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 A B S T R A C T

Introduction: We present a rigorously defined dosimetric Monte Carlo (MC) model of the MultiRad225 
kilovoltage X-ray irradiator, which is validated using experimental techniques. Previous MC studies performed 
with the MultiRad225 lacked rigorous dosimetric validation.
Methods: Experimental measurements are conducted with an ionization chamber and radiochromic film with 
beam energies of 119, 160, and 200 kV. MC simulations are conducted mimicking each experiment. Both beam 
quality (half-value layer, HVL) and quantity (dose rate) are assessed with these methods.
Results: MC simulated dose rates and HVL values show close agreement with experimental results across 
varying source-to-surface distances (SSD) for each beam energy with most dose rate simulations falling within 
5% of the experimentally measured values.
Conclusions: This work provides a validated MC model as a foundation for future studies with the Mul-
tiRad225. The MC model utilizes a comprehensive geometry which accurately captures relevant physical 
phenomena.
1. Introduction

Radiation therapy (RT) is a cornerstone of cancer treatment, with 
more than half of all patients receiving RT and approximately 40% 
achieving curative outcomes [1]. However, the dose-dependent nature 
of RT is a significant clinical challenge, as increasing tumor control 
probability (TCP) is often accompanied by a rise in normal tissue 
complication probability (NTCP), limiting the therapeutic window [2]. 
Because of this, it is vitally important to utilize precise dosimetry 
techniques both in the clinic, and experimentally [2,3]. X-ray radio-
therapy (XRT) is the most commonly used RT modalities due to its 
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cost-effectiveness and ease of implementation. While other modalities 
may offer advantages in tailoring treatments for specific tumors, XRT 
still remains important in many cases or may be used in combination 
with other techniques [3–6].

With the constantly evolving XRT technology, it is becoming in-
creasingly difficult to establish precise dosimetry techniques [7]. Thus, 
Monte Carlo (MC) simulations are often used in conjunction with ex-
perimental dosimetry. However, MC requires rigorously characterized 
geometries and physics models, requiring careful consideration of all 
simulation inputs [8–10].
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Fig. 1. Schematic diagram (left) and irradiation chamber image (right) of MultiRad225 system from Precision. Sample placement shelf, as shown in image, is in 
the 4th position with an initial SSD of 37.0 cm (before accounting for sample/dosimeter height, phantom, etc.).
In this study, we perform a comprehensive experimental character-
ization of a kilovoltage X-ray irradiator using ionization chamber and 
radiochromic film dosimetry. To complement our measurements, we 
develop an MC model to simulate dosimetric parameters across differ-
ent beam configurations. This integrated approach serves to validate 
our experimental framework and establish a modeling foundation for 
future studies.

All measurements presented here are performed using the Multi-
Rad225 from Precision X-ray, shown in Fig.  1. The MultiRad225 is an 
easily accessible commercial X-ray irradiator capable of generating X-
rays with energies up to 225 kV and can reach a beam current of up 
to 30 mA. The irradiators in the MultiRad family (160, 225, 350) are 
primarily designed for biological samples such as cell cultures and small 
animals [11]. Thus, these systems are frequently employed in experi-
mental XRT and radiobiology studies [12–14] as well as experiments 
with different X-ray modalities [15,16]

Previous similar studies include MC studies on other orthovoltage 
irradiators such as the Pantak SXT 150 [17], Philips RT-250 [18], and 
a Hitachi MBR-320 [19]. While MC studies have also been done on 
the MultiRad225, they lacked rigorous dosimetric validation [20,21]. 
In [22], another similar study has reported FLASH dose rates exceeding 
100 Gy/s using Comet MXR-160/22 and MXR-165 X-ray tubes. Here, 
we believe, the MC model used to calculate this dose rate was only 
partially validated with dosimetric measurements.

2. Methods

The X-ray tube contained within the MultiRad225 system has an 
inherent filtration from 2 mm Be. For the results presented here, we 
additionally use a 0.5 mm Cu filter unless indicated otherwise. The 
machine also includes a removable shelf which can be fixed at various 
source-to-surface distances (SSD) ranging from 14.5 cm to 59.5 cm at 
7.5 cm increments, as shown in Fig.  1. At an SSD of 37 cm, the field 
size of the X-ray beam is 25 × 25 cm. Experiments are performed at 119 
kV, 160 kV, and 200 kV with the beam current adjusted to maintain 
constant beam power.

2.1. Half-value layer measurement for beam quality

Half-value layer (HVL) measurements are conducted to evaluate X-
ray beam quality and energy distribution by measuring the ability of 
the beam to penetrate materials. As shown in Fig.  2, a large tungsten 
2 
collimator with a 2.5 cm opening is placed at the top of the machine. 
Experiments are performed with a PTW TM30013 Farmer ionization 
chamber [23] at 119 kV, 160 kV, and 200 kV using Al (0.5 mm) and 
Cu (0.1 mm) plates and a 0.25 mm Cu filter instead of the 0.5 mm Cu 
filter mentioned previously. The beam was incrementally attenuated by 
stacking the plates, one at a time, on top of each other in the path of the 
beam, directly below the collimator. The Farmer chamber is suspended 
at an SSD of 44.5 cm, which is the distance from the source which 
maintains a sufficient separation from the interior surfaces.

The HVL values are derived by interpolating the attenuator thick-
ness where the dose dropped to half (HVL1) or one quarter (HVL2) 
of its initial value. Dose measurements are performed with varying 
attenuator thickness for each combination of energy and attenuator 
material. HVL experiments are also simulated using the EGSnrc [24] 
and SpekPy [25] software packages. Using SpekPy (version 2.0.13.1) 
with the kqp physics model [26,27] and NIST linear attenuation coef-
ficients [25], HVL is calculated in a similar method to the experiment, 
iteratively increasing the attenuation of the beam. SpekPy also includes 
a native HVL function for calculating HVL directly. This function was 
not used and is further discussed in Appendix. The EGSnrc Monte Carlo 
software package is described in further detail in Section 2.4.

2.2. Dose rate measurement for beam quantity

X-ray dosimetry is performed using the TM23343 Markus ionization 
chamber from PTW [23] and the EBT-XD Gafchromic film. The choice 
of the detector and film is based on reducing the effect of the detector 
on the measurement (i.e. from the ion chamber entrance window). The 
film is placed on top of a 1 cm thick RW3 (water equivalent material) 
plate while the Markus chamber is placed in a cavity located between 
two RW3 plates with the entrance window unobstructed. Both are 
placed in the center of the beam. The ionization was cross calibrated 
according to the dose to water calibration factors provided by PTW.

The Markus chamber is connected to a PTW Unidos electrometer 
and a potential of 300 V is applied to the chamber. The chamber 
is irradiated for 360 s and the charge collected by the chamber is 
recorded and corrections are made for air temperature and pressure, as 
well as inverse polarity, according to the TRS-398 guidelines [28]. The 
measured dose is calculated from the charge collected by the chamber. 
Films are pre-scanned and rescanned 24 h after cutting and irradiating, 
respectively. The films are exposed for 360 s, and dose calculations 
follow pixel intensity differences. Scanning is performed using an Epson 
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Fig. 2. Image of tungsten collimator (left) with 2.5 cm opening used in HVL measurements. The collimator is placed at the top of the irradiation chamber as 
shown (right).
10000XL scanner and the difference in optical density between the 
films before and after irradiation is converted to dose delivered using 
the method outlined in [29].

2.3. Dosimetry and calibration

The Semiflex 0.125 cm3 chamber was utilized for cross-calibration 
and was calibrated by the PTW Calibration Lab for the beam quali-
ties TH200, TH140, and TH100. The corresponding HVL values were 
obtained from the calibration certificate and plotted against the 𝑘𝑄
factors. For HVL values measured in this study that fell between the 
established calibrated points, the 𝑘𝑄 factors were determined by means 
of interpolation. These interpolated 𝑘𝑄 factors were subsequently em-
ployed to determine the final dose for the Markus chamber, as shown 
in Fig.  3. This procedure aligns with the recommended method for 
determining 𝑘𝑄 factors outlined in TRS-398 [28], Section 9.2.1, thereby 
ensuring the accuracy of dose measurements.

Radiochromic films were calibrated using a reference 200 kV X-ray 
beam (HVL = 0.74 mm Cu), which is representative of the experimental 
beam quality. A series of known doses were administered to the films, 
and optical densities (ODs) were subsequently measured using the red 
channel of the scanner. A dose–response curve was generated by fitting 
OD versus dose using a polynomial function [30]. It should be noted 
that no correction for energy dependence was applied. Ashland (2021) 
reports minimal energy response of EBT-XD films across the kV range 
used. The upper limit of the estimated uncertainty, attributable to film 
response, scanner variability, and film uniformity, has been ascertained 
to be approximately five percent [31].

It is important to note that the dosimeters employed in this study: 
the PTW Farmer chamber, Advanced Markus parallel-plate chamber, 
and EBT-XD radiochromic films, exhibit varying degrees of energy 
dependence within the kilovoltage range. The Farmer chamber has 
been observed to demonstrate a slight overresponse at low ener-
gies [32], while the Markus chamber has been shown to exhibit an 
energy-dependent response in the kilovoltage range, which could po-
tentially account for discrepancies in output factor measurements [33]. 
EBT-XD films, which have been developed for high-dose applications, 
exhibit minimal energy dependence (less than 5%) from 100 keV to 
18 MeV [34]. Calibration was performed under conditions that closely 
matched the experimental setup; nevertheless, these small energy-
dependent effects may partially explain the minor differences observed 
between Monte Carlo simulations and measurements, particularly in 
regions affected by beam hardening.
3 
2.4. Monte Carlo simulation

The X-ray tube is modeled using the EGSnrc/BEAMnrc Monte Carlo 
code based on the tube parameters outlined in Table  1. To get statisti-
cally significant results, simulations are conducted with 109 incident 
electrons. These electrons are directed at a tungsten anode target. 
The full geometry for the model is shown in Fig.  4. Simulations are 
performed using kinetic energies of 200 keV, 160 keV, and 119 keV, 
matching the experimental measurements.

To enhance computational efficiency, Bremsstrahlung directional 
splitting is employed with a splitting factor of 200. For all simulations, 
the kinetic energy cutoffs are set to 512 keV for electrons and 1 keV 
for photons. Additionally, low-energy physical processes — including 
atomic relaxation, electron impact ionization, and Rayleigh scattering 
— were explicitly included to improve the accuracy of the simulations. 
Electron impact ionization is simulated using penelope cross sections.

The MC simulation outputs a phase-space file containing the charac-
teristics of particles crossing a scoring plane within the film and Markus 
chamber geometries. The phase-space file is then analyzed by Beamdp 
(part of EGSnrc software package) in order to get the spectral fluence. 
Within the Beamdp interface, an annular region centered at the 𝑧-axis 
is used with a maximum radius matching the sensitive volume of the 
ionization chamber or analyzed region of interest of the radiochromic 
films. The output is set as a point graph of estimated real fluence.

The upstream X-ray tube assembly and filtration system are ex-
plicitly modeled in order to account for scattering effects, including 
a 0.2 cm beryllium window, a 1.0 cm tungsten target, a 1.63 cm 
lead shield, a front and back collimator of 2.45 cm and 3.15 cm, 
respectively, followed by a 4.73 cm air gap, a 0.229 cm stainless steel 
plate, and a 0.05 cm copper filter. This configuration reproduces the 
beam-hardening and filtration conditions of the experimental setup. All 
materials are defined using standard compositions and densities from 
the BEAMnrc material library.
Ionization chamber geometry and materials. The Markus plane-parallel 
ionization chamber is modeled in BEAMnrc based on the manufac-
turer’s specifications and positioned at an SSD of 12.6 cm, as shown 
in Fig.  4. The Markus chamber itself consists of a 0.03 cm polyethylene 
entrance window, a 0.127 cm air cavity, and a 1.22 cm RW3 backscat-
ter layer. The chamber axis is aligned coaxially with the beam, and 
the dose to air in the sensitive volume is scored to obtain the chamber 
response. All geometric and material parameters were referenced from 
the manufacturer’s technical data (Precision, USA).
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Fig. 3. The figure illustrates calibration and interpolated kQ values for copper HVLs. Dots represent the PTW calibration points with known kQ factors, while the 
crosses indicate the kQ values interpolated for the copper HVLs measured in this work. The interpolation process was executed in accordance with the TRS-398 
formalism [28], as delineated in Section 9.2.1, to determine the absorbed dose using the Markus chamber.
Fig. 4. Image of X-ray irradiator and radiochromic film geometry used in MC simulations. Scoring plane (not shown) is placed in the center of the polyester 
layer (center layer of zoomed-in image).
Radiochromic film geometry and materials. The radiochromic film as-
sembly includes a 0.0125 cm polyester encapsulation layer, a 1.4 cm 
RW3 solid-water backing, and a 0.285 cm aluminum alloy base. The 
active dosimetric layer is placed in the middle of the polyester encap-
sulation, and the entire film assembly is positioned 13.1 cm from the 
X-ray source, perpendicular to the beam axis. Dose is scored within the 
active layer region and averaged over the same area corresponding to 
the optical film readout used in the experimental analysis. All structural 
and material parameters of the film and encapsulation were obtained 
from the manufacturer’s technical documentation (Precision, USA).

2.5. Monte Carlo air kerma and dose rate calculation

Air kerma is the energy transferred to charged particles per unit 
mass from indirectly ionizing radiation. We calculate air kerma rate 
using the fluence spectrum from the MC simulation with

𝐾
[

MeV
g particle

]

=
∑

𝑖
𝛷𝑖

[

1
cm2 MeV particle

]

× 𝐸𝑖[MeV]𝛥𝐸𝑖[MeV]
(

𝜇𝑒𝑛
𝜌

)

𝑖

[

cm2

g

]

(1)
4 
Table 1
Relevant irradiator specific parameters used in MC model.
 Parameter Value  
 Total tube power [kW] 3.56  
 Beam energy [kV] 200,160,119 
 Beam current [mA] 17.8,22.3,30 
 Anode angle [◦] 30  
 Entrance window [mm Be] 2  
 *Additional filtration [mm Cu] 0.5  
Note: Cu filtration value here is for beam quantity simulations.

where 𝛷𝑖 is the fluence per particle per MeV per cm2 of the 𝑖th energy 
bin, 𝐸𝑖 and is the energy of a photon within the 𝑖th energy bin, 𝛥𝐸𝑖
is the 𝑖th energy bin width, and 

(

𝜇𝑒𝑛
𝜌

)

𝑖
 is the mass energy absorption 

coefficient of the 𝑖th energy bin from NIST. This value is then converted 
to the air kerma rate in Gy/s with the unit conversion

𝐾
[

Gy
s

]

= 𝐾
[

MeV
g particle

]

× 1.602 × 10−13 J
MeV ×

1000 g
kg

×
particle

1.602 × 10−19 C × 𝐼
[

C
s

]

(2)
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Table 2
Quantitative comparison of HVL1 and HVL2 between experimental measurements, MC simulated results, 
and SpekPy calculated values using copper attenuation. Results are given for beam energies of 200 kV, 
160 kV, and 119 kV with a 0.25 mm Cu filter.
 HVL1 [mm] HVL2 [mm]
 Material Beam energy [kV] MC Experiment SpekPy MC Experiment SpekPy

 Cu 200 0.77 0.74 0.71 2.26 2.24 2.10 
 Cu 160 0.57 0.56 0.54 1.58 1.60 1.50 
 Cu 119 0.38 0.36 0.36 0.97 1.00 0.97 
 Al 200 10.38 10.25 10.06 23.57 23.20 22.25 
 Al 160 8.92 9.25 8.82 20.50 19.57 19.62 
 Al 119 7.73 7.29 7.26 17.12 17.00 16.23 
where I is the beam current setting used in the experimental setup.
To estimate the dose rate to water from air kerma rate, the dose 

to water ratio must be determined. To get this ratio, the fluence 
spectrum is first normalized to create an energy probability distribution 
for a given photon. The probability associated with each energy bin 
is multiplied by the interpolated mass energy absorption coefficient 
(MAC) from NIST for that energy value. These values are then summed 
using air and water MAC values separately over the entire energy range 
to calculate the dose to water ratio. This ratio is then multiplied by the 
air kerma rate to find the dose rate to water 

𝐷𝑊 = 𝐾

(

𝜇𝑒𝑛
𝜌

)

𝑊
(

𝜇𝑒𝑛
𝜌

)

𝑎𝑖𝑟

. (3)

It should be noted that while the EGSnrc software package supports 
direct calculation of dose to water using a specific module, this calcu-
lation does not include the full effects of scattered radiation from the 
irradiator geometry.

In this study, 𝐷𝑊  represents the dose rate to water (Gy/s), cor-
responding to the energy deposited per unit mass of water per unit 
time. The conversion from the MC-calculated dose per particle to the 
physical dose rate is achieved through the beam current 𝐼 (in C/s), 
which defines the number of incident particles per second and thereby 
introduces the time component of the dose rate. The water dose rate 
was obtained according to Eq.  (3): 

𝐷𝑊 = 𝐶 𝐼
∑

𝑖
𝛷𝑖 𝐸𝑖 𝛥𝐸𝑖
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)
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, (4)

where the conversion factor 𝐶 = 1.602×10−13∕1.602×10−19 ×1000 =
109 ensures that the result is expressed in Gy/s.

The variance of 𝐷𝑊  was propagated from the fluence variances 
through standard linear error-propagation analysis, assuming that the 
energy bins are statistically independent: 
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. (5)

Here, 𝜎𝛷𝑖
 is the standard deviation of the photon fluence in each 

energy bin, as reported by BEAMDP (the third column in the ‘‘@TYPE 
xydy’’ file); thus, 𝜎2𝛷𝑖

 enters the variance sum above. The square 
root of the propagated variance gives the standard deviation of 𝐷𝑊 , 
i.e., 𝜎𝐷𝑊

=
√

𝜎2𝐷𝑊
, which represents the Monte Carlo component of 

the total uncertainty. Systematic uncertainties arising from the mass 
energy-absorption coefficients, beam-current calibration, and geomet-
ric setup were evaluated separately and are not included in this Monte 
Carlo variance propagation. The results of 𝐷𝑊  and its associated 
standard deviation are summarized in Tables  4 and 5.

3. Results

3.1. Assessment of half-value layer beam quality

Fig.  5 shows example attenuation curves for copper and aluminum 
at 200 kV and 119 kV respectively, demonstrating an exponential 
5 
decrease in dose as the thickness of the attenuator increased. Using 
copper, the beam is attenuated much faster than with aluminum, as 
expected. Tables  2 and 3 present a comparison of the simulated HVL 
values of BEAMnrc with the experimentally measured values and the 
predicted values of SpekPy. The simulated HVL of BEAMnrc matches 
very well with the experimental values, the absolute percentage dif-
ference generally staying near 5% or lower for both HVL1 and HVL2. 
The SpekPy Interpolate method shows lesser agreement with BEAMnrc, 
with HVL1 and HVL2 differences close to 5% to 6% for Al and occa-
sionally reaching 8% to 9% for Cu. Beam quality measurements and 
simulations were performed using a 0.25 mm Cu filter.

3.2. Assessment of dose rate

3.2.1. Film measurements at different kV energies
We perform film dosimetry measurements for a filtered beam at 200 

kV, 160 kV, and 119 kV using 0.5 mm Cu filtration. The measured 
dose rates, as shown in Table  4, range from 0.015 to 0.12 Gy/s for 
200 kV, 0.0112 to 0.0.89 Gy/s for 160 kV, and 0.0069 to 0.055 
Gy/s for 119 kV, depending on SSD. The error of measurement (EoM) 
is approximately 9% for the film measurements. This EoM is higher 
than the 2%–3% from the ion chamber, due the intrinsically higher 
uncertainty of radiochromic films as well as increased sensitivity to 
environmental conditions.

3.2.2. Ion chamber measurements at different kV energies
Ionization chamber measurements are also performed using the 

Markus ionization chamber for a filtered beam at 200 kV, 160 kV, and 
119 kV using 0.5 mm Cu filtration. The measured dose rates, as shown 
in Table  5, range from 0.0165 to 0.132 Gy/s for 200 kV, 0.0118 to 
0.092 Gy/s for 160 kV, and 0.0079 to 0.062 Gy/s for 119 kV, depending 
on SSD. The EoM is approximately 2%–3% across all SSD and beam 
energy values, indicating high reliability.

3.2.3. Monte Carlo simulation
We perform detailed BEAMnrc simulations for an orthovoltage X-

ray tube operating at 119 kV, 160 kV, and 200 kV using 0.5 mm Cu 
filtration. The tube is modeled with a tungsten target and appropriate 
filtration to match the experimental conditions described previously. 
Fluence spectra are computed at SSD equal to those used in the various 
experimental measurements. These spectra are then converted to air 
kerma, dose to water, and dose rate values as previously described. 
Simulated dose rates are compared to experimentally measured dose 
rates under equivalent conditions below.

3.3. Inverse-square relation

The dependence of dose rate on SSD was evaluated for different 
tube voltages, as demonstrated in Fig.  6 left. The findings reveal a 
substantial inverse-square dependence, with the fitted curves demon-
strating a high degree of congruence with the theoretical model (𝑅2 >
0.9997). The corresponding log–log plots (Fig.  6 right) yielded slopes 
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Fig. 5. Normalized attenuation curves with comparison of HVL1 and HVL2 between experimental measurements, MC simulated results, and SpekPy calculated 
values. Shown here are the attenuation curves for 200 kV with Cu attenuator plates (left) and 119 kV with Al attenuator plates (right).
Table 3
Quantitative comparison of HVL1 and HVL2 between experimental measurements, MC simulated results, and SpekPy calculated 
values using copper attenuation. Results are given for beam energies of 200 kV, 160 kV, and 119 kV with a 0.25 mm Cu filter. 
Absolute percent difference is given as the magnitude of the relative percent difference.
 HVL1 absolute percent difference HVL2 absolute percent difference
 Material Beam energy [kV] MC vs. Experiment MC vs. SpekPy MC vs. Experiment MC vs. SpekPy
 Cu 200 4 9 1 8  
 Cu 160 2 6 1 5  
 Cu 119 6 6 1 4  
 Al 200 1 3 2 6  
 Al 160 4 1 5 5  
 Al 119 6 6 1 5  
Table 4
Tables comparing measured dose rates using the EBT-XD radiochromic film to 
Monte Carlo simulated dose rates. Results are shown for 200 kV (top), 160 kV 
(middle), and 119 kV (bottom) with varying SSD. Absolute percent difference 
is given as the magnitude of the relative percent difference.
 Film vs. MC dose rate
 (a) 200 kV
 SSD [cm] Film [Gy/s] MC [Gy/s] Absolute percent difference 
 20.6 0.120 ± 0.009 0.117 ±  0.002 3  
 28.1 0.064 ± 0.005 0.064 ±  0.001 0  
 35.6 0.039 ± 0.003 0.040 ±  0.001 2  
 43.1 0.027 ± 0.002 0.0281 ±  0.0009 2  
 50.6 0.020 ± 0.001 0.021 ±  0.002 7  
 58.1 0.015 ± 0.001 0.0152 ±  0.0007 0

 (b) 160 kV
 SSD [cm] Film [Gy/s] MC [Gy/s] Absolute percent difference 
 20.6 0.089 ±  0.007 0.091 ±  0.003 3  
 28.1 0.047 ±  0.003 0.049 ±  0.001 5  
 35.6 0.029 ±  0.002 0.0286 ±  0.0008 2  
 43.1 0.020 ±  0.001 0.020 ±  0.001 0  
 50.6 0.015 ±  0.001 0.0144 ±  0.0006 4  
 58.1 0.0112 ±  0.0009 0.0114 ±  0.0006 2

 (c) 119 kV
 SSD [cm] Film [Gy/s] MC [Gy/s] Absolute percent difference 
 20.6 0.055 ±  0.005 0.055 ±  0.002 0  
 28.1 0.028 ±  0.002 0.028 ±  0.001 2  
 35.6 0.018 ±  0.002 0.0183 ±  0.0009 2  
 43.1 0.011 ±  0.001 0.0110 ±  0.0006 11  
 50.6 0.0091 ±  0.0008 0.0093 ±  0.0008 2  
 58.1 0.0069 ±  0.0007 0.0072 ±  0.0005 5  

ranging from −1.991 to −1.996, with uncertainties below 2%, thus 
confirming the validity of the inverse-square relationship. Although 
slight deviations from the inverse-square law are often expected in 
open geometries due to increased scatter and beam divergence, the 
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Table 5
Tables comparing measured dose rates using the Markus ionization chamber to 
Monte Carlo simulated dose rates. Results are shown for 200 kV (top), 160 kV 
(middle), and 119 kV (bottom) with varying SSD. Absolute percent difference 
is given as the magnitude of the relative percent difference.
 Markus vs. MC dose rate
 (a) 200 kV
 SSD [cm] Markus [Gy/s] MC [Gy/s] Absolute percent difference 
 20.1 0.132 ±  0.003 0.130 ±  0.002 1  
 27.6 0.069 ±  0.001 0.070 ±  0.001 2  
 35.1 0.0426 ±  0.0009 0.0436 ±  0.0009 2  
 42.6 0.0295 ±  0.0006 0.0300 ±  0.0008 2  
 50.1 0.0215 ±  0.0004 0.0214 ±  0.0008 0  
 57.6 0.0165 ±  0.0003 0.0165 ±  0.0006 0

 (b) 160 kV
 SSD [cm] Markus [Gy/s] MC [Gy/s] Absolute percent difference 
 20.1 0.092 ±  0.002 0.098 ±  0.002 7  
 27.6 0.049 ±  0.001 0.052 ±  0.001 7  
 35.1 0.0303 ±  0.0006 0.0325 ±  0.0007 7  
 42.6 0.0210 ±  0.0004 0.0217 ±  0.0008 5  
 50.1 0.0153 ±  0.0003 0.0159 ±  0.0008 4  
 57.6 0.0118 ±  0.0002 0.0123 ±  0.0006 5

 (c) 119 kV
 SSD [cm] Markus [Gy/s] MC [Gy/s] Absolute percent difference 
 20.1 0.062 ±  0.001 0.062 ±  0.002 0  
 27.6 0.0332 ±  0.0007 0.032 ±  0.001 3  
 35.1 0.0207 ±  0.0004 0.0195 ±  0.0007 5  
 42.6 0.0143 ±  0.0003 0.0133 ±  0.0007 7  
 50.1 0.0104 ±  0.0002 0.0099 ±  0.0007 5  
 57.6 0.0079 ±  0.0002 0.0076 ±  0.0005 3  

strong agreement observed here is likely related to the specific exper-
imental configuration. The Markus ionization chamber was positioned 
inside a water equivalent phantom (water–chamber–water configu-
ration), which helped to maintain consistent scatter conditions and 
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Fig. 6. Left: Measured dose rate as a function of SSD for various tube voltages. Monte Carlo data was fitted to a power law (𝐷 = 𝑎×SSD−𝑛) (dashed lines) and to 
the ideal inverse-square law (𝑛 = 2) (dotted line). Right: Log–log plot of dose rate versus SSD for a range of tube voltages. Linear fits (dashed lines) were applied 
to the data, and the slope values close to −2 confirm the inverse-square dependence.
Table 6
Quantitative comparison of HVL1 and HVL2 between experimental measurements and SpekPy calculated values with copper and 
aluminum attenuation. Results are given for beam energies of 200 kV, 160 kV, and 119 kV. Absolute percent difference is given 
as the magnitude of the relative percent difference.
 SpekPy HVL
 (a) HVL comparison
 HVL1 [mm] HVL2 [mm]
 Beam energy [kV]/ Experiment SpekPy SpekPy Experiment SpekPy SpekPy
 attenuator material interpolate function interpolate function

 200 Cu 0.74 0.71 0.69 1.36 1.38 1.34 
 160 Cu 0.56 0.54 0.52 0.94 0.96 0.93 
 119 Cu 0.36 0.36 0.36 0.60 0.60 0.59 
 200 Al 10.25 10.06 9.88 12.00 12.19 12.04 
 160 Al 9.25 8.82 8.68 10.37 10.80 10.67 
 119 Al 7.29 7.26 7.15 8.95 8.97 8.87

 (b) SpekPy absolute percent difference in HVL values
 Absolute percent difference in HVL1 Absolute percent difference in HVL2
 Beam energy [kV]/ Experiment vs. Experiment vs. Experiment vs. Experiment vs.
 attenuator material SpekPy interpolate SpekPy function SpekPy interpolate SpekPy function
 200 Cu 4 7 2 1  
 160 Cu 4 8 3 0  
 119 Cu 0 2 0 3  
 200 Al 2 4 2 0  
 160 Al 5 6 4 3  
 119 Al 0 2 0 1  
minimize variations due to air gaps. This geometry effectively pre-
served near-ideal point-source conditions, leading to a dose fall-off that 
closely followed the inverse-square law across all tested SSDs.

4. Discussion

4.1. Assessment of half-value layer for beam quality

The attenuation curves confirm the expected exponential reduction 
in dose as X-ray beams pass through increasingly thick copper and 
aluminum attenuators. Higher voltages demonstrate reduced attenu-
ation rates, consistent with deeper penetration due to higher energy 
spectra. The BEAMnrc simulation accurately predicts both HVL1 and 
HVL2 values, validating its effectiveness for simulating experimental 
conditions. The small discrepancies observed could be attributed to 
beam hardening effects, differences in the spectral modeling of the X-
ray beam, and effects from the geometry. The greater discrepancy with 
SpekPy is expected since SpekPy does not include the same degree 
of complexity and rigor used in MC simulations, such as account-
ing for scattering effects. Further investigation is required to enhance 
the accuracy of SpekPy HVL predictions, particularly for high-energy 
configurations.
7 
4.2. Assessment of dose rate

It is shown that there is close agreement between experimentally 
measured and MC simulated dose rate values. This remains consistent 
across a wide range of SSD values (20.1 to 57.6 cm for Markus and 
20.6 to 58.1 cm for films) and beam energies (200, 160, and 119 kV). 
Simulated values generally fall within EoM ranges for experimentally 
measured dose rates.

At 200 kV, the percent difference between the measured dose rate 
using the Markus ionization chamber and MC simulation ranges from 
0 to 2%. For films at this energy level, the percent differences range 
from 0 to 7%, with most values being 3% or less. For 160 kV, the 
percent difference between the measured dose rate using the Markus 
ionization chamber and MC simulation ranges from 3 to 7%. For films, 
the percent differences range from 2 to 5%. Finally, for 119 kV, the 
percent difference between the measured dose rate using the Markus 
ionization chamber and MC simulation ranges from 0 to 7%, with most 
of the values being 5% or less. For films, the percent difference ranges 
from 0 to 11%, with most values again being 2% or less and 11% as an 
outlier.

The change in percent difference with respect to beam energy and 
SSD is minor and we do not observe any trend or dependency on 
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either. Thus, the simulation accuracy is independent of beam energy 
and SSD. Additionally, we do not observe significant differences in 
the percent difference comparing the MC simulation to films or the 
ionization chamber.

The approximate 9% uncertainty observed in this study can be 
attributed to several factors. The response exhibited by Gafchromic 
EBT-XD films demonstrates a weak yet significant correlation with 
photon energy within the orthovoltage range [31]. Furthermore, this 
uncertainty is partly attributable to the calibration curve fitting residu-
als, particularly in the low-dose region where the film response deviates 
from linearity [35]. The combined effects of these factors contribute to 
the comparatively higher uncertainty observed in this study.

5. Conclusion

We perform a rigorous dosimetric study for the MultiRad225 X-ray 
irradiator using a combination of experimental and simulation tech-
niques for both beam quantity and quality. The simulation model uses 
a comprehensive geometry which accurately portrays the experimental 
irradiator. Because of this, the simulation is able to fully account for 
any scattering effects from the surrounding materials.

For experimental dosimetry, radiochromic films and an ionization 
chamber are used. Both of these are explicitly modeled within the simu-
lations as well. The results and comparisons are made at beam energies 
of 119, 160, and 200 kV, and SSD values ranging from 20.1 to 58.1 cm. 
We obtain a close overall agreement between experimentally measured 
results for both beam quantity and beam quality measurements. The 
simulated values fall within the expected experimental uncertainty 
range for the measurements, indicating a good overall quality of our 
model.
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Appendix. SpekPy HVL

As detailed in the SpekPy software documentation [25], SpekPy 
supports direct calculation of the first and second HVL values. While 
this is the easiest and most straightforward method of calculating HVL, 
we observe minor discrepancies using this SpekPy function. These dis-
crepancies are most prominent with HVL1. Because of this, we develop 
the interpolation approach explained previously. Table  6 shows our 
8 
comparison between experimentally derived HVL values and the two 
SpekPy methods.

It is seen that although the HVL1 difference between experiment 
and the SpekPy function is small, the interpolate method still gives 
better agreement across all energy and attenuator material combina-
tions. With HVL2, both methods perform equally well. Due to the 
better agreement with the experimentally measured HVL1, we use the 
interpolation method for our HVL calculations.
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