
International Journal of Radiation Research, July 2021 Volume 19, No 3 

Evaluation of water equivalent ratio (WER) values for 
polyethylene, polymethyl methacrylate, polystyrene, 
lead, tungsten and aluminum at helium ion energies 

ranging from 25-250 MeV/u through Monte Carlo 
simulation 

INTRODUCTION 

Discrepancies in interaction mechanisms         
address therapeutic differences using either 
photon or hadron beams in radiation therapy. In 
photon radiation therapy, in addition to the             
tumor, healthy tissues also receive noticeable 
dose before and after the target volume. For 
deep-seated tumors, since photons should travel 
deeper depths inside the body, this unwanted 
dose is higher, which increases the possibility to 
induce the secondary cancer incidence (1-4). In 
1946, for the first time, Wilson proposed to use 
high-energy ions in radiation therapy (5). He          
recommended that specific ionization properties 
of heavy particles are usable in clinical and        

biological applications (5-7).  
Ion therapy exhibits a wide range of potential 

applications, namely: pediatric tumors like             
med ul loblastoma,  Rhabdomyosarcoma,                 
ependymomas, gliomas, and craniopharyngio-
mas, and also central nervous system tumors 
called glioblastomas (8). 

When a high energy ion beam enters the           
tissue, along with the path, at first, its speed is 
almost constant and has a minimum energy loss. 
At the end of the path, while the charged particle 
is going to stop, it suddenly loses maximum dose 
at a short distance, this is called as the Bragg 
Peak. Due to the presence of the Bragg peak in 
ion depth-dose profile, there is potential          
capability of delivering the dose to the tissues at 
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ABSTRACT 

Background: There is no data concerning water equivalent ratio (WER) 
values for helium ion beams in an extensive range of energies as well as 
relevant dosimetric materials. Materials and Methods: In this work, quantities 
related to depth-dose profiles and WER values were evaluated in water, 
Polyethylene (PE), Polymethyl Methacrylate (PMMA), Polystyrene (PS), Lead 
(Pb), Tungsten (W) and Aluminum (Al) for helium ion energies ranging from 
25-250 MeV/u using MCNPX 2.4.0 Monte Carlo code. Results: For all the 
studied energy range, the mean values of WER for PMMA, PE, PS, Pb, W and 
Al were 1.161, 0.995, 1.049, 5.421, 9.512 and 2.091, respectively. Among the 
studied materials, PE and W showed the least and most difference to water, 
respectively. Also the WER values of some of the studied materials for helium 
ion beams were compared with the same materials for proton beam. 
Conclusion: The evaluated WER values were in acceptable accordance with 
the data reported in the literature by less than 2.6 % difference. Also, WER 
values of the mentioned materials for helium ions and protons have been 
compared and it was concluded that dose characteristics of PE are the most 
similar to water in the field of both helium ions and proton beams. 
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a given region and eliminate dose to the tissues 
before and after the target region (9). 

Currently, the use of proton, helium, carbon, 
and oxygen ions is expanding, and each of them 
has its advantages and disadvantages. Because 
of the physical and radiobiological properties of 
helium ions compared to the most clinically 
available ion beams (i. e., proton and carbon), 
such as beam sharpness and less fragment,              
currently in the Heidelberg Ion-Beam Therapy 
(HIT) Center, alongside other ions, research on 
the use of helium ions in treatment is conducted 
(2, 10-12). For tumor entities which do not                 
necessarily require an elevated linear energy 
transfer (LET) and associated relative biological 
effectiveness (RBE) of heavy ions, helium ions 
delivered with state-of-the-art techniques have 
the potential to improve clinical outcome in 
comparison to the more broadly deployed           
proton beams. Helium ions with reduced lateral 
straggling in comparison to protons can reduce 
dose of healthy tissues and increase delivered 
dose to the tumor.  In terms of radiobiological 
effects, helium ions have high LET and                
correspondingly high RBE and also low oxygen 
enhancement ratio (OER) in comparison to the 
protons. Helium ions have a shorter                     
fragmentation tail after Bragg peak than in    
heavier ions and, therefore they deliver low            
distal dose to target. Considering the mentioned 
reasons, treatment using helium ions can be an 
alternative option in ion therapy that provides 
increase in dose delivery because of reduction in 
their penumbra in comparison to protons and 
because of less fragmentation tail than in              
heavier ions such as carbon ions. Also in terms 
of Physic aspect, helium ions are better than  
protons for spot scanning method due to better 
control of slot spot dimensions. In particular, 
helium ion therapy can reduce dose effectively 
in organs at risk that are located close to target. 
They also can reduce the whole dose to the body 
that is related to risk of radiation-induced              
secondary cancer (13, 14). Dose distribution data 
in radiation therapy is generally obtained from 
measurements in phantoms that are made of 
tissue equivalent materials, and it is rarely           
possible to measure the dose distribution in the 
patient's body, in any type of radiation therapy. 
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Commonly, for dose distribution measurements, 
water phantom is used as a tissue equivalent 
material. Since using water phantom has some 
disadvantages, especially if used with a                 
dosimeter, many solid water equivalent               
phantoms have been introduced for dose             
distribution measurements (15). 

For determining penetration range, water 
equivalent ratio (WER) or water equivalent 
thickness (WET) is mostly used. Since for wide 
range of energies, WER and WET are not              
accessible for various phantoms and dosimetry 
materials. Therefore some researchers have   
provided experimental or calculation results for 
WER and WET values (6, 16-19). However, WER 
values for protons exist even in upper and lower 
range rather than the therapeutic energy range, 
and there is enough experimental and analytical 
data in the therapeutic energy range (6, 15, 16, 20-24). 
But, to the best of the authors' knowledge, for 
helium ions, except for some analytical                   
calculations, there is no experimental data and 
even simulation calculation results. Therefore, 
the main motivation for the calculations that 
were presented in this work was the lack of data 
for dose evaluations in helium ion beam therapy. 
For this reason, in this work, WER values were 
calculated through MCNP Monte Carlo                  
simulation code at low and medium energy 
range (25-250 MeV/u) of helium ions for various 
relevant potential materials that are applied in 
clinical practice.  
 
 

MATERIALS AND METHODS 
 
Water equivalent ratio  

The range of ions (R) is described as the 
depth of absorbent material whereby the                 
particle beam loses 80% of its maximum energy 
after the Bragg peak. In other words, R is                
obtained as the depth distal to the Bragg peak 
where the dose reduces to 80% of its highest 
value at the Bragg peak (Rw80%)(17).  

In the clinical practice, the water equivalent 
ratio (WER) is applied to determine the ratio of 
the range of the ion beam in water (Rw 80%) to 
the range of ion beam in a specified material m 
(Rm 80%). WER is defined as below (17): 
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          (1) 
 

In the present research, WER is calculated 
using eq. 1, in low and medium energies of               
helium ion beams in water, Polyethylene (PE), 
Polymethyl Methacrylate (PMMA), Polystyrene 
(PS), Lead (Pb), Tungsten (W) and Aluminum 
(Al), using the Monte Carlo simulation.                     
Considered densities for studied materials are 1, 
0.94, 1.19, 1.06, 11.34, 19.30 and 2.70 g/cm3 for 
water, PE, PMMA, PS, Pb, W and Al respectively 
(25). 

 

Monte Carlo assessments 
In hadron therapy, the MCNP code is used as 

a non-deterministic and accurate code for               
evaluation of dosimetric characteristics of the 
charged particles. Therefore, it is used for                 
different areas of particle therapy such as               
calculating dose distributions in tissues or  
phantoms as well as WET and WER values (16, 17).  

In this theoretical work, the MCNPX 2.4.0 
code is applied for helium ion transportation 
and dose distribution calculations to assess WER 
values for mentioned materials. Mesh tallies 
have been used to dose calculations along the 
beam. The Mesh Tally is a method to calculate 
particle flux, dose, or other quantities on a              
rectangular, cylindrical, or spherical grid               
overlaid on top of the standard problem                
geometry. Particles are tracked through the              
independent mesh as part of the regular 
transport problem, and the contents of each 
mesh cell are written to a file at the end of the 
problem. In the present work the third type of 
Mesh Tally scores energy deposition data in 
which the energy deposited per unit volume 
from all particles is included (25). A cylindrical 
phantom containing water with dimensions of 
1000 mm in height and 300 mm in diameter was 
simulated. A circular cross section beam with 2 
mm diameter helium ion mono-energetic beam 
is incident perpendicular to the phantom          
surface. By defining mesh-tallies in the input file, 
10000 cylindrical detectors with dimensions of 
1 mm in height and 20 mm in diameter were 
considered along with the beam path in the           
water for calculating helium deposited energy in 
each  detector.  Figure 1 shows  the details of the  
supposed geometry.  

In the MCNPX code, as recommended in its 
manual, the maximum energy parameter (Emax) 
of helium physics option was set to system’s  
energy max plus 5 MeV (26). Different physics 
models are used in this code such as ISABEL, 
CEM, and Bertini modes for energies above 150 
MeV (37.5 MeV/u in this work). For simulations 
of the helium interactions>150 MeV, the LCA 
card with different physic models was used. 
WER value assessment for the studied materials 
was performed in the range of 25 - 250 MeV/u 
by the step of 12.5 MeV/u. Depth distal to the 
Bragg peak, in which the dose reduces to 80% of 
its highest value at the Bragg peak, namely             
clinical range (Rw80%), is extracted from the 
depth-dose profiles in each energy. Same steps 
were done with other studied materials. In other 
words, by changing water phantom material to 
PMMA, PS, PE, Pb, W and, Al, dose distribution in 
the detectors was calculated and, the depth dose 
profile was obtained in each energy, afterward, 
clinical ranges of helium ions with different              
energies were extracted from beam profiles for 
each considered material. By considering 
Rm80% for each material and Rw80% for water 
and using eq. (1), WER was calculated. Statistical 
relative errors were less than 1% in all                       
simulation calculations.  

According to the eq. (1), the calculated values 
of WER depend on the amount of alpha particle 
range in the water and subject solid matter. The 
uncertainty in the calculation of the alpha               
particle range leads to the uncertainty in the 
WER calculation. Since the range values are              
obtained from the depth-dose curves, the                
uncertainty in the calculation of the range might 
be affected by the uncertainties in the                       
calculation of the dose in each computational 
voxel (mesh). In the Monte Carlo calculations, 
106 particle histories were tracked to reduce the 
relative error in the dose calculation to less than 
1% in each mesh. Excel software (version 2010) 
was used for data analysis and graphing. Linear 
interpolation of dose values was used to          
calculate more accurate range values. According 
to the mesh dimensions used in this study, the 
systematic uncertainty in calculating the alpha 
particle range is 1 mm, which is acceptable for 
the ion beam applications in therapeutic and  
dosimetry purposes.  
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RESULTS 
 

Depth-dose profiles of helium ions in the   
water, PMMA, PS, PE, W, Pb and, Al were            
obtained using MCNP code calculations.                 
Depth-dose profiles in the mentioned materials, 
in intermediate energy of helium ions (150 
MeV/u) are given in Fig. 2. As can be seen, the 
Bragg peak depth is different in each of the  
studied materials. The Bragg peak positions for 
PE and PS are located on the sides of water's 
Bragg peak position and PE is the closest to           
water. While the peak position of metals has the 
greatest distance from the water.  

WER values were extracted from MCNP            
calculations by evaluating Rw80% and Rm80% 
from the beam profiles of the mentioned               
materials at different energies using equation 
(1) and are listed in table 1. For all the studied 
energy ranges, the mean values of WER for 
PMMA, PE, PS, Pb, W and Al were 1.161, 0.995, 
1.049, 5.421, 9.512 and, 2.091, respectively. 
Therefore, W has the biggest WER value among 
the studied materials and PE exhibits the least 
difference compared to water. In addition, the 
WER values of the materials whose densities are 
close to that of water are almost constant by  
increasing energy, whereas in high-density        
materials such as W, Al, and Pb the WER values 
increase by increasing energy. Increases for 
these materials are 0.103, 0.657, and 1.046                
respectively. For a better representation, WER 
values of the studied materials were compared 
in figure 3. As can be seen, PE is closer to water 
than five other materials. In table 1 and figure 3, 

a comparison between evaluated WER values 
and the reported results published in the                 
literature is exhibited. As can be observed, the 
evaluated WER values are in good agreement 
with the reported data (6). The maximum              
difference in WER values between results from 
MCNP calculations and obtained data from the 
literature was about 2.6 %. 

To evaluate the feasibility of applying the 
studied dosimetric materials for both proton and 
helium ion beams, especially for centers that are 
trying to derive a benefit from the advantages of 
helium ion beams besides the proton (2), the WER 
values of some of the studied materials for             
helium ion beams were compared with the same 
materials for proton utilization scenario. This 
comparative study can help us to understand 
whether the potential dosimetric materials 
which can be applied for helium ion beam         
dosimetry, could be used in proton dosimetry. In 
the case of PMMA, a 1.16 average value is          
obtained for both proton and helium ion beams. 
For PE, 1.0001 and 1.002 average values are            
calculated from table 2 for helium and proton 
beams, respectively. In the case of PS, a 1.05            
value is extracted for both the ion beams. For Al, 
values of 2.08 and 2.12 are obtained for helium 
and proton beams, respectively. The results         
indicate that by changing the ion beams between 
proton and helium, in the range of the                   
investigated energies in table 2, WER values do 
not have important change (maximum less than 
7.5 %, which is relevant to PE material). PMMA 
and PS have the same average WER value for the 
investigated energy range in table 2.  
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Figure 1. Schematic diagram of the simulated geometry to calculate dose distribution, using MCNPX code. The phantom contains 
studied materials including PMMA, PS, PE, Pb, W and, Al. 
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Figure 2. Depth-dose profiles in the studied materials for 150 MeV/u helium ion energy (calculated by MCNP code). 

ER 
E (MeV/u) Al W Pb PS   PE PMMA 

%∆WER Ref (6) This work This work %∆WER Ref (6) This work This work This work %∆WER Ref (6) This work 
- - 2.003 8.789 - - 5.101 1.105 1.012 - - 1.166 25.0 
- - 2.018 8.890 - - 5.042 1.071 1.001 - - 1.157 37.5 
- - 2.016 9.188 - - 5.124 1.043 0.996 - - 1.143 50.0 
- - 2.098 9.189 - - 5.167 1.032 0.997 - - 1.168 62.5 

-1.84 2.068 2.106 9.302 - - 5.233 1.043 0.999 - - 1.172 75.0 
-1.25 2.082 2.108 9.395 - - 5.308 1.037 0.984 - - 1.157 87.5 
1.87 2.089 2.050 9.497 - - 5.336 1.040 0.988 - - 1.163 100.0 
0.05 2.094 2.093 9.508 0.26 5.426 5.412 1.047 0.989 - - 1.166 112.5 
0.81 2.098 2.081 9.522 1.22 5.487 5.420 1.044 0.990 - - 1.166 125.0 
1.24 2.101 2.075 9.549 1.77 5.532 5.434 1.039 0.988 0.35 1.158 1.154 137.5 
0.33 2.103 2.096 9.446 1.76 5.568 5.470 1.039 0.989 -0.09 1.158 1.159 150.0 
-0.19 2.106 2.110 9.550 1.45 5.599 5.518 1.045 0.988 0.09 1.158 1.157 162.5 
-0.24 2.108 2.113 9.779 2.35 5.626 5.494 1.048 0.987 -0.60 1.158 1.165 175 
-1.42 2.110 2.140 9.812 2.58 5.651 5.505 1.049 0.988 0.26 1.158 1.155 187.5 
-1.99 2.111 2.153 9.695 -0.48 5.674 5.701 1.056 0.974 0.00 1.158 1.158 200 
-0.85 2.113 2.131 9.878 2.05 5.694 5.577 1.050 0.998 -0.86 1.157 1.167 212.5 
-0.28 2.114 2.120 9.911 -1.17 5.714 5.781 1.044 1.082 -0.17 1.157 1.159 225 
0.47 2.116 2.106 9.835 -0.45 5.732 5.758 1.047 0.979 -0.17 1.157 1.159 237.5 
0.00 2.117 2.117 10.001 2.12 5.749 5.627 1.048 0.983 -0.86 1.157 1.167 250 

Table 1. The calculated WER values (this work) for different energies of helium ions in some of the studied materials compared 
with the literature (6). 

WER 
E (MeV/u)    Al PS   PE PMMA 

%∆WER Proton Helium %∆WER Proton Helium %∆WER Proton Helium %∆WER Proton Helium 
- - 2.003 5.5 1.044 1.105 - - 1.012 - - 1.166 25.0 

-2.5 2.066 2.016 - - 1.043 - - 0.996 - - 1.143 50.0 
-2.5 2.102 2.050 - - 1.040 -1.4 1.002 0.988 0.7 1.158 1.163 100.0 
-1.8 2.120 2.081 -0.1 1.045 1.044 -1.3 1.003 0.990 - - 1.166 125.0 
-0.6 2.108 2.096 -0.6 1.045 1.039 -1.3 1.002 0.989 0.1 1.158 1.159 150.0 
0.9 2.132 2.113 0.4 1.044 1.048 -1.4 1.001 0.987 - - 1.165 175 
-1.2 2.131 2.153 1.1 1.044 1.056 -2.8 1.001 0.974 0.1 1.157 1.158 200 
-0.9 2.141 2.120 - - 1.044 7.5 1.001 1.082 - - 1.159 225 

-0.7 2.133 2.117 - - 1.048 -1.8 1.001 0.983 - - 1.167 250 

Table 2. Comparison between WER values for helium ions (this work) and protons (12, 15) for some of the studied materials.  
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DISCUSSION 

As it is well-known, water is the most reliable 
and applicable material instead of biological  
tissues in dosimetry of ion beams (16). Some  
plastic materials, containing PMMA, PE, PS can 
be applied instead of water for dosimetry               
purposes. Moreover, some of the metallic         
materials, including Al, W, and Pb are used as 
the components of the beam line or dosimeters 
(23, 27-28). WER values can be applied as a                
conversion factors to convert dose in mentioned 
above solid dosimetric materials to dose in            
water. For some of the indicated above                 
materials, WER values were determined and 
have been reported in limited energy ranges. For 
PMMA, in the energy range of 137.5 MeV/u to 
250 MeV/u, WER values were found in the          
references, while in the range of 75 MeV/u to 
125 MeV/u the authors couldn't find any data in 
the literatures. Furthermore, for Pb and Al, WER 
values have been reported for limited energy 
ranges (6).  Due to lack of data for WER values of 
PE, PS, and W, in this work, WER values of these 
materials have been calculated. Besides that, for 
PMMA, Al and Pb, the WER values calculated for 
extended energy ranges, which are not available 
in the published literatures.    

The mean differences of the calculated WER 
values of PMMA, Al and Pb in this study         
compared to the reported results are 0.34%, 
0.85% and 1.78%, respectively and the                    
maximum difference was about 2.6 % relevant 
to Pb for the helium energy of 187.5 MeV/u           
indicating acceptable agreement to the                     
published literature (6). 

The results of this research indicate that WER 
values of high density materials increase by            
increasing helium ion energy. WER values of Al, 
Pb and W vary by energy variations and, the 
highest is relevant to W, which changes from 
8.789 to 10.001 by energy variations ranging 
from 25 MeV/u to 250 MeV/u. This                         
phenomenon was not seen in the results               
relevant to PMMA, PS and, PE. For helium ion 
beams, the WER values were largely                       
independent of energy for low density materials. 
This independency to the energy was reported 
in the published literature for carbon and proton 

beams transporting in low density materials (6, 

16).   
According to the data presented in table 2, 

the dosimetric similarity of PMMA to water at 
100 MeV/u, 150 MeV/u and 200 MeV/u protons 
and helium ion energies is not considerably              
dependent on the ion type. In the case of PE            
material, the dosimetric similarity to water             
depends notably on the type of ion being               
studied. In this material, the values of WER 
change from 1.3% to 7.5% by changing the type 
of ion investigated. Furthermore, in the case of 
PS material, the change in dosimetric similarity 
to water in the studied and compared energy 
range is not importantly dependent on the type 
of ion. For Al material, a maximum of 2.5%              
difference in WER values with ion type change 
indicates that the ion type change importantly 
alters the dosimetric similarity of Al material to 
water. 

 In ion therapy centers (for instance, the             
Heidelberg Ion Therapy Center (HIT) (2)) that 
plan to use all three carbon, proton and helium 
ions for treatment, choosing the best phantom 
material that most closely resembles water in 
terms of dosimetry for the therapeutic range is 
one of the challenges ahead. It is very important 
in terms of reducing set-up time and reducing 
the cost of providing phantoms of different              
materials for each type of ion. Investigating the 
parameters of dosimetric similarity of a much 
wider range of materials to water in the                  
therapeutic energies of all three ions can be used 
to select a material that can be applied for all 
three ions leads to save the time of                          
measurement, quality assurance and cost                
significantly. 

 
 

CONCLUSION 
 

In summary, in low and high density               
materials WER values were smaller and larger 
relative to water respectively. Also WER values 
of high density materials increase by increasing 
helium ion energies, this phenomenon is not 
seen in the low density materials. In addition, it 
can be concluded that the WER values do not 
have important changes for proton and helium 
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ions in the same energies.  
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