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Abstract
The assessment and management of risk must satisfy the requirements set forth by importing nations in order for the Turkish agriculture sector to develop linearly. It must also guarantee that trade-related biosecurity risks are appropriately managed. In terms of agricultural exports, citrus fruits account for a significant portion of Türkiye's exports. On the other hand, conventional approaches are utilized to battle the Mediterranean fruit fly agent in addition to microbiological losses in the export of these products. It is widely accepted that fruits can have their risk factors minimized through the application of irradiation. Low-energy electron beam (LEEB) applications for fresh fruit phytosanitary purposes have gained significance recently. After conducting studies, it has emerged that using LEEB for the eradication of microorganisms on or near food surfaces or for phytosanitary purposes is both a sustainable and effective option in the food industry. This study provides a review of LEEB and gamma irradiation applications on citrus group fruits based on previous research. Additionally, a comparison will be conducted between both methods in terms of phytosanitary procedures, microbiological decontamination, and food quality. Also, conceptual and practical recommendations for potential LEEB technique use in the future were discussed.
INTRODUCTION
Citrus fruits, including oranges, mandarins, lemons, and grapefruits etc., belong to the genus Citrus, which is a member of the Rutaceae family [1]. In contemporary conditions, addressing the nutritional needs of the rapidly growing global population necessitates not only enhancing the yield of crops grown on limited agricultural lands but also ensuring the preservation and maintenance of the harvested produce. It has been known that post-harvest losses of fresh fruits and vegetables range from 20–60%. The principal reasons for this issue include the inadequate control of abiotic and biotic factors that lead to post-harvest losses and cultivation flaws within the producer-consumer chain [2]. Furthermore, another critical factor contributing to the loss of fruits and vegetables is fruit flies. Fruit flies (Diptera: Tephritidae) are recognized as the insect group causing the most severe damage to commercially valuable agricultural products [3]. The Mediterranean fruit fly (Ceratitis capitata) primarily inflicts damage through larvae feeding on the fruit. Intensive pesticide applications against this pest not only escalate the product's cost but also adversely affect human health and the environment [4].
Quarantine is defined as the comprehensive set of measures taken to prevent the spread of pests found in agricultural plants or foods from one region to another, and further, to different geographical areas, to hinder their locate and potential damage [5]. The application of irradiation technology to fresh fruits for quarantine purposes is practiced in numerous countries [6]. The Codex Alimentarius Commission and the International Plant Protection Convention provide international standards, a framework, and guidelines for the use of irradiation as a phytosanitary measure.
This study evaluates the applications of low-energy electron beam (LEEB) and gamma irradiation on citrus fruits, based on previous studies. In addition, these methods were assessed in terms of phytosanitary processes, microbiological decontamination, and food quality. Conceptual and practical recommendations for the future application of the LEEB approach were offered.
SOURCES OF CITRUS FRUITS LOSS POST HARVEST
Mediterranean fruit fly: Ceratitis capitata (Wiedemann)
The Mediterranean fruit fly (Medfly), Ceratitis capitata (Wiedemann) (Diptera: Tephritidae), is a significant insect pest that infests over 300 fruit species, including various citrus fruits. Fruit infestation rates may vary depending on local environmental conditions, season, citrus species, and cultivars within the species [7]. The pest overwinters either as pupae in the soil or as larvae within fruits remaining on the trees. Upon feeding, adult flies oviposit their eggs into fruits by creating punctures with their ovipositors once the fruits reach an appropriate stage of ripeness. The emerging larvae feed on the fruit's mesocarp, progressing through three larval instars. Larval development duration is highly temperature-dependent, ranging from 9 to 18 days. The pupal stage lasts approximately 10-12 days during the summer. Post-emergence, adults attain sexual maturity after a feeding period of 4-7 days. For oviposition to occur, ambient temperatures must exceed 16°C, and a single female can lay approximately 200-300 eggs over her lifespan. The average lifespan of an adult under natural conditions ranges from 30 to 50 days [8]. The larvae, by consuming the fruit pulp, inflict physical damage that hinders the fruit's marketability [9]. The life cycle of the Medfly is depicted in Fig. 1.
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FIG. 1. Life cycle of Mediterranean fruit fly [10]
The citrus peel serves as the primary barrier encountered by Tephritidae eggs and larvae. For survival and development, newly hatched larvae must breach the peel to access the more nutrient-rich fruit pulp. The penetration of the citrus peel is associated with high larval mortality rates, primarily due to the toxic effects of the essential oils within the peel [7]. A female Medfly typically deposits 1-10 eggs in a cavity approximately 1 mm deep, can lay up to 22 eggs per day, and may lay up to 800 eggs (commonly around 300) throughout her lifespan [11].
Phytosanitary measures are imperative for exporting citrus fruits from infested to non-infested regions. Various treatment options are available to meet this requirement. Traditionally, quarantine treatments include cold storage (at 1.1-2.2°C for 14-18 days), methyl bromide fumigation, and hot water treatment (immersion in water at 46.1°C for 65-110 minutes) for different fruits. Additionally, ionizing radiation, a non-chemical and innovative method, is also utilized [12]. In terms of maintaining fruit quality, irradiation stands out as the most broadly applicable commercial treatment method for managing Tephritidae fruit flies at effective dosages [13]. A generic dose of 150 Gray (Gy) is recognized as effective against all Tephritidae species, and studies support the application of a general dose of 400 Gy for controlling all insect pests except the pupae and adults of Lepidoptera [14].
Microbial Contamination on Citrus Fruits
Microbial contamination is another critical factor leading to post-harvest product loss. The predominant post-harvest physical losses in citrus fruits are attributable to green mold and blue mold, caused by the wound pathogens Penicillium digitatum Sacc. and P. italicum, respectively [15]. Spores produced in masse by contaminated or decayed fruits disseminate through the air and can infect adjacent fruits at any stage [16]. P. digitatum can induce decay in 60-80% of fruits under ambient conditions, whereas P. italicum is predominantly observed in fruits stored under cold conditions [17]. Other notable post-harvest pathogens include Galactomyces citri-aurantii and Botrytis cinerea, while Penicillium ulaiense, Trichoderma viride, Aspergillus niger, and Rhizopus stolonifer are less frequently encountered [16].
To mitigate post-harvest decay and preserve the quality of citrus fruits, synthetic chemical fungicides have been traditionally employed. "Imazalil" is predominantly utilized in the post-harvest treatment of citrus fruits [18]. However, the emergence of resistant pathogen populations, increasing regulatory restrictions on chemical residues, and the environmental impact of these chemicals have amplified consumer demand for residue-free fruits. Consequently, novel, safer, and more environmentally friendly strategies have been developed [19]. Non-thermal, residue-free irradiation treatment for fruits and vegetables is recognized as a safe technology by the World Health Organization (WHO), the Food and Agriculture Organization (FAO), the International Atomic Energy Agency (IAEA), and the Codex Alimentarius Commission for post-harvest treatment of fresh produce [20]. Recently, electron beam (E-beam) technology has been explored as an alternative to thermal post-harvest treatments for phytosanitary purposes [21]. Similar to gamma irradiation, electron beam treatment induces double strand breaks in DNA, leading to the inactivation of microorganisms present in the treated produce. Dosages of 50-750 Gy are necessary for insect pest control, while dosages of 1-1.75 Kilogray (kGy) are required for post-harvest disease control [22].
Irradiation Regulations of Fruits
In 1980, the FAO/IAEA/WHO expert committee deemed the maximum absorbed dose of 1 kGy for irradiation of fresh fruits and vegetables for quarantine purposes to be safe, and this was officially approved in 1983 [23]. Maintaining the irradiation dose within the 1 kGy limit is considered a prerequisite for facilitating the international trade of irradiated fresh agricultural products. An absorbed dose of at least 0.4 kGy is generally sufficient to meet quarantine regulations without adversely affecting the physicochemical and nutritional properties of most fruits and vegetables [24]. Additionally, the recommended 1.0 kGy dose is also used to inhibit growth and maturation [25]. The literature indicates that irradiation is effective in reducing the number of spoilage-causing microorganisms in fruits and vegetables and extending their shelf life [26]. Gamma irradiation is internationally recognized as an effective method for preserving the quality of foods over extended periods [27].
A novel approach to the application of ionizing radiation on food and agricultural products involves the use of "low-energy electrons," defined as electrons with energies below 300 kilo electron volt (keV) [28]. This method applies ionizing radiation to food, which is advantageous due to the shorter exposure times and easier control of radiation doses compared to other ionizing radiation methods [29]. Since microorganisms are predominantly found on the surface of the food, surface irradiation is often sufficient to eliminate foodborne microorganisms [28]. Furthermore, electron beam irradiation has been reported to be an effective method for controlling insects in stored products [30].
FOOD IRRADIATION TECHNOLOGY
Food irradiation is based on the principle of ionizing radiation, which utilizes high energy. This process is a non-chemical food treatment method aimed at reducing significant losses due to microbial spoilage or contamination [31]. The objectives of food irradiation include reducing the risk of foodborne illnesses, controlling sprouting or ripening, and preventing infestation. Typically, this process is carried out using one of three different technologies: Cobalt-60, Electron Beam (E-beam), or X-ray [32].
3.1. Principle of Electron Beam and Comparison with Gamma Irradiation
Industrial electron beam applications utilize electron beam energies ranging from 75 keV to 10 Mega electron volt (MeV). Electron beam usage can be categorized into three main categories based on the accelerator electron energy:
 High-energy electron beam: 5.0 to 10 MeV,
Medium-energy electron beam: 400 keV to 5.0 MeV,
Low-energy electron beam: 80 to 300 keV.
The application of electron beams with energies up to 10 MeV ensures the irradiation of all food substances, whereas electron energies below 300 keV reduce the penetration depth of electrons. Electron beams at these lower energy levels are referred to as "low-energy electrons" [33]. Electron beam irradiation is also recommended as a method for processing fresh fruits and vegetables [34]. Furthermore, LEEB systems preserve quality by preventing microorganisms on the dried spices and edible insect surfaces. Moreover, it has been known that LEEB effectively prevents insect infestation and plant disease on grains (Table 1).

TABLE 1. USING LEEB FOR PHYTOSANITARY AND MICROBIOLOGICAL DECONTAMINATION 
	Material
	Purpose
	Observed Effect
	Ref.

	Dry spices
	Microbial Decontamination
	Reduced microorganisms on the spice surface.
	[35]

	Dry pepper
	Microbial Decontamination
	Reduced microorganisms on the spice surface.
	[36]

	Seeds 
	Microbial Decontamination
	Preserves its chemical and sensory properties.
	[37]

	Grain
	Pest Control
	Larvae and pupae of insects were neutralized in vitro.
Disinfected grain and beans.
	[38], [39]

	Grain crops 
	Insect Pests and Plant Disease Prevention
	Irradiation of seeds before planting reduced the disease incidence.
It prevented adult insects.
	[40]

	Dried insect products
	Microbial Decontamination
	Microbial inhibition has been achieved in edible insects.
There has been no change in quality.
	[41]


Gamma irradiation requires non-renewable radioactive sources and presents more technical, financial, and operational challenges compared to alternative irradiation technologies. Although gamma irradiation possesses higher penetration capabilities than electron beam application (Table 2), this can lead to certain quality losses in foods. For instance, a study [42] irradiated soybeans using both gamma and LEEB methods to achieve microbial decontamination. The results indicated that while gamma radiation altered some properties of the soybeans, the LEEB application was deemed more suitable for decontamination, causing less impact on soybean quality. The primary reason for the lesser quality loss observed with low-energy electron beam application, as compared to gamma irradiation, is attributed to its lower penetration depth, which effectively inhibits surface-contaminating microorganisms without affecting the deeper layers of the food.
TABLE 2. COMPARISON OF GAMMA RAYS AND ELECTRON BEAM [43]
	
	Electron Beam
	Gamma Rays

	Power Source
	Electricity
	Radioactive isotope

	Power Activity
	Electrical on-off
	5.27-year half-life

	Properties
	Electrons mass=9.1x10-31 kg (10 MeV)
	Photons (1.25 MeV) λ=1.0x10-3 nm

	Charge
	1.60 x 10-19 coulombs
	None

	Emission
	Unidirectional
	Isotropic

	Penetration
	Finite range
	Exponential attenuation


The existing literature does not report any studies specifically examining the application of low-energy electron beams on citrus fruits. Most of the previous studies were carried out using high-energy electron beam (Table 3.). The findings from these studies suggest that high-energy electron beam application effectively achieves microbial decontamination without adversely affecting the quality of the fruit. Furthermore, some citrus fruits have been shown to be highly sensitive to gamma irradiation [44].
TABLE 3. EFFECT OF ELECTRON BEAM AND GAMMA IRRADIATION ON CITRUS FRUITS
	Material
	Treatment
	Dose (kGy)
	Observed Effects
	Ref.

	Mandarin
	Gamma
	0, 0.15, 0.4 & 1
	*Irradiation of 0.4 and 1 kGy caused a decrease in fruit firmness, vitamin E and carotenoids.
*Fruit is highly sensitive to gamma irradiation.
	[44]

	Mandarin
	E-beam
5 MeV
	0, 0.4 &1.0
	*Dose-dependent microbial inhibition was seen for up to 15 days.
*0.4 kGy provided microbial decontamination.
*It did not affect its quality.
	[45]

	Grapefruit Lemon
	E-beam
10 MeV
	0, 0.4 & 1.0
	* It affected the product quality.
* Minimized quality deterioration during storage.
	[46]




TABLE 3. EFFECT OF ELECTRON BEAM AND GAMMA IRRADIATION ON CITRUS FRUITS (Cont’d)
	Material
	Treatment
	Dose (kGy)
	Observed Effects
	Ref.

	Orange 
	E-beam
10 MeV
	0, 0.2, 0.4, 0.6, 0.8 & 1.0
	*Up to 0.6 kGy is the optimum dose to minimize quality changes and for pesticide treatment.
	[47]

	Orange 
	E-beam
10 MeV
	0, 0.2, 0.4, 0.6, 0.8 & 1.0
	*Electron beam irradiation at dosages lower than 1 kGy does not affect antioxidant compound levels and antioxidant activities.
	[48]

	Grapefruit
	E-beam
10 MeV
	0, 1.0, 2.5, 5.0 & 10
	*Vitamin C content did not affect at 1 kGy.
*Doses above 1 kGy significantly reduced vitamin C content.
*Naringin flavonoid showed a significant increase compared to the control at 10 kGy.
*Low dose E-beam radiation has little effect on bioactive compounds and can provide a safe solution.
	[49]

	Grapefruit Orange Mandarin
	Gamma
	0, 0.5, 1.0 & 1.5
	*A gamma radiation irradiation dose of 0.1 kGy was sufficient against the Mediterranean fruit fly.
*There was no negative effect of low dose (<1.0 kGy) application on fruit quality in these fruits, except for mandarin.
*It significantly affected the microbial load.
	[50]

	Orange
	Gamma
	0, 0.3, 0.6 & 0.9
	*An increase in respiration rate was observed in irradiated fruits with the irradiation dose during the storage period.
*During early shelf life, the decay rate of irradiated fruits is higher than control in a dose-dependent manner.
*Irradiation showed no significant effect on titratable acidity and total organic acids during storage.
*To maintain shelf-life quality, 0.6 kGy may be an appropriate radiation dose.
	[51]

	Orange
	Gamma
	0, 0.25 & 0.5
	* With gamma irradiation, the weight loss of the fruit decreased throughout its shelf life.
*0.5 kGy irradiation is at an acceptable level in terms of sensory and chemical properties of the fruit.
	[52]


3.2. New Approaches for Low-Energy Electron Beams
Recent years have seen an increasing focus on the application of low-energy electron beams to food products. The limited penetration depth of low-energy electron beams enables effective surface sterilization without compromising the quality of the internal food matrix. Furthermore, the potential for integration into existing processing lines represents a significant advantage.
LEEB systems, often referred to as electronic pasteurization [53], are notable for their absence of radioactive isotopes and their ability to generate energy using commercial electricity. Despite the limited number of studies in this area, several recent investigations have garnered attention. A prominent example is the Laatu system developed by Bühler AG, an industrial LEEB system with a continuous capacity of 1,000 kg per hour. The process flow of the Laatu system involves the product entering through an upper feed hopper and passing through two shaking beds (feeders), which facilitate the even distribution of the product as it enters the treatment zone. The treatment zone features two electron beam lamps, positioned on either side, through which the product passes and undergoes irradiation processing [54]. The literature includes several studies utilizing the Laatu system. These studies have focused on spices [55] and edible insects [54]. An analysis of these studies indicates that no quality degradation occurred in the products and effective microbial decontamination was achieved. The mechanization developed for industrial applications serves as a precursor for future research. Moreover, ongoing research involves seed sterilization using LEEB systems known as E-VITA, designed by Ceravis AG. The E-VITA system has the capacity to irradiate 25 metric tons of grain per hour and is designed for use as a mobile unit [56].
LEEB represents an advancing non-thermal and chemical-free irradiation technology. Considering its potential future applications, several critical considerations have been highlighted in recent studies [54]:
Given the variability in size and shape of food products, it is essential to conduct further research on dose depth specific to each product.
Investigations into dose distribution in three-dimensional applications are necessary.


CONCEPTUAL CONSIDERATIONS ON THE LEEB APPLICATION OF CITRUS FRUITS
Selecting the right and effective technology in food irradiation applications depends on many factors. The characteristic properties of the food to be irradiated and the determination of quality parameters are points that need to be established at the initial step. Additionally, the purpose for which the irradiation application will be used on the food must be known.
4.1. Process of Citrus Fruits in Facilities
The species of orange, mandarin, lemon, and grapefruit belong to the Citrus genus. It is estimated that global production in the 2022/23 period will be 36.9 million tons for mandarins, 47.8 million tons for oranges, 6.8 million tons for grapefruits, and 9.1 million tons for lemons [57]. The countries with the highest citrus exports globally are China, South Africa, Türkiye, and Egypt [57; 58].
The packaging of fresh fruits and vegetables constitutes one of the most critical post-harvest steps in the export process. Effective packaging safeguards the produce from all forms of deterioration and damage before, during, and after transportation, thereby enhancing its shelf life. The facilities where fruits and vegetables are packaged and made ready for the market post-harvest are referred to as packing houses [59]. The key processes and their critical points undertaken in packing houses include pre-sorting, washing, waxing, grading, packing, and storage (Fig. 3.). 
In a study examining the fungal and bacterial species and their densities in the microbiota of fruits processed in different packaging facilities and the ambient air of the facility [60], it was found that fungi such as Penicillium, Cladosporium, Alternaria, Botrytis, Fusarium, Stemphylium, Aspergillus, Rhizopus, and Mucor can be transported by air currents and remain suspended in the air. These airborne fungi can cause symptoms like tissue softening and decay in fruits. Fruits exposed to these fungal spores can suffer significant losses by the time they reach export destinations. Since the most substantial losses in fruits are due to fungal decay, these losses often reach levels of 30-40%. The identified fungal species have the potential to contaminate packaging equipment, ripening, and storage rooms. Spores produced by infected fruits can contaminate the surface of healthy fruits, perpetuating this cycle within the packing houses and storage facilities [60].
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FIG: 3 Conceptual evaluations for citrus processing facility flow chart
Various methods are employed to inhibit pathogenic microorganisms before the packaging stage of products. For instance, in a study [61], chemicals such as TBZ (Thiabendazole), Guazatine, Prochloraz, and Imazalil are used in washing water or waxing processes in packing houses to prevent disease transmission. Furthermore, it is imperative to disinfect all tools and equipment within the system [62]. Moreover, Penicillium italicum and Penicillium digitatum have been reported as the most significant microorganisms affecting the shelf life of citrus fruits [63]. To mitigate microbial contamination, prevent product loss, and ensure food safety, irradiation technology—a non-thermal and non-chemical method—is considered crucial, especially for fresh fruits and vegetables. Studies have shown that irradiation significantly inhibits Penicillium italicum and Penicillium digitatum in a dose-dependent manner [64; 65].
It is known that citrus losses are attributed to microbial contamination, and without adequate measures in packing houses, these losses are likely to increase. Therefore, it is considered that irradiation applied in the final processing stage in packing houses can reduce and mitigate contamination in fruits. However, Medfly larvae, one of the major pests of citrus fruits, cause physical damage to the fruit pulp as they feed on it. Damaged fruits are separated at the pre-sorting stage. Additionally, female Medflies lay their eggs on the surface of the fruit skin [11]. Therefore, eggs that cannot be separated at the pre-sorting stage pose the greatest risk factor.
The integration of low-energy electron beam applications into the process stands out compared to other irradiation methods due to its ease of integration and ability to perform surface sterilization without causing quality loss in the food matrix [43]. It is anticipated that following irradiation treatment and appropriate packaging, the shelf life of packaged fruits will increase, product loss will decrease, infestation will be prevented, and food safety will be ensured (Fig. 3.).
4.2. Strategies and Design Considerations of Low-Energy Electron Beam Equipment in Citrus Processing Facilities
The integration of radiation technologies into food processing facilities has emerged as a significant topic in recent years. With increasing production capacities and heightened food safety measures, irradiation a non-thermal process holds particular importance for various foods, particularly spices. Non-chemical and non-thermal processes are prioritized for delaying ripening, preventing infestation, and extending the shelf life of fresh fruits and vegetables. The meticulous selection of the appropriate irradiation application, including equipment and applied dosage levels, along with precise process conditions, directly influences the quality and safety of the product. Fig. 4 delineates the procedural steps essential for selecting the optimal irradiation process.
The application of electronic pasteurization using electron beams can be categorized based on energy levels. Low-energy electron beam (LEEB) applications represent irradiation units with energy levels ranging from 80 to 300 keV. Studies have been conducted in food irradiation using LEEB (Table 1). Due to the low electron energies in LEEB systems, their penetration into the product is limited. This capability often allows for surface sterilization of food without compromising its organoleptic characteristics [45].
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FIG. 4. Steps for choosing the proper irradiation technique [66].
The integration of electronic pasteurization systems into food establishments is a highly intricate subject. Table 4 discusses terminology related to LEEB systems.
TABLE 4. TERMINOLOGY OF THE LEEB SYSTEM [67]
	Terminology
	Description

	Beam Energy
	It expresses the kinetic energy of the radiation. Higher energy provides deeper penetration.

	Average Energy
	It describes how deeply the radiation will penetrate the material. It is used in calculating the average beam power of the accelerator.

	Beam Width
	It is the size of the radiation field perpendicular to the direction of movement of the product at a specified distance from the accelerator window.

	Beam Length
	It ensures the minimum dose capacity and dose uniformity for low doses.

	Product Thickness (Mass-Thickness)
	It represents the weight of the material interacted with per unit area to determine the performance of the electron beam system.

	Depth-Dose Distribution Curve
	It is a graph that shows the variation of radiation dose deeper into the object from its surface.

	Product Handling System
	It ensures the orientation of the products as they are transferred from the loading area to the radiation treatment area.


The Depth-Dose Distribution curve is a graph of the energy deposited per electron per unit area versus depth. The energy distribution is proportional to the absorbed dose. The penetration depth of ionizing radiation is defined as the depth where the tail of the dose-depth curve extrapolates to intersect the x-axis. The absorbed dose tends to increase as the depth within the product increases, reaching a peak around the midpoint of the electron penetration range, and then decreases rapidly towards lower doses [67].
Due to the variability in electron energy deposition, there exists a location within the product where the minimum dose is received and another where the maximum dose is attained. Another pertinent parameter in calculations is the dose uniformity ratio (DUR), defined as the ratio of maximum absorbed dose to minimum. A ratio close to 1 signifies uniformity, though in commercial applications, DUR ratios of 2 or 3 are often deemed acceptable [66]. Food irradiation can be carried out either in packaged or bulk form. 
LEEB is an evolving non-thermal and non-chemical irradiation technology. Considering all this information, integrating an irradiation equipment into citrus processing facilities has been determined to be a critically important issue. Therefore, the following considerations are essential for ensuring the integration of LEEB systems into these facilities:
As seen in Fig. 3, in citrus processing facilities, after the classification process, fruits are packed and transferred to storage areas. Throughout these processes, citrus fruits are conveyed using roller conveyor systems to prevent physical damage by maintaining certain speeds without coming into contact with each other. Citrus fruits have high mass-to-volume ratios due to their small volumes and high masses, resulting in high fruit density per unit area. This high density can lead to increased product weight per unit area and subsequently lower radiation penetration. Therefore, radiation may not penetrate the fruit, facilitating surface sterilization without causing quality loss. However, eggs deposited by female Mediterranean fruit flies on the fruit peel pose the greatest risk of fruit and economic losses. Since they have not yet developed into larvae, visible damage may not occur, potentially leading to infestation during storage if infected fruits are not separated and stored during the pre-sorting stage.
The primary objectives of irradiating the products are to target eggs deposited by female Mediterranean flies on fruit peels and to address microbial contaminations.
Microbial contaminations can originate from the fruit itself as well as from the air within the facility. Therefore, irradiation should be performed before the products are packaged and sent to storage.
When determining the mass thickness of citrus fruits, average values for each product should be calculated. Mass thickness represents the weight of the material interacted with per unit area for determining the performance of the electron beam system, with fruit thickness always defined in the direction of electron movement. Therefore, a spherical model should be used when considering the penetration depth of citrus fruits.
To ensure dose uniformity, if roller conveyor systems are selected for product transfer, the fruit can rotate around its axis during irradiation to achieve a high uniform dose distribution.
It is necessary to model the dose distribution for each individual product.


CONCLUSION
Oranges, mandarins, lemons, and grapefruits etc. belong to a group of fruits within the Citrus genus. Preserving and maintaining the supply of these products are crucial factors in meeting the nutritional needs of the rapidly growing global population. Post-harvest losses of fresh fruits and vegetables in developing countries can reach significant levels, averaging between 20% and 60%. These losses are primarily due to inadequacies in controlling abiotic and biotic factors that cause deterioration of produce after harvest. Fruit flies also contribute significantly to these losses.
Ionizing radiation has been noted for its effectiveness in reducing the microbial load, preventing infestation, and thereby extending the shelf life of fruits and vegetables. Gamma irradiation, recognized internationally as an effective method for preserving food quality over extended periods, has recently been supplemented by a new approach involving "low-energy electrons" defined as electrons with energies below 300 keV, in irradiation systems. Despite its efficacy, gamma irradiation relies on non-renewable radioactive sources and presents technical, financial, and operational challenges that have spurred interest in alternative technologies.
Low-energy electron beam (LEEB) application, due to its shallow penetration, allows for microbial decontamination without damaging the food matrix. High levels of microbiota in citrus packaging facilities significantly increase the risk of contamination. Moreover, the inability to detect eggs laid by female fruit flies during physical separation processes can lead to infestation during storage. Therefore, integrating LEEB systems into processing lines is expected to ensure microbial decontamination, restrict contamination by eggs deposited by the Medfly, reduce product losses, and contribute to the economy by delivering safe food to consumers.
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