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Abstract. Irradiation is known as a handful measure to inhibit potato sprouting, kill harmful bacteria, 

and increase preservation. The absorbed dose is one of the essential characteristics of the irradiation 

process. In this study, the depth-dose distributions in potatoes and polymethyl methacrylate were 

investigated under low-energy X-ray irradiation by using the Fricke dosimeter and Gafchromic film 

dosimeter. The dose rates required for the rays to penetrate in polymethyl methacrylate were 

compared with those in potatoes. Polymethyl methacrylate could be used as a phantom in measuring 

the depth dose delivered in potatoes. The difference in depth-dose distribution in potatoes between 

one-sided and double-sided irradiation was also investigated. The calculated dose uniformity ratio 

values are 5.8 and 1.9 for potatoes irradiating one-sided and double-sided. 
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1 Introduction 

The application of radiation technology in the 

food industry has been investigated since the late 

nineteenth century [1, 2] and widely implemented 

in numerous countries [3]. The detailed depth-

dose distribution in the irradiated samples is 

required for food radiation processing. Dosimetry 

is a reliable technique for measuring and 

calculating the dose. According to the intrinsic 

accuracy and usage, there are four types of 

dosimetry systems: (1) primary standards (ion 

chamber, calorimeters); (2) reference standards 

(alanine, Fricke, and other chemicals); (3) transfer 

standards (thermoluminescent dosimeter); (4) 

routine dosimeters (process monitoring, 

radiochromic films) [4, 5]. 

Because of various appealing 

characteristics, such as reliability, accuracy, near 

tissue equivalent, and high sensitivity of all kinds 

of ionizing radiation, radiochromic dosimetry 

films have been widely employed for the 

quantitative measurement of absorbed dose in 

different materials in radiation processing, 

including sterilization of food and medical 

devices [6, 7]. Radiochromic films were used to 

study the X-ray depth-dose distribution in bulk 

biological samples [8]. Ishizaka et al. utilized a 

radiochromic film to calculate relative intensity 

distribution by using gamma-ray irradiation [9]. 

The dose delivered to polymethyl methacrylate 

and polyethylene was determined by using a 

radiochromic film with a 10 MeV electron 

accelerator [10]. 

Potato is a common food in the world and 

provides various benefits for people’s health. 

However, sprouting and harmful bacteria species 

are the main problems of potato preservation. For 

inhibiting sprouting, the irradiation technique has 

been applied since the 1950s [11] and developed 
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until recently. There have been works on the 

effect of irradiation on potato sprout inhibition 

[12-15]. Some studies reported using radiation for 

micro pathogen killing or bacteria inactivation 

purposes [16, 17]. 

According to the Codex General Standard 

for irradiation of food [18], there are three types of 

radiation used for food irradiation: gamma rays 

(60Co and 137Cs), electron beams with energy less 

than 10 MeV, and X-rays with energy less than 5 

MeV. Among them, gamma rays from 60Co, high-

energy electron beams, and X-rays are commonly 

used for commercial irradiation. Nowadays, low-

energy X-ray devices have been used for non-

bulky food and small-scale irradiation. The 

advantages of these devices are as follows: low-

energy X-rays do not require heavy shielding and 

can be fitted in-house. The low-energy X-ray 

irradiator is reliable, compact, and cost-effective. 

In addition, it can avoid the disposal issue 

associated with radioisotopes and can be easily 

transported to storage places. Therefore, low-

energy X-rays are attractive and provide an 

alternative technology that could be developed in 

the food industry. 

This study aims to investigate the depth-

dose distribution in potatoes with low-energy X-

rays to determine optimum irradiation conditions 

for potato preservation. 

2 Materials and method 

2.1 Materials 

Materials for this study are potato Solanum 

tuberosum L. PO3 and polymethyl methacrylate 

(PMMA). 

Potato Solanum tuberosum L. PO3 

(abbreviated PO3) is a late blight-resistant potato 

variety selected and developed by the Potato, 

Vegetable & Flower Research Center. Potato 

tubers without mechanical damage to the surface 

were collected from a farm in Da Lat, Lam Dong, 

Vietnam. After harvesting, the potatoes were 

cleaned with a soft brush. Each tuber has an 

average weight of around 150 g. The average size 

is about 70 mm in diameter (D) and 50 mm in 

height (H). 

Polymethyl methacrylate is frequently used 

for food irradiation as an organic phantom 

because it has a similar water composition to 

potatoes [19]. Therefore, the potato was simulated 

by the PMMA phantom in the present research. 

2.2 X-ray irradiator 

The X-ray irradiation system model MBR-1618R-

BE was used in this study (Fig. 1). The size of the 

irradiator is 1600 (height) × 800 (depth) × 730 

(width) mm. The irradiator operates with 

different tube voltage values (35–160 kV) and tube 

currents (1–30 mA) with a maximum power of 3 

kW. The irradiation time and dose are set 

according to a tablet connected with the irradiator 

[20]. 

The irradiation area differs depending on 

the distance from the X-ray focal point to the 

turntable (Fig. 2); the irradiation angle is 40°. The 

operation condition of the X-ray irradiator was 

adjusted at the tube voltage of 160 kV, the tube 

current of 18.7 mA, and the distance of 250 mm 

from the X-ray source to the surface of materials 

put on the turntable. 

 

Fig. 1. X-ray irradiation system model MBR-1618R-BE 

(right) and the cooler (left) 
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Fig. 2. Irradiation chamber 

2.3 Dosimeter 

In this experiment, a Fricke dosimeter and a 

radiochromic film (Gafchromic HD-V2 film) 

dosimeter were used.  

The Fricke dosimeter is commonly used as 

a reference standard to calibrate other dosimeters, 

such as a radiochromic film [19]. It has been 

primarily applied to measure the absorbed dose 

in the low-dose range for potato sprout inhibition 

[21]. It is based on the oxidation of ferrous ions 

(Fe2+) in the aqueous sulfuric acid solution to ferric 

ions (Fe3+) by ionizing radiation. The absorbed 

dose (dose in water) was determined by 

measuring the change in absorbance of the 

irradiated solution at the 304 nm wavelength (the 

peak of the absorption spectrum). 

The Ashland Gafchromic dosimetry 

media, type HD-V2, was used for the dose 

distribution measurement inside potatoes and 

PMMA. It is a thin film dosimeter (109 μm) with a 

recommended dose range of 10–1000 Gy. The film 

comprises a 12 μm thick active layer containing an 

active component, a marker dye, stabilizers, and 

other components, giving the film its energy-

independent response. The active layer is coated 

on a clear, 97 μm polyester substrate [22]. 

For evaluating the depth-dose distribution 

in potatoes and the PMMA, a large film sheet was 

cut into small pieces (10 × 20 mm) that were 

covered with a thin plastic film (0.05 mm 

thickness). Then, these covered film pieces were 

sandwiched among potato slices and PMMA 

plates (the thickness of each potato slice and each 

PMMA plate is 5 and 1.47 mm). Eventually, the 

potato/PMMA phantom had total thickness, 

including the thickness of covered film pieces 

(Fig. 3). After exposure, the films were kept for at 

least 24 hours, and the colour change was scanned 

with the scanner Epson. Then, the dose response 

was analyzed from the scan images with the Film 

QA Pro software, and the measured dose 

response was used to calculate the dose [23]. This 

simulation system was irradiated at the centre of 

the turntable for 25 min and repeated three times 

to get an average value.  

  

(a) (b) 

Fig. 3. Experimental setup for potatoes (a) and PMMA 

phantom (b) 

The experiments were undertaken in the air 

at an ambient temperature of 22–25 °C and 

relative humidity of 60–75%. 

3 Results and discussion 

3.1 Gafchromic film calibration 

The Ashland Company provides a high-quality 

dependence equation between dose and dose 

response (red, green, and blue value) of a 
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Gafchromic film on a colour scanner. To get a 

good equation, we used a Fricke dosimeter as a 

standard. The dose rate obtained with the Fricke 

dosimeter was used to estimate the dose absorbed 

by the film.  

The dose rate measured with the Fricke 

dosimeter is 16.83 Gy·min–1 at the 160 kV tube 

voltage and 30 mA current of the X-ray irradiator. 

To build the calibration equation, we irradiated 

eight film pieces at different times (1–8 min, 1 min 

step), corresponding to different absorbed doses. 

The dose response of the scanned irradiated films 

at different doses is presented in Fig. 4 (in the 

lower right corner). The calibration curves for the 

colour channels fitted by following the 

recommended function are in the upper right 

corner of the figure [23] 

X (D) = A + B/(D – C) (1) 

where X (D) is the red, green, and blue value of 

the film at dose D, and A, B, and C are the 

equation parameters to be fitted. The parameters 

of the fitting equation and R squared (R2) values 

are given in Table 1. 

Table 1 and Fig. 4 reveal that the green 

channel with the highest R2 value of 0.9957 is the 

most appropriate option. Then, the depth dose 

delivered to the potato and PMMA was calculated 

with the green response value of the irradiated 

film and the corresponding parameters A, B,   

and C. 

Table 1. Parameters of fitting equation 

Parameter Red Green Blue 

A 41.39 10−   49.04 10−   40.77 10−   

B 62.01 10  75.83 10  61.54 10  

C –39.34 –427.94 –79.27 

R2 0.9550 0.9957 0.9722 

Fig. 4. Calibration of the Gafchromic film HD-V2 to different colour channel readings with Film QA Pro software
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3.2 Depth-dose distribution in potato and 

PMMA with low-energy X-rays 

The calculated depth-dose distribution in the 

potato and PMMA is shown in Table 2 and Table 

3. The precision was evaluated according to the 

coefficient of variation (CV), which is the ratio of 

the standard deviation to the mean (average). The 

mean values and the standard deviation were 

calculated with the Excel software. The CV is less 

than 6% and is affected by the factors such as the 

operation of the X-ray tube, the appearance of a 

very small gap between the film sheet and 

potato/PMMA, and the colour reading process. 

Figure 5 shows the depth-dose rate 

distribution in potatoes and PMMA. In general, 

the dose penetration depth curves follow an 

exponential decay with an R2 value of 0.9573 for 

PMMA and 0.9059 for potatoes. The exponential 

form is consistent with the physical law of the 

decay curve in materials. 

Table 2. Depth-dose distribution in potatoes 

Thickness 

(mm) 

Dose 

(Gy) 

Dose rate 

(Gy·min–1) 

CV 

(%) 

0 205.79 8.23 2.23 

5.26 111.55 4.46 4.46 

10.47 90.64 3.63 5.70 

15.68 77.29 3.09 1.63 

25.89 61.88 2.48 0.95 

41.10 47.37 1.89 1.96 

46.30 41.46 1.66 2.75 

51.51 35.62 1.42 5.87 

Table 3. Depth-dose distribution in PMMA 

Thickness 

(mm) 

Dose 

(Gy) 

Dose rate 

(Gy·min–1) 

CV 

(%) 

0 204.17 8.17 0.15 

7.61 126.67 5.07 0.30 

15.18 96.47 3.86 0.25 

22.74 81.59 3.26 0.42 

37.66 64.16 2.57 0.56 

59.94 42.29 1.69 1.22 

67.50 37.66 1.51 0.99 

75.07 30.69 1.23 0.87 

     

 

Fig. 5. Depth-dose rate distribution in potatoes and 

PMMA 

As shown, the dose rates at the surface of 

potatoes and PMMA are similar at 8.23 and 8.17 

Gy·min–1. Then, the absorbed dose rate in potatoes 

decreases faster with the increase of thickness 

than in PMMA. Therefore, the graph for potatoes 

is below that for PMMA. It is probably due to the 

greater density of PMMA (1.18 g·cm–3) compared 

with that of potatoes (1.03 g·cm–3). Besides, it 

should be noticed that in the first few millimetres 

in the samples, the dose rates of PMMA and 

potatoes decrease faster with the exponential law. 

The reason is that the X-ray spectrum is not 

mono-energetic. The lower-energy part of X-rays 

with a low penetration into the samples is 

strongly absorbed in the first few millimetres, 

causing a rapid reduction of the dose rate. 

Afterwards, the dose rate decreases gradually as 

the depth increases and has a value of 1.42 

Gy·min–1 at a depth of 51.51 mm for potatoes and 

1.69 Gy·min–1 at the 59.94 mm depth for PMMA. 

The difference in dose rates in PMMA and 

potatoes was calculated through the fitted 

equations shown in Fig. 5. The rate for PMMA is 

1.5 times smaller than that for potatoes (for 

thickness up to 50 mm – the average thickness of a 

potato tuber). This difference is acceptable. Thus 

we used PMMA as a phantom to measure the 

depth-dose distribution in potatoes. It is difficult 

to measure the dose at every millimetre inside the 

potatoes, but it is possible with PMMA. 
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The dose uniformity ratio (DUR), defined 

as the ratio of the maximum to minimum 

absorbed dose, is an essential parameter for food 

processing. The allowed DUR values are 2 or even 

3 for most food products [4, 5]. Table 2 indicates 

that the DUR for potatoes is 5.8, beyond the 

allowed value. The factors influencing DUR can 

be one-sided or double-sided irradiation. For the 

former, the potato is exposed on the top or bottom 

surface. For the latter, after irradiation on the top 

surface, each potato is turned to the opposite side 

and continued to be irradiated under the same 

condition. The difference between one-sided and 

double-sided irradiation for the potato with low-

energy X-rays is displayed in Fig. 6. The DUR 

value is 1.9 for potatoes when irradiating double-

sided, and this value is within the allowed range. 

The results indicate that the dose rate that 

allows the rays to penetrate the bottom surface of 

the potato is 1.42 Gy·min–1 in one-sided 

irradiation and 9.65 Gy·min–1 in double-sided 

irradiation. When the potato is irradiated one-

sided for 10 minutes, the absorbed dose at the 

backside is 14.2 Gy, lower than the standard dose 

for sprout inhibition of potatoes (60–150 Gy). This 

value could be compensated in double-sided 

irradiation with 96.5 Gy. So, both-sided 

irradiation needs less time and, consequently, has 

higher efficiency than single-sided irradiation. 

As the low-energy X-rays could not 

strongly penetrate inside the sample, the depth-

dose distribution in potatoes is critical 

information. From this information, the required 

depth at which the dose reaches the necessary 

value for potato preservation could be 

determined. 

4 Conclusion 

In this study, the depth-dose distribution of low-

energy X-rays in potatoes and PMMA was 

investigated with an HD-V2 Gafchromic film 

dosimeter. The dose rate for PMMA is 1.5 times 

lower than that for potatoes. Being suitable for 

food and easy to handle, PMMA could be used as 

a phantom in measuring the depth dose delivered 

in potatoes. Besides, the present work provides 

efficiency information on double-sided and one-

sided irradiation. 

The measurements of this study were 

carried out at a tube voltage of 160 kV, a current 

of 18.7 mA, and a distance of 250 mm from the X-

ray focal point to the samples. To get more 

information and obtain optimum irradiation 

conditions, one should conduct further studies 

with other values of tube voltage, tube current, 

and different distances between the focal point 

and the exposed area. 
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