05 to 6.32 ± 0.27 Gy. The measured Ppol ranges 

were 1.04-1.08 for the A10 chamber, 1.24–1.48 for the A26, 0.995–1.005 for the Advanced 

Markus, 1.46–1.57 for the A20, and 1.063–1.086 for the TPP prototype chamber. At the 

maximum allowed bias voltage, the range of Ppol values measured in a UHDR beam were 

comparable with the Ppol values measured with a conventional dose rate beam for the TPP 

prototype (1.058) and the Advanced Markus (1.001) listed in Table 4, but these values were 

substantially different than what was measured in a conventional dose rate beam for the A10 

(1.005), A20 (1.006), and the A26 (1.018) chambers.

3.4.2 | Variable Instantaneous Dose Rate Response—The DPP dependence of the 

ion chamber response in terms of charge collection efficiency and Ppol at the maximum 

chamber bias voltage was investigated at DPP values ranging from 1.06 ± 0.05 to 6.32 
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± 0.27 Gy and instantaneous dose rates ranging from 0.1 to 2 MGy/s, respectively, at 

a single PW of 3.6 μs (Figure 5) and PRF of 90 Hz using different SSDs. The charge 

collection efficiency decreased with increased DPP and instantaneous dose rate for all 

chambers evaluated. The TPP prototype chamber, however, demonstrated a plateau in the 

charge collection efficiency (>99%) at DPPs of ≤1 Gy. The charge collection efficiency 

decreased from 71% to 28% for the A10 chamber, 86% to 35% for the A26, 13.0% to 2.5% 

for the A20, 86% to 38% for the Advanced Markus, and 100% to 65% for the TPP prototype 

chamber, when increasing the DPP from 0.36 ± 0.01 to 6.41 ± 0.07 Gy, respectively. 

The measured Ppol ranges were 1.029–1.051 for the A10 chamber, 1.07–1.45 for the A26, 

0.991–1.004 for the Advanced Markus, 1.43–1.71 for the A20, and 1.06–1.09 for the TPP 

prototype chamber.

3.5 | Instantaneous dose rate (Pulse Width) response at a constant dose per pulse

For each of the ion chambers evaluated, the charge collection efficiency measured at a 

DPP of 1 Gy was found to have a coefficient of variation of 3% for PWs ranging from 

0.5–3.6 μs; at a DPP of 2 Gy the coefficient of variation was also measured to be within 

3% for PWs ranging from 1.2–3.6 μs; and at a DPP of 3 Gy the charge collection efficiency 

measurements were found to be within 2% for PWs of 3 and 3.6 μs. The associated 

instantaneous dose rates affiliated with the charge collection efficiency at each PW at a given 

DPP are listed in Table 2 and shown in Figure 6. At the maximum bias voltage for each 

chamber evaluated and a constant PRF setting of 90 Hz, the range of PWs investigated were 

0.5-3.6 μs at a DPP of 1 Gy, 1.2-3.6 μs at a DPP of 2 Gy, and 3-3.6 μs at a DPP of 3 Gy.

The coefficient of variation of the Ppol values for different PWs measured at a constant 

DPP of 1, 2, and 3 Gy for each of the ion chambers were within 2.2%, 2.0%, and 1.8%, 

respectively, with the highest variance observed in the A20 ion chamber. When the A20 ion 

chamber was excluded from consideration, the coefficients of variation for the Ppol values 

measured in the ion chambers for different PWs at DPPs ranging from 1 to 3 Gy were within 

1%. The associated instantaneous dose rates affiliated with Ppol at each PW at a given DPP 

are listed in Table 2 and shown in Figure 7.

4 | DISCUSSION

This is the first comprehensive evaluation of Standard Imaging’s ion chambers, which are 

uniquely capable of having a maximum usable polarizing voltage of up to 1000 V. Overall, 

our results demonstrate that the charge collection efficiency of the evaluated ion chambers 

were strongly affected by the DPP of the beam; we further found them to be independent 

of the mean dose rate (up to 963 Gy/s) and of the instantaneous dose rate (up to 2 MGy/s). 

All ion chambers evaluated showed a strong dependence on DPP, irrespective of mean dose 

rate. The chambers were also found to be independent of PW and instantaneous dose rate 

as shown by the nonsignificant variation in charge collection efficiency as a function of PW 

when the DPP was matched between PWs. Furthermore, our study has also demonstrated 

that the SuperMAX electrometer in its current configuration does not demonstrate saturation 

within the experimental conditions and ion chambers evaluated based on the integrated dose 

response study. However, this does not indicate that the electrometer is perfectly optimized 
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for UHDR beamlines. Although no obvious electrometer saturation behavior was observed 

during this study, saturation of the individual pulse signals may still be occurring in the 

electrometer. Further investigation of the impulse response of electrometers used for UHDR 

dosimetry is warranted but is outside the scope of the current investigation.

The mean dose rate independence observed for these chambers may be due to the ion 

collection time being much shorter (on the order of μs27) than the time between each 

subsequent pulse delivery for the mean dose rate response (1/PRF), which is on the order 

of ms (8.3 ms was the shortest used in our measurements, i.e., at a PRF of 120 Hz). 

The longest ion collection time of the chambers evaluated was on the order of 100 μs. 

This would allow a theoretical PRF of 10 kHz to be used without inducing mean dose 

rate effects in the chamber, which is a significantly higher PRF setting than any standard 

linear accelerator currently in use or proposed for FLASH-RT applications2,36. The observed 

instantaneous dose rate independence may be due to the ion collection time being longer 

than the pulse duration for the ion chambers investigated in this study. For chambers with 

smaller electrode design, the collection time may be on the order of magnitude of μs and 

may yield instantaneous dose rate effects, as reported in a simulated study by Gomez et al29, 

since τ is proportional to d2. However, a separate simulation study from Kranzer et al. 2022 

reports instantaneous dose rate independence for sub-mm ion chamber designs suggesting 

that such phenomenon arises from a static state in the electric field that is achieved in the 

ion chamber above a certain PW for a given electrode spacing, which is governed by the 

time of the slowest charge carriers to traverse the distance between the electrodes30. The 

same simulation study reports a less than 0.15% change in charge collection efficiency 

for different instantaneous dose rates (simulated as high as 3 MGy/s)30. These simulation 

studies highlight the need for a comprehensive experimental evaluation investigating the PW 

dependence of ion chambers at different DPPs and instantaneous dose rates, especially for 

chambers where the ion collection time is on par or shorter than the pulse duration.

A limitation to our estimation of the ion collection time is the assumption for the ki value 

selected and the assumption that ki is identical for all the chambers investigated in this 

study. In this study, the positive ion mobility constant (k1) was selected for ki as it is 

representative of the slowest ion mobility constant of the two presented (the other being 

the negative ion mobility constant (k2)) and that the negative bias voltage setting was 

selected on the electrometer to collect positive ions. It is important to note that different 

authors have reported different ion mobility values for the positive ion mobility constant 

(k1 =1.34-1.89 cm2/Vs) and negative ion mobility constant (k2 =1.85-2.21 cm2/Vs) based 

on different assumptions for the recombination coefficient used in their calculation34,39–42 

with even some studies finding that k1 = k2 when the ions are freshly formed.40,43 The 

average ion collection time was used as an approximation for the drift of the charges in the 

sensitive volumes, particularly in CONV beamlines, which may be subjected to variations 

when encountering UHDR and high DPP beamlines.

The DPP dependence of ion chamber response for different prototype constructions and the 

Advanced Markus in UHDR beamlines has been reported elsewhere8,27–29. The mean and 

instantaneous dose rate independence has been reported by Petersson et al. for only the 

Advanced Markus under conditions that the DPP remains the same (based on conclusions 
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drawn from their data but not directly measured), but to date the specific beam parameter 

dependence of ion chambers has not been isolated and directly measured in a systematic 

approach8. No other work has experimentally shown that the response of the ion chamber 

(in terms of charge collection efficiency and polarity) is independent of both the mean dose 

rate (up to 936 Gy/s) and instantaneous dose rate (up to 2 MGy/s), thereby demonstrating 

that the strongest, if not the only, dependence that ion chambers have regarding the physical 

beam parameter setting is in the DPP.

Slight discrepancies in the response of ion chambers for the PW response evaluation may 

reflect slight variations in the dose delivered when matching different PWs to the same 

DPP, inherent uncertainties related to film and BCTs16, or that pulses delivered from the 

IntraOp Mobetron are not an ideal square function16,31. Gafchromic EBT3 film was selected 

as the dosimeter against which we calibrated the machine output due to its extensive use in 

UHDR beamlines, its known dose rate independence up to 1012 Gy/s14,44, and its reported 

overall uncertainty of <4% (k=2)45. To mitigate the uncertainties related to repeat use of 

Gafchromic film, BCTs were also utilized to verify and confirm the dose measured by 

Gafchromic film by calibrating the BCT output to dose measured on Gafchromic film 

specific to each reference geometry16. Due to their high-accuracy and prompt real-time 

monitoring of the output from UHDR electron beamlines on a pulse-by-pulse basis, the 

BCTs provided measurement precision that was comparable to if not better than other 

established dose rate-independent dosimeters used in UHDR dosimetry (<1-2%)9,16,31,46. 

Even though introducing two separate dosimeters as the standard to which we compare 

the ion chamber response introduces additional systematic errors and uncertainty, we are 

comparing the relative response of ion chambers under different beam parameters of an 

UHDR beamline and are normalizing the charge per unit dose delivered with that measured 

in a CONV beamline to minimize the impact of this uncertainty in our data.

The reduction in charge collection efficiency with higher DPP is mitigated by using an ion 

chamber with a smaller electrode spacing or a higher bias voltage, both of which yield 

a larger electric field strength in the chamber volume. Smaller electrode spacing would 

ensure that the ions travel shorter distances to the electrode while increasing the bias 

voltage at a given electrode spacing would increase the electric field strength and more 

efficiently separate the ion pairs and reduce recombination as shown in this study8,27–29. The 

commercially available A10, A26, and the A20 are able to operate at a bias voltage of up to 

1000 V, which is several hundred volts higher than could be achieved in other ion chambers 

tested or simulated in UHDR beamlines8,27–29. However, due to their current designs, 

their electric field strengths are much smaller thus prompting the design and evaluation 

of a prototype ion chamber with reduced electrode spacing but with retained bias voltage 

capability compared to the other chambers tested (up to 1000 V). The electrode gap was 

set to 1 mm to match the Adv. Markus chamber, albeit with a different collecting volume 

(0.003 vs 0.02 cm3 for the TPP prototype and Adv. Markus respectively). Based on this 

comparison, we could conclude that when considering ion chamber design characteristics, 

volume had minimal or no effect on the ion chamber performance, and that the electrode 

separation was the determining factor, which was evident in our data when matching the 

electric field strength between the two chambers.
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In the design of our prototype ion chamber, we did not go below 1 mm for the electrode 

gap. As demonstrated in this work, an avenue to improve the charge collection efficiency 

at higher DPPs would be the construction of parallel plate ion chambers with sub-mm 

electrode spacings. Since the SuperMAX electrometer has the capability to provide bias 

voltages as high as 1000 V, sub-mm ion chamber design would allow the user to examine 

different electric field strengths suitable to minimizing charge recombination as an avenue 

to designing a chamber with minimal saturation and recombination effects. Others have 

reported on designs of prototype parallel plate ion chambers with sub-mm (≤ 1 mm) 

electrode spacing that have utilized or simulated higher electric field gradients (going 

as high as 1200 V/mm), and these yielded improved charge collection efficiencies at 

higher DPP values29,30. However, it is important to note that given the same electric 

field gradient, chambers with a smaller electrode spacing were reported to show improved 

charge collection efficiencies as a function of DPP, emphasizing the influence that electrode 

spacing has over bias voltage of the chamber design30. This is shown in comparing the 

charge collection efficiency at 1000 V/mm measured by the TPP with those measured by 

sub-mm prototype chambers produced in previous papers29,30. An important observation 

to note is that the ion collection time (τ is proportional to d2/V) is directly related to the 

electrode spacing (d) and inversely related to the electric field strength (V/d) indicating that 

higher electric field strengths paired with smaller electrode spacings will yield smaller ion 

collection times. Such combinations in the ion chamber design may result in ion chambers 

with an instantaneous dose rate or PW dependence where ion collection times will be on par 

or faster compared to the delivered radiation pulse.

With respect to chamber design, among the commercially available chambers from Standard 

Imaging, the A26 microchamber had higher charge collection efficiency compared to the 

A10 or A20 parallel plate chamber at the same operating bias voltage despite having a 

substantially dissimilar design than the two parallel plate chambers. This may be due to 

the maximum distance (1.27 mm) traveled by the ion pairs in the A26 microchamber being 

smaller than that of the A10 and A20 (Table 1) thus yielding a larger electric field strength 

than the two aforementioned ion chambers. We have showed in this work that ion chambers 

designed with smaller electrode spacing yield substantial improvements in charge collection 

efficiency, as demonstrated by the performance of the Advanced Markus and the TPP 

prototype chamber compared with the commercially available A10 and A20 parallel plate 

chambers. For instance, the Advanced Markus chamber, operating at a bias voltage of 400 

V, demonstrates comparable if not better charge collection efficiency than the commercially 

available A10, A20, and A26 ion chambers operating at a bias voltage of 1000 V. This is 

true even when the electric field strength of the A10 chamber (500 V/mm) exceeded that of 

the Advanced Markus (400 V/mm) thereby emphasizing that both electric field strength and 

chamber design have a crucial role in the charge collection efficiency. At the 1000 V setting, 

only the TPP prototype showed improved charge collection efficiency over the Advanced 

Markus chamber, with a > 99% charge collection efficiency in UHDR beamlines at a DPP of 

1 Gy or less.

When comparing ion chambers with identical electrode spacing (such as the 1 mm spacing 

in the TPP prototype and the Advanced Markus), the charge collection efficiencies were 

found to be on par with one another at the same bias voltage of 300 V (32% vs 34% 
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charge collection efficiencies) at the examined PW and DPP. Slight discrepancies in the 

charge collection efficiencies between the Advanced Markus and the TPP prototype could be 

attributable to measurement uncertainties related to the use of film (regarding the effective 

point of measurement and the inherent dosimetric uncertainties) as well as dissimilarities 

in design such as the guard ring width, stem orientation, and collecting volume between 

the two chambers. Kranzer et al.28 has shown that ion chambers of dissimilar design but 

similar electrode spacings manifest similar charge collection efficiencies at the same bias 

voltage. However, it is important to note that the measured values in Ppol from Kranzer 

et al.28 were reported to be dissimilar, indicating that ion chamber performance for Ppol 

may be dependent on other aspects of chamber design beyond electrode spacing and may 

be dependent on a combination of electrode spacing, DPP, and bias voltage. This was also 

observed in the Advanced Markus and the TPP prototype in this work. Furthermore, the 

performance between the Advanced Markus and the TPP in CONV beamlines was found to 

be substantially different in that the Advanced Markus had a much lower Pion and Ppol than 

the TPP as recorded in Table 4. The TPP was designed as a proof-of-concept ion chamber 

that could be easily modified to pinpoint the features of an ion chamber that can be adapted 

to improve their performance in UHDR electron beamlines. Specifically, the TPP was based 

upon the A20 parallel plate chamber design, which was originally intended for low energy 

kV x-ray dosimetry. Because of its intended use, the A20 was designed such that the stem 

is oriented parallel to the beam, whereas the other chambers tested had the stem oriented 

perpendicular to the beamline. The large Ppol in the TPP A20 design likely arises from 

additional voltage-independent polarity effects arising from the induced Compton current to 

the stem in addition to any voltage-dependent polarity effects, which may be dependent on 

the electric field strength, electrode spacing, and the large collector diameter relative to the 

volume.

Regarding Ppol, it is important to note that a limitation to this study involves potential 

variation in the measured Ppol values at the same DPP observed when changing the 

experimental setup (such as the SSD) of the Mobetron for different beam deliveries. This 

is because the Ppol measured in parallel plate chambers was found to be dependent on the 

electron beam energy, field size, and the amount of cable/stem irradiated depending on their 

orientation relative to the beamline, all of which are affected by varying SSD47. In light of 

this, we report that the measured Ppol values were strongly affected by the DPP of the beam 

for the A26 microchamber and A20 parallel plate chamber, with the Ppol values becoming 

incrementally larger at higher DPPs until its value plateaus, but the measured polarity 

correction factor values in the Advanced Markus, A10, and the TPP prototype showed less 

variation, with polarity values within ±2% of the mean Ppol value measured between 0.36 ± 

0.01 to 6.41 ± 0.07 Gy per pulse.

The relatively larger polarity effect in microchambers has been reported elsewhere48–50; 

specifically Miller et al.48, who reported that the voltage-dependent polarity effects of 

microchambers arose from the potential difference between the guard and collecting 

electrodes of the chamber resulting in distortion of the electric field lines within the 

collecting volume and thereby affecting the chamber response. This is confirmed in our 

findings in demonstrating the Ppol dependence measured in the A26 at larger DPPs. 

For cylindrical chambers, a nonhomogeneous electric field within the air cavity induces 
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significant voltage-dependent polarity effects since the liberated electrons will reach the 

positive electrode without forming negative ions, thereby yielding substantially different 

charge collection efficiencies at opposite bias voltages43,51. As such, when examining the 

charge collection efficiency for the A26 at the positive and negative bias voltages, it was 

found that its performance significantly improves when a positive bias voltage was applied 

to collect the generated negative charge, even matching that of the TPP when plotting the 

charge collection efficiency as a function of DPP. The large Ppol value for the A20, as well 

as its dependency and larger variation in its measurements as a function of PRF and PW 

for both Ppol and charge collection efficiency, may have arisen from its substantially larger 

electrode spacing and lower electric field strength (200 V/mm) than other ion chambers 

investigated, which would result in a greater temporal and spatial charge imbalance within 

the collecting volume and therefore greater electric field distortion that becomes more severe 

at higher DPP values28,30.

In this study, only the Ppol values of the TPP prototype and the Advanced Markus were 

found to remain unchanged when comparing their measured values in an UHDR electron 

beamline compared to what was measured in a CONV beamline. This may be an effect 

of the electrode spacing given that both the TPP prototype and the Adv. Markus had the 

smallest electrode spacing of 1 mm out of the other parallel plate chambers examined. This 

was also observed by Kranzer et al., who investigated the measured current at different 

polarizing voltages for different ion chamber electrode spacings and found that larger 

electrode spacings yielded higher polarity effects28. Regardless, in this study only the Adv. 

Markus had a Ppol value that was within ±1% in an UHDR electron beamline, at a bias 

voltage of ±400 V; the other chambers had polarity values that far exceed that value. It 

is difficult to pinpoint the central cause of the Ppol differences in chamber response in 

an UHDR beamline versus in a CONV beamline, but it may be a combination of the 

construction material, electrode spacing, collector diameter, the guard ring width of the 

chamber design, and possibly an optimal ratio between these design parameters, which will 

be investigated in future work.

Conclusions

In this work, we evaluated the charge collection efficiency and polarity response of five 

distinct ion chambers exposed to an UHDR electron beam with DPP values and mean dose 

rates of up to 6.4 Gy and 963 Gy/s, respectively. We confirmed that the charge collection 

efficiency depends strongly on the DPP of the beam delivered and was independent of other 

beam parameters such as dose, mean dose rate, and instantaneous dose rate. Moreover, 

use of increased bias voltage beyond the standard 300 V greatly improved the charge 

collection efficiencies due to the increase in the electric field strength in the ion chambers. 

Despite dissimilar collecting volumes, ion chambers with identical electrode separation 

yielded similar performance in terms of charge collection efficiency, as demonstrated by the 

Advanced Markus and the TPP prototype at the same bias voltage and field strength. In 

acquiring Ppol measurements at the maximum bias voltage, Ppol was found to be strongly 

dependent on DPP only for the A20 and the A26 but remained relatively constant for the 

Advanced Markus, A10, and TPP prototype with the Advanced Markus chamber having 

a Ppol closest to unity in both UHDR and CONV conditions. In summary, our findings 
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pinpoint that DPP is the most significant feature of the physical beam parameters that needs 

to be considered for ion chamber design in UHDR beamlines within the range of parameters 

used in this work. This dependency can be mitigated through ion chamber construction 

with smaller electrode separation and larger bias voltage capabilities. Future work will 

consider the optimal electric field strength and electrode separation combination required 

in modified parallel plate chambers that would optimize their design and performance in 

UHDR beamline without compromising their accuracy or usability.
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Figure 1. 
Charge collection efficiency for different bias voltages measured in the A10, A26, Advanced 

Markus, A20, and thin parallel-plate (TPP) prototype ion chambers at a dose-per-pulse of 

6.32 ± 0.27 Gy and a pulse width of 3.6 μs.
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Figure 2. 
Measured signal (nC) and charge collection efficiency (%) in the A10, A26, Advanced 

Markus, A20, and thin parallel-plate (TPP) prototype ion chambers plotted as a function of 

dose from the delivery of 1–200 pulses at pulse width of 3.6 μs and dose-per-pulse setting of 

6.40 ± 0.26 Gy.
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Figure 3. 
(A) Charge collection efficiency and (B) polarity correction factor (Ppol) at pulse repetition 

frequencies of 30, 60, 90, and 120 Hz measured in the A10, A26, Advanced Markus, A20, 

and thin parallel-plate (TPP) prototype ion chambers at the highest dose-per-pulse (6.38 ± 

0.29 Gy) at a pulse width of 3.6 μs.
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Figure 4. 
(A) Charge collection efficiency and (B) polarity correction factor (Ppol) measured in the 

A10, A26, Advanced Markus, A20, and thin parallel-plate (TPP) prototype ion chambers at 

pulse widths of 0.5–3.6 μs and pulse repetition frequency of 90 Hz, with their corresponding 

dose-per-pulse for each pulse width (1.06 ± 0.05 to 6.32 ± 0.27 Gy).
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Figure 5. 
(A) Charge collection efficiency and (B) polarity correction factor (Ppol) measured in the 

A10, A26, Advanced Markus, A20, and thin parallel-plate (TPP) prototype ion chambers 

at a constant pulse width of 3.6 μs and a pulse repetition frequency of 90 Hz, plotted as a 

function of dose-per-pulse ranging from 0.36 ± 0.01 to 6.41 ± 0.07 Gy.
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Figure 6. 
Charge collection efficiency measured in the A10, A26, Advanced Markus, A20, and thin 

parallel-plate (TPP) prototype ion chambers at a constant dose-per-pulse of (A) 1 Gy, (B) 2 

Gy, and (C) 3 Gy for the indicated pulse widths with the instantaneous dose rate included 

(MGy/s).
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Figure 7. 
Polarity correction factor (Ppol) measured in the A10, A26, Advanced Markus, A20, and 

TPP prototype ion chambers at a constant dose-per-pulse of approximately (A) 1 Gy, (B) 2 

Gy, and (C) 3 Gy for the indicated pulse widths with the instantaneous dose rate included 

(MGy/s).
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TABLE 1.

Ion chamber specifications

Ion Chambers Tested

Adv. Markus A10 A20 A26 TPP prototype

Chamber type Parallel plate Parallel plate Parallel plate Cylindrical Parallel plate

Volume, [cm3] 0.020 0.050 0.074 0.015 0.003

Maximum*and utilized bias voltage, [V] 400 1000 1000 1000 1000

Recommended*bias voltage, [V] 300 300 300 300 300

Utilized Electric Field Strength, [V/mm] 400 500 200 ~787 1000

Collector gap, [mm] 1 2 5 NA 1

Collector diameter, [mm] 5 5.4 1.93 0.75 1.93

Guard ring width, [mm] 2 4.3 1.2 NA 1.2

Collecting Volume Outer Diameter [mm] NA NA NA 3.3 NA

Average Ion Collection Time [μs] at maximum bias 
voltage

16 25 157 12 6.3

*
The maximum and recommended bias voltages are vendor-specified values
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TABLE 2.

Instantaneous dose-rate values, in kGy/s, for each pulse width, in μs, investigated and their corresponding 

doses per pulse, in Gy ranging from 278 kGy/s to 2 MGy/s

Dose Per Pulse, Gy

Pulse Width, μs 1 2 3

0.5 2000 NA NA

1 1000 NA NA

1.2 833 1667 NA

2 500 1000 NA

3 333 667 1000

3.6 278 556 833
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Table 3.

Experiments in this study, with fixed and variable experimental parameters

Type of Study Fixed (Unchanged) Parameters Variable Parameters

Dose Linearity Bias Voltage (Max V)
Pulse Width (3.6 μs)
Pulse Repetition Frequency (90 Hz)
SSD
Dose per Pulse (6.4 Gy)

Number of Pulses Delivered (Dose)

Pulse Width Dependence (Instantaneous Dose Rate) Bias Voltage (± Max V)
Pulse Repetition Frequency (90 Hz)
Number of Pulses Delivered (5 pulses)
Dose per Pulse (1-3 Gy)

Pulse Width (0.5-3.6 μs)
SSD

Bias Voltage Pulse Width (3.6 μs)
Pulse Repetition Frequency (90 Hz)
Number of Pulses Delivered (5 pulses)
SSD
Dose per Pulse (6.4 Gy)

Bias Voltage (100V – Max V)

Pulse Repetition Frequency
(Mean Dose Rate)

Bias Voltage (± Max V)
Pulse Width (3.6 μs)
Number of Pulses Delivered (5 pulses)
Dose per Pulse (6.4 Gy)

Pulse Repetition Frequency (30-120 Hz)

Dose Per Pulse (Constant SSD) Bias Voltage (± Max V)
Pulse Repetition Frequency (90 Hz)
Number of Pulses Delivered (5 pulses)
SSD

Pulse Width (0.5-3.6 μs)
Dose per Pulse (1-6.4 Gy)

Dose per Pulse
(Constant Pulse Width)

Bias Voltage (± Max V)
Pulse Repetition Frequency (90 Hz)
Number of Pulses Delivered (5 pulses)
Pulse Width (3.6 μs)

SSD
Dose per Pulse (0.3-6.4 Gy)
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TABLE 4.

Pion and Ppol values for the ion chambers measured and evaluated at the vendor recommended maximum bias 

voltage (Table 1) in a 16 MeV electron beam at a conventional dose rate (0.16 Gy/s)

Ion Chambers Tested

Adv. Markus A10 A20 A26 TPP prototype

Pion 1.002 1.002 1.043 1.009 1.022

Ppol 1.001 1.005 1.006 1.018 1.058

Bias Voltage (V) 400 1000 1000 1000 1000
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