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Abstract 

Gamma-irradiation processes are very important tools for minimizing microbial load in dry food, inhibiting the 

proliferation of T-lymphocytes in blood, and for the sterilization of medical devices. To this end, a composite 

film dosimeter made of a radiation-sensitive monomer, 1,10-bis(diphenylamino)-4,6-decadiyne (DPD), 

embedded in poly(vinyl alcohol) was prepared using an automatic film applicator system. This polymeric film 

undergoes a color change from pale yellow to deep orange upon γ-irradiation due to topochemical 

polymerization of the DPD monomer. This color change is proportional to the amount of absorbed dose. With 

increasing absorbed doses, gradual disappearance of the C≡C Raman band of the C≡C-C≡C chemical groups is 

observed, and new C≡C and C=C bands ascribed to the formation of a polydiacetylene with an enyne structure 

are detected. The irradiated films exhibited two absorption maxima at 470 and 502 nm as measured by UV-Vis 

spectrophotometry, and the intensities of these bands increased with increasing absorbed doses. Analysis of these 

films using a high-resolution flatbed scanner (2400 dpi) showed an increase in optical density with increasing 

absorbed doses up to 269.1 kGy. Stability checks revealed that the irradiated films underwent an increase in the 

color intensity by ≈3.1% over 50 days of storage. In addition, relative humidities in the range 0–75.3% had a 

limited impact on the dose response of the films, with a 4% change in this range. The uncertainty (2σ) on dose 

measurements using the scanner was 4.46%, demonstrating the effectiveness of this film dosimeter for radiation 

monitoring up to 296.1 kGy. 
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1. Introduction 

Ionizing radiations such as γ-rays, accelerated electrons and X-rays are used to irradiate blood or blood 

components, sterilize healthcare products, minimize microbial load in food, and modify polymers (ISO/ASTM, 

2013). It is essential to verify that the dose delivered in each of these applications matches the prescribed dose 

within a specified limit. Absorbed doses used in such processes span a wide range going from a few tens of grays 

to over 100 kGy (ISO/ASTM, 2013). Thus, manufacturing dosimeters in the form of films (Chu et al., 1990; 

Kawamura et al., 2020; Soliman et al., 2016) or gels (Baldock et al., 2010; Basfar et al., 2019; El Gohary et al., 

2016; Koeva et al., 2008; Soliman et al., 2017; Sun et al., 2016) that can accurately measure absorbed doses is an 

important endeavor. 

 

Radiochromic films based on the -initiated reduction of tetrazolium salts into formazans (Basfar et al., 2012, 

2011; Emi-Reynolds et al., 2007; Kovács et al., 2000; Kozicki et al., 2018), taking advantage of the radiolytic 

cleavage of the C-H bond in Ar3C-H (Ar = aryl) compounds such as leucomalachite green and leuco crystal 

violet dyes (Alqathami et al., 2013; Mai et al., 2008; Soliman et al., 2014a; Soliman and Abdel-Fattah, 2013), or 

making use of the rupture of the C-CN bond in Ar3C-CN compounds such as pararosaniline cyanide, new 

fuchsine cyanide, and hexa(hydroxyethyl)pararosaniline cyanide dyes (Beshir et al., 2001; McLaughlin et al., 

1985; Miller et al., 2000, 1988; Miller and Mclaughlin, 1980) have been explored for dosimetry purposes in 

various radiation technologies. In addition, radiation-sensitive compounds such as diacetylenes (DAs) are key 

materials for developing film dosimeters/sensors useful in a wide range of irradiation applications (Abdel-Fattah 

and Soliman, 2017; Chu et al., 1990; Devic, 2011; Mclaughlin et al., 1996; Patel, 1981; Soliman et al., 2013a; 

Soliman et al., 2018; Watanabe et al., 2006). In favorable cases, DAs polymerize topochemically in the 

crystalline state and undergo a color change when exposed to an ionizing radiation, thereby producing π-

conjugated 1D structures, the polydiacetylenes (PDAs) (Scheme 1) (Baughman, 1972; Isa et al., 2017; Krishnan 

et al., 2019; Matsuzawa et al., 2001; Ogawa, 1995; Sarkar et al., 1999; Wegner, 1972, 1971; Weston et al., 

2020). Gafchromic films are constructed from microcrystals of a DA dispersed in gelatin and coated onto 

polyester sheets (Chu et al., 1990; William L. McLaughlin et al., 1996; Saylor et al., 1988; Watanabe et al., 

2006). These films are currently considered to be the most versatile dosimeters, as they cover wide dose ranges 

for irradiation applications (Butson et al., 2011; Chu et al., 1990; Devic, 2011; Patel, 1981; Vandana et al., 2011; 

Watanabe et al., 2006). 
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Scheme 1: Schematic representation of the topochemical principle of diacetylene polymerization: 4.7  d  5.2 

Å, 3.4  Rv  4 Å, R1,4  5 Å,   45°. 

 

The behavior of Gafchromic MD-55 and DM-1260 films upon exposure to doses of 50 Gy has been investigated 

by monitoring the absorption band at 675 nm (William L. McLaughlin et al., 1996). These films take various 

shades of blue depending on the amount of absorbed radiation and the progression of the topochemical 

polymerization reaction. Interestingly, a blue shift of the absorption maximum from 675 to 660 nm was observed 

with increasing radiation dose. This was attributed to crystalline strain rearrangements of adjacent polymer 

arrays (William L. McLaughlin et al., 1996). Gafchromic MD-55 films are regarded as accurate dosimeters, 

capable of measuring doses with an uncertainty of less than 1% near 6 Gy (Klassen et al., 1997). Gafchromic 

EBT3 films are very sensitive to radiation and can be used in the range of 0.5 to 100 Gy (Vaiano et al., 2019). 

These latter films were made of microcrystals of the lithium salt of 10,12-pentacosadiynoic acid (PCDA) 

dispersed in gelatin (Balakrishnan et al., 2010; Callens et al., 2016). This diacetylene is colorless and 

polymerizes upon exposure to ionizing radiation, forming blue-colored linear chains of poly-LiPCDA that 

possess extensive π-electron delocalization (Callens et al., 2016; Eckhardt et al., 1986). A flatbed scanner is 

usually used as a film scanning system in red–green–blue (RGB) color space (Van Battum et al., 2008). The 

maximum wavelength (λmax) of EBT3 films after exposure to X-ray doses up to 9.52 Gy is 635.6 ± 0.7 nm (Rink 

et al., 2005a). 

 

A thin radiochromic film based on the PCDA monomer incorporated into polymeric films was developed for 

blood irradiation and food irradiation (Abdel-Fattah et al., 2012; Abdel-Fattah and Soliman, 2017). The PCDA 

polymeric film has a dose range of 5-4000 Gy depending on the selected wavelength and the concentrations of 

PCDA in the film (Abdel-Fattah and Soliman, 2017). This film turns blue upon exposure to γ-rays, showing two 

absorption bands at 670 nm and 620 nm. However, the positions of these bands shift 2-4 nm towards shorter 

wavelengths (blue shift) depending on the absorbed dose. This observation is consistent with results obtained 

with MD-55 films that contain the PCDA monomer as an active ingredient (Balakrishnan et al., 2010; Klassen et 

al., 1997; Mclaughlin and Desrosiers, 1995). A blue shift in λmax (675 nm) of MD-55 films was noticed following 

an augmentation of the exposure dose (Mclaughlin and Desrosiers, 1995). However, there was no considerable 

shift in λmax for EBT3 films (635.6 nm) up to an absorbed dose of 9.52 Gy (Rink et al., 2005a). One reason to 

explain a shift in λmax is that the lengths of the polymer chains are changing with increasing absorbed dose (Rink 

et al., 2005b). Yet, it has also been put forth that such a shift may be indicative of conformational changes of the 

polymer chains as a result of structural changes in the crystal. For MD-55, a change in crystal structure is 

observed with increased dose due to the fact that the polymer chains are shorter than the equivalent number of 

monomer units (Rink et al., 2005b). This contraction increases the separation between the last polymer unit and 

the next available monomer molecule and, therefore, decreases the rate of polymerization with dose exposure 

(Rink et al., 2005a, 2005b). Such a phenomenon does not exist with EBT3 (Rink et al., 2005a, 2005b). In this 

case, the internal packing of the monomer molecules is stable and does not change with polymerization (Rink et 

al., 2005a). As a result, no significant decrease in the rate of polymerization is observed with increasing dose 

exposure (Rink et al., 2005a). 
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Subsequently, films made of 2,4-hexadiyn-1,6-diol bis(n-butyl urethane) (HDDBU) dispersed in poly(vinyl 

alcohol) (PVA) were studied for potential use as a dosimeter up to 4 kGy. The UV-Vis spectrum of an irradiated 

film shows two absorption bands at 560 nm and 610 nm, characteristic of a blue-violet coloration. A slight blue 

shift of these bands was observed with an increase in absorbed dose. Irradiation of a HDDBU-PVA film under 

oxygen reduces the film response by 16–23%, thereby demonstrating the slow-down of the light-induced 

polymerization process by oxygen. Nevertheless, the response was negligibly affected by relative humidity (RH) 

during irradiation: a 2% change was observed upon increasing the RH from 0 to 94% (Soliman et al., 2014b). In 

addition, a radiation-sensitive film of poly(hexa-2,4-diynylene adipate) (PHDA) in PVB was investigated for 

dose estimation in the range of 0.5 to 60 kGy (Soliman et al., 2018a). This range is valuable for food irradiation 

and medical equipment sterilization. PHDA-PVB films exhibit a color change from very pale yellow to deep 

orange with an increase in the absorbed dose. The irradiated film shows one absorption band at 500 nm with a 

shoulder at 465 nm. These bands shift slightly to longer wavelengths with an augmentation of absorbed dose. 

This film is practically insensitive to RH variation ranging from 0 to 54% during irradiation. However, the color 

of an irradiated film intensifies over time at room temperature (RT), in the dark or under laboratory light, 

indicative of ongoing polymerization after γ-ray exposure has ended (Soliman et al., 2018a). 

 

Previously, a DA monomer chemically different from the aforementioned ones, 1,10-bis(diphenylamino)-4,6-

decadiyne (DPD), was investigated (Scheme 2) (Deschamps et al., 2010). This diacetylene exhibits solid-state 

polymerization reactivity upon exposure to a 
137

Cs -ray source (Al Choueiry et al., 2010; Deschamps et al., 

2010). The UV-Vis spectrum of poly-DPD shows an absorption band at ~470 nm in chloroform solution and at 

~517 nm in the solid state at 13 K (Al Choueiry et al., 2010; Deschamps et al., 2010). Upon exposure to low 

doses of -rays, colorless crystals of DPD turned pale yellow, then became deep orange or red at higher doses 

(Deschamps et al., 2010). To the best of our knowledge, DPD has never been tested in radiation dose 

measurements, and its detailed response to γ-irradiation is unknown. Consequently, we sought to investigate the 

response of this monomer to ionizing radiation, while evaluating its potential use for dose monitoring. A 

radiochromic film dosimeter was prepared by incorporation of DPD into a PVA matrix. Then, this film was 

studied in the dose range of 0 to 269.1 kGy using a spectrophotometer, a high-resolution flatbed scanner, and a 

Raman spectrometer. In addition, the doses measured by the DPD-PVA film were compared with the doses 

measured by the radiochromic dosimeter film of FWT-60 irradiated at an industrial radiation facility for radiation 

processing. Furthermore, the influence of RH on the response of DPD-PVA films during irradiation, the post-

irradiation stability of the film response under different storage conditions, and the uncertainty of dose 

measurement were discussed. Last, the theoretical energy response dependency based on calculations of the mass 

energy-absorption coefficient (μen/ρ)film of the DPD-PVA films was evaluated and compared with that of soft 

tissue and alanine standard dosimeter.  
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Scheme 2: Chemical structure of DPD. 

 

 

 

 

 

2. Materials and methods 

2.1 Preparation of DPD-PVA films 

The radiochromic film of DPD-PVA was prepared by successively mixing three separate solutions (A, B, and C). 

Solution A was prepared by dissolving 0.4 g of PVA (Acrōs Organics, average molecular weight 88 × 10
3
) in a 

12 mL aliquot of double distilled water, at 75°C ± 3°C, under magnetic stirring. This solution was left to cool to 

RT prior to use. Then, a 0.0025 g portion of sodium dodecyl sulfate (SDS) (Sigma-Aldrich) and a 0.015 g 

portion of Tween
®
 80 (Sigma-Aldrich) were added to solution A. Solution B was prepared by dissolving 0.2 g of 

DPD monomer in about 1.5 mL of tetrahydrofuran (THF) (Sigma-Aldrich). DPD was synthesized following a 

reported protocol (Deschamps et al., 2010). Solution C consisted of a viscous solution of PVA in water (1.0 g of 

PVA in 8 mL of double distilled water) prepared at 75°C ± 3°C, under magnetic stirring. Solution B was poured 

into solution A in a dropwise manner using a syringe, with concomitant homogenization of solution A at 10,000 

rpm. This resulted in the formation of an emulsion. Then, the DPD-PVA emulsion was poured into solution C 

over a period of ten minutes, during which time vigorous magnetic stirring was maintained. The resulting 

mixture was kept under stirring for another ten minutes to evaporate the THF from the aqueous solution. The 

final concentration of DPD monomer in the PVA matrix was 14.3 phr (parts per hundred parts of resin). Finally, 

the mixture was coated as a 400 µm thick film onto a polyester sheet (A4 size), at RT, using an automatic film 

applicator system (Braive Instrument, Belgium). The coated film was allowed to dry in the dark, at RT, for about 

72 hours, then it was stripped from the polyester sheet. To reduce edge effects, the 2 cm-wide borders of the 

prepared films were cut out. Subsequently, the stripped film was cut into 1 × 1 cm
2
 pieces for spectrophotometric 

measurements and 2 × 2 cm
2
 slabs for scanner analyses. The thickness of the fabricated film was 36 ± 3 μm (1σ). 

 

2.2 Irradiation experiments 

To study DPD-PVA films and establish their dose-response function, different samples were irradiated at various 

absorbed doses (0–269.1 kGy) using γ-rays from the 
60

Co research facility (Gamma Cell 220 Excel manufactured 

by MDS Nordion, Canada). This facility includes annular sources, a cylindrical drawer to hold the samples, and a 

mechanism that moves the cylindrical drawer up or down to the 
60

Co source. A specially designed poly(methyl 

methacrylate) (PMMA) holder was used to obtain an electronic equilibrium during irradiation and to irradiate the 

films at the center of the cylindrical drawer. The dose rate of the facility at the center during this study was about 
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0.92 kGy h
-1

. The National Physical Laboratory (NPL) in UK used standard alanine pellets to calibrate the dose 

rate of this facility. Three sets of alanine pellets were used for this calibration (3 pellets at each dose set). The 

overall uncertainty reported by NPL in dose rate calibration was 2.2% at 2σ. 

 

In order to evaluate DPD-PVA films in industrial radiation processing conditions, ten DPD-PVA film pieces 

were irradiated simultaneously with radiochromic films of FWT-60 (produced by Far West Technology 

Incorporation, USA) at the industrial 
60

Co facility (Egypt Mega Gamma I irradiator, designed and installed by 

MDS Nordion). Calibration of this facility was discussed previously (Sephton et al., 2007; Soliman et al., 

2013b). FWT-60 films (10 × 10 × 0.05 mm
3
) are useful for doses ranging from 0.5 to 200 kGy (Far West 

Technology Inc., 2020). Irradiation of both types of films was achieved at a nominal dose of 25 kGy in the 

industrial facility. The FWT-60 films were calibrated at the research facility (traceable to NPL) in nearly the 

same conditions of use as those of the industrial irradiation facility, as previously defined (Soliman et al., 2013b). 

Determination of the doses absorbed by the FWT-60 and DPD-PVA films was carried out with a 

spectrophotometer and a flatbed scanner, respectively. 

 

2.3 Spectroscopic characterization 

The optical absorption spectra of irradiated and unirradiated DPD-PVA films were recorded using a UV-Vis 

Evolution 500 spectrophotometer (Thermo Electron Corp., UK) in the wavelength range 400–600 nm. The 

dosimeter response was expressed in terms of the relative absorbance (Ai/Ao) at 502 nm and 507 nm, where Ai 

and Ao are the absorbance of irradiated and unirradiated films, respectively. FWT-60 films were analyzed and 

calibrated at 600 nm using the same spectrophotometer (Far West Technology Inc., 2020; Soliman et al., 2013b) 

to calculate absorbed doses given by the industrial facility and compare with the doses measured by the DPD-

PVA films. 

Raman spectra at RT were obtained using a Renishaw InVia Raman microscope. The objective of the 

microscope was × 50 and the excitation wavelength (λex) was 785 nm. The laser power on sample was 510 or 

1900 µW and the acquisition time was 50 s. 

 

2.4 Scanning films with a high-resolution flatbed scanner  

The DPD-PVA films were analyzed using a high-resolution flatbed scanner (Epson Perfection V850 Pro, made 

in Indonesia by Seiko Epson Corporation) equipped with a dual lens system. This scanner can operate in both 

transmission and reflection modes. The detailed protocol for analysis of radiochromic films using flatbed 

scanners was described recently in the literature (Devic, 2011; Devic et al., 2005, 2004; Miller et al., 2000; 

Paelinck et al., 2007; Van Battum et al., 2008). Herein, the unirradiated and irradiated films were scanned using 

the reflection mode. The color was analyzed with a 2400 dpi (~0.0106 mm/pixel) nominal resolution using three-

color channels (red, green, blue) with a 48-bit color depth. Thereafter, the scanned images were saved in the 

TIFF format. Four films were irradiated at each dose point in the 0 to 269.1 kGy range and analyzed by the 

scanner. 

Before scanning the radiochromic films, the scanner was allowed to warm up for 30 min (Lynch et al., 2006; 

Williams and Metcalfe, 2011). Then, a region of interest (2 cm × 2 cm) in the scanner was chosen and scanned 

ten times without the samples. The unirradiated films were scanned at the predetermined region and were then 

subjected to irradiation. After irradiation, the films were scanned under the same conditions. TIFF images for 
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each dosimeter film were next acquired in RGB color space. The acquired images were analyzed using the 

ImageJ software (Schneider et al., 2012). The RGB images were analyzed at the central regions (1.2 × 1.2 cm
2
) 

of the films at three channels (red, green, and blue). By doing so, any influence from the edges of the films is 

greatly diminished. Thereafter, the mean pixel values (PV) for each region of interest without sample, PVo, with 

unirradiated film, PVuni, and with irradiated film, PVirr, were obtained. The optical densities (OD) for 

unirradiated films (ODuni) and for irradiated films (ODirr) were determined using Eqs. (1) and (2) (Ferreira et al., 

2009). 

           
     

   
                                                                                    

(1) 

           
     

   
                                                                            

(2) 

Then, the response of the DPD-PVA films was calculated as shown in Eq. (3): 

                            
     

     
                                                                 

(3) 

The relative OD represents the response of the film to -rays. The response value for each film and the mean 

values of the four irradiated films were recorded at each dose set. Then, the average response was plotted against 

the absorbed dose to establish the dose response curve (dose response function) up to 269.1 kGy. 

 

2.5 Effect of relative humidity on dosimeter response 

RH can influence the dosimeter response during irradiation. Thus, the influence of humidity on the performance 

of DPD-PVA films was assessed by exposing these films to γ-rays under various RH conditions ranging from 0 

to 75.3%. Experiments under controlled humidity conditions were carried out by hanging unirradiated films (four 

films at each RH value) in tightly closed tubes over saturated salt solutions of KOH (~8.2%), MgCl2 (~33%), 

Mg(NO3)2 (~53%), and NaCl (~75.3%) (Greenspan, 1977; Wexler and Hasegawa, 1954). For 0% RH, 

dehydrated silica gel was utilized instead of saturated salt solutions. All of the suspended films were kept in the 

sealed tubes for ~72 h at RT in order to equilibrate the water contents in the films before irradiation. Thereafter, 

the sealed tubes were irradiated simultaneously at 30 kGy. The irradiated films were analyzed with the scanner, 

and the scanned images were decrypted with the ImageJ program using the blue channel. 

 

2.6 Post-irradiation stability 

Two groups of DPD-PVA films were irradiated at 30 kGy. Then, these films were analyzed using the flatbed 

scanner (Epson Perfection V850 Pro) at different time intervals over a period of 50 days after irradiation. During 

these analyses, the first group was stored in the dark, at RT, and the second group was stored under standard 

laboratory light (fluorescent light plus normal daylight).  

 

2.7 Theoretical energy dependence   

To study the effect of photon energy on the dosimeter response, theoretical calculations were carried out using 

the NIST physical database (Hubbell et al., 1995; Seltzer, 1993) to obtain the mass energy-absorption 

coefficients (μen/ρ)film of the DPD-PVA film dosimeter. The (μen/ρ)media values for the films, (μen/ρ)film, the soft 

tissue, (μen/ρ)st, and for alanine, (μen/ρ)alanine, were calculated relative to the (μen/ρ)water coefficients of water. 
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Photon energies were in the range 0.01–20 MeV. The (μen/ρ)film values of the DPD-PVA film dosimeter were 

calculated by multiplying the μen/ρ value of each element in the film by its mass fraction and then summing all of 

the individual values. 

 

3. Results and discussion 

3.1 Color change and spectrophotometric assessment of DPD-PVA films 

The color of DPD-PVA films visibly changed from very pale yellow (nearly colorless), to orange-yellow, and 

then to deep orange when the samples were exposed to increasing amounts of -rays (Table 1). The observed 

color intensifies proportionally with increasing absorbed dose. This is due to topochemical polymerization of the 

DPD monomer in the PVA film by means of γ-rays. 

 

 

 

 

 

 

 

 

Table 1: Variation of the color intensity of DPD-PVA film pieces with absorbed dose.  

Dose, kGy Color of films 

0.0 

 
5.0 

 
10.0 

 
20.0 

 
30.0 

 
50.0 

 
100.0 

 
159.1 

 
229.1 
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269.1 

 
 

Fig. 1 shows the absorption spectra (400–600 nm) of several radiochromic film samples exposed to various -ray 

doses. Upon irradiation, two maxima (λmax) at 470 nm and 502 nm appeared, and these maxima shifted towards 

higher wavelengths (red shift) as the absorbed dose increased. The intensities of these absorption bands increase 

with further irradiation. Yet, the change in absorbance with increasing -ray dose is small (i.e. the radiation dose 

sensitivity is low) (Fig. 1). The band at 470 nm is reminiscent of the yellow state of poly-DPD, as observed 

previously in chloroform solution (Deschamps et al., 2010). The 502 nm band resembles the 517 nm band 

observed in the solid state at 13 K (Al Choueiry et al., 2010; Deschamps et al., 2010), suggesting that a red phase 

PDA was also present. Therefore, two forms of poly-DPD seem to co-exist in the PVA film, a yellow phase and 

a red phase. Interestingly, the change in absorbance for the band at 502 nm is much more perceptible than that of 

the band at 470 nm upon increasing the -ray dose: for instance, for a 30 kGy dose, the absorbance of the 502 nm 

band is 2.56 times higher than the absorbance of the 470 nm band. In addition, a nearly 5 nm shift in λmax at 90 

kGy was observed for the band originally located at 502 nm, i.e. λmax = 507 nm. This phenomenon is a serious 

drawback when trying to quantify absorbed doses using this technique. Such a shift may be due to an increase in 

the length of the chains with increasing exposure to γ-rays and to a better π-electron delocalization along the 

polymer backbone. Consequently, the energy of the π-π* transition decreases with an increase in the degree of 

polymerization. An increase in the length of the chains moves the λmax of the polymer to longer wavelengths 

(bathochromic shift) (Isa et al., 2017; Samuel et al., 1994). A shift in the absorption peaks to the visible region 

was also reported for PHDA-PVB films (Soliman et al., 2018a). The optical spectra of irradiated PHDA-PVB 

films exhibit an absorption peak at 500 nm with a shoulder at 465 nm. These two bands shift to higher 

wavelengths (red shift) as the absorbed dose increases. However, in the case of PCDA-PVB films, the λmax of 

poly-PCDA shifts to shorter wavelengths (blue shift) with an increase in absorbed dose of ionizing radiation 

(Abdel-Fattah and Soliman, 2017) or UV radiation (Isa et al., 2017). 

 

Four 1 × 1 cm
2
, randomly selected, radiochromic films were analyzed at 502 and 507 nm before and after 

irradiation. The response in terms of relative absorbance, Ai/Ao, was then calculated at the two wavelengths and 

an average value was determined. The dose response curve shown in Fig. 2 was obtained by plotting average 

values against absorbed doses, thereby limiting the problem of the shift in λmax with increasing absorbed dose. As 

can be seen, the dosimeter response increases nonlinearly with increasing absorbed dose, then saturates at 90 

kGy. However, linearity of the response is observed up to 30 kGy. The reported radiation sensitivity (as 

expressed by the slope of the linear part in Fig. 2) is about 0.027 kGy
-1

. For the analyses at 502 and 507 nm (Fig. 

2), the radiation sensitivities are 0.028 and 0.025 kGy
-1

, respectively. Owing to the low absorbance values of the 

irradiated films and the small changes with absorbed doses, the signal-to-noise ratio becomes quite poor and 

induces an error in absorbed dose measurements. In addition, the variability of the response between repeated 

measurements is higher, as indicated by the error bars in Fig 2. This was due to the shift in λmax. 
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Fig. 1: Absorption spectra of DPD-PVA films exposed to various absorbed doses of γ-rays from the 
60

Co 

research facility, as measured with a UV-Vis spectrophotometer. 
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Fig. 2: Dose response curve of the radiochromic films irradiated in the dose range 0-90 kGy, as measured with a 

UV-Vis spectrophotometer. The responses at 502 and 507 nm are shown, along with the mean of these two 

responses. Error bars are the standard deviation of the mean value of the spectrophotometer response for the four 

films analyzed at each dose. 
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3.2 Epson V850 scanner analysis of DPD-PVA films 

A scanner was used to investigate the 2D measurement capabilities of the elaborated film dosimeters, as standard 

film dosimeters are often scanned with Epson or Vidar scanners. In fact, previous studies have shown that simple 

flatbed scanners could be used for scanning such radiochromic films (Ferreira et al., 2009; Miller et al., 2000; 

Paelinck et al., 2007). Fig. 3 shows the dose response curves of DPD-PVA films in the dose range 0–269.1 kGy. 

Four 2 × 2 cm
2
 randomly selected films were used to establish the response curves. The response values were 

derived from images measured by the scanner and analyzed on three channels (red, green, and blue). The change 

in signal detected with the red channel is quite limited. Consequently, this channel is not suitable for dosimetry 

measurements. However, appreciable changes in response with absorbed doses was observed when the analysis 

was performed with the green and blue channels. For the blue and green channels, the response curves are fitted 

with a third degree polynomial (r
2
 = 0.999) and a second degree polynomial (r

2
 = 0.998), respectively. 

Furthermore, linearity of the response was noted in the low dose regions (0–30 kGy). The change in response 

with absorbed dose is more pronounced for the blue channel analysis than for the green channel analysis. The 

radiation sensitivity of the films, as determined from the slope of the linear part of the curves in Fig. 3, is about 

2.21 times higher for the blue channel analysis than for the green channel analysis, with values of 0.075 and 

0.023 kGy
1

, respectively. The radiation sensitivity of the films using the blue channel detection mode is 1.81 

times higher than that obtained from spectrophotometer analysis at 502 and 507 nm. In addition, the dose range 

extends to 269.1 kGy in the case of the blue channel analysis, while it only goes to 90 kGy for measurements 

with the spectrophotometer (Fig. 2). The flatbed scanner technique makes the present dosimeter sensitive to a 

wider range of doses compared to the spectrophotometer technique, which is valuable for certain types of 

irradiation applications. Thus, the blue channel readout was used to analyze this radiochromic film for dosimetry 

applications. 
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Fig. 3: Dose response curve of the radiochromic films irradiated in the 0–269.1 kGy dose range. Measurements 

were carried out with an Epson Perfection V850 Pro flatbed scanner, and images were analyzed with the ImageJ 

software at three channels (red, green, and blue). The color was analyzed with a 2400 dpi (~0.0106 mm/pixel) 

nominal resolution. The 1.2 × 1.2 cm
2
 (i.e. 1133.9 × 1133.9 pixels) central regions of the 2 × 2 cm

2
 DPD-PVA 

films were examined. Error bars correspond to the standard deviation of the mean value of the scanner response. 

 

In order to use the present film for dose measurements in radiation processing, a calibration curve (reciprocal of 

the response curve shown in Fig. 2) of the blue channel analysis was established. This calibration plot is 

provided in Fig. 4a. The Table Curve 2D program (Version 5.01, Jandel Scientific Software) was used to fit the 

data and obtain the calibration function and the residual% curve (Fig. 4b). Residuals% are defined as 

((DcalculatedDdelivered)/Ddelivered × 100) with Dcalculated coming from the fitting function (Sharpe and Miller, 2009). 

The computed fitting function for this calibration curve is a third degree polynomial of the type: 

y = a + bx + cx
2
 + dx

3
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where y is the absorbed dose in kGy and x is the dosimeter response value reported on the x-axis of Fig. 4a. a, b, 

c, and d are fitting constants; they are equal to 6.0915, 5.3408, 1.0863, and 0.0434, respectively. The calculated 

correlation coefficient (r
2
) and F-statistics value, as obtained from Table Curve, were 0.9998 and 20562.84, 

respectively. The uncertainty of the selected function is 1.36% (σ). This value was obtained using Eq. (4) 

(Sharpe and Miller, 2009). 

                                                               
               

     
                                                                                (4) 

where nd is the number of film dosimeters and nc is the number of coefficients in the supposedly correct fitting 

function. 

The closeness of r
2
 to 1, the greater the dispersion of the residual % in Fig. 4b, the higher the F-statistics value 

and the lower the uncertainty in fitting the calibration curve validate the choice of the selected function in the 

dosimetry evaluation (ASTM International, 2015; Sharpe and Miller, 2009).  

 

 

 

(a) 
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Fig. 4: (a) Calibration curve (reciprocal of response curve, Fig. 3) of DPD-PVA films for doses ranging from 0 

to 269.1 kGy, as measured by the scanner and analyzed with the ImageJ software using the blue channel. Blue 

circles correspond to experimental results. The blue line indicates the nonlinear regression fit using a third degree 

polynomial, and the red curves show the 95% confidence intervals for individual values. (b) Residuals, % against 

response obtained from the Table Curve. 

 

3.3 Raman spectroscopic analysis 

Fig. 5 shows the Raman spectra of neat DPD powder, unirradiated DPD-PVA films, and films irradiated at 20 

and 100 kGy. Just like the Raman spectrum of the neat powder, the spectrum of an unirradiated film shows one 

line at 2258 cm
1

 corresponding to the C≡C of the diacetylene monomer. In addition, the absence of bands 

around 2073 and 1491 cm
1

 confirms the absence of polymer. The spectra of the irradiated films show the 

presence of residual monomer (line at 2258 cm
1

), along with bands at about 2086 cm
1

 and 1496 cm
1

 assigned 

to the C≡C and C=C vibrations of a PDA with an enyne structure. These bands are large, indicating the 

disordered state of the polymer chains. The peak positions are fairly close to those measured in the crystal (2073 

and 1491 cm
1

), suggestive of only a very slight effect of the embedding matrix on Raman frequencies. The 

Raman spectrum of the 100 kGy irradiated film still revealed the presence of the monomer (2258 cm
1

), agreeing 

with the fact that the response grows gradually with increasing doses beyond 100 kGy (Fig. 3). However, the 

bands at 2082 and 1498 cm
1

 have much higher intensities, in accord with the higher dose. Similarly to the 20 

kGy irradiated sample, these bands are large. Additionally, no extra peaks were observed in the spectrum, 

consistent with the absence of degradation products. 

 

(b) 
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Fig. 5: Raman spectra of neat DPD powder, unirradiated DPD-PVA film, and films irradiated at 20 and 100 

kGy. The excitation wavelength was 785 nm. 
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We have attempted to see if some quantitative information could be obtained from the Raman spectra shown in 

Fig. 5. Indeed, such information has been used in the past for ionizing radiation dosimetry using polyacrylamide 

gels (Baldock et al., 1998). In this work, Fourier transform Raman spectroscopy was employed to investigate the 

copolymerization of acrylamide with bis-acrylamide by monitoring the decrease in intensity of the vinyl CH2 

vibrational bands of these monomers (1285 and 1256 cm
−1

). In the present case, we have focused our attention 

on the C≡C band of the monomer (2258 cm
1

) and the C=C and C≡C bands of the polymer (1498 and 2082 cm
1

). 

To correct the intensities of these peaks for experimental errors caused by different signal-to-noise ratios 

between spectra, slight variations in the amounts of monomer in the films, etc., an internal reference was used, as 

suggested by Baldock (Baldock et al., 1998). Specifically, the intensities of these three bands have been 

normalized by the sum of the intensities of the two aromatic vibrations located at 1592 and 1604 cm
1

. This 

being said, it is clear that our analysis suffers from a major drawback, which is the paucity of irradiation 

experiments (three), and, for each dose, only one film was analyzed. So, errors on the data points shown in the 

resulting plot (Fig. 6) are certainly high, and the following discussion should be considered with caution. In 

Fig.6, the 1498 and 2082 cm
1

 curves both have some kind of polynomial shape, with fairly low intensities at 20 

kGy and much higher intensities at 100 kGy. The 1498 cm
1

 curve grows more rapidly than the 2082 cm
1

 curve. 

Qualitatively, it looks as if the initial rate of polydiacetylene formation is high. Yet, great care must be exercised 

when studying diacetylene polymerization by Raman spectroscopy because the intensities of the C=C and C≡C 

bands are resonance-enhanced, so the results are biased. The two curves could be fitted with a second order 

polynomial of the type y = a + bx + cx
2
, with, for the 1498 cm

1
 band, a = 2.55 × 10

15
, b = 0.0387744, and c= 

7.81 × 10
5

, and, for the 2082 cm
1

 line, a = 7.22 × 10
16

, b = 0.020743, and c = 1.05 × 10
4

. These equations 

provide an accurate description of the early steps of the polymerization reaction, but some additional terms will 

probably be necessary to model the full process, particularly to account for the fact that the lines will reach a 

plateau at very high absorded doses due to polymerization slowdown. Lastly, it must be emphasized that the 

knowledge of the intensity of a Raman band does not give any information about the amount of polymer present 

in the film, so comparison of the intensity of this band with external results obtained from gravimetric or UV-Vis 

spectrophotometric analyses is required if a kinetic study of diacetylene polymerization based on polymer 

formation is sought. Perhaps a more reliable way to grasp the rate of diacetylene polymerization is to look at the 

disappearance of the C≡C band of the monomer. Indeed, in this case, there is no problem due to resonance 

enhancement. Fig. 6 shows that the intensity change of the 2258 cm
1

 band as a function of absorded dose is 

smooth: it decreases from about 1 at 0 kGy to about 0.8 at 100 kGy and looks more or less linear. This smooth 

decrease suggests that the polymerization reactivity of DPD is low, consistent with previous results obtained on 

single crystals (Al Choueiry et al., 2010; Deschamps et al., 2010). As for the previous lines, the intensity 

variation of the 2258 cm
1

 band could be fitted with a second order polynomial with a = 0.97, b = 2.70 × 10
3

, 

and c= 1.00 × 10
5

. Unfortunately, this equation has no solution, so it is not possible to determine the dose for 

which the amount of monomer is zero. 
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Fig. 6: Intensities of the 1498, 2082, and 2258 cm
1

 Raman bands as a function of absorbed dose. The intensities 

of these three bands have been normalized by the sum of the intensities of the two aromatic vibrations located at 

1592 and 1604 cm
1

. 

 

3.4 Influence of humidity on the film response during irradiation  

The change of the DPD-PVA film response during irradiation is limited in the 0–75.3% RH range; it amounts to 

about 4% (Fig. 7). This small change may be due to the uncertainty or batch nonconformity (section 3.6). 

However, users should keep the films in tightly closed envelopes during irradiation, especially if they plan on 

using the films in an industrial facility where 
60

Co pencils are stored in a pool of water. In addition, calibration of 

this film under actual irradiation conditions could greatly reduce any errors coming from the influence of RH 

during irradiation (ASTM International, 2015; Sharpe and Miller, 2009). These results are similar to those 



19 

 

obtained previously for PCDA-PVB film dosimeters (Abdel-Fattah and Soliman, 2017): the response of PCDA-

PVB films varied by 4-6% in the same RH range upon analysis at 670 nm. In addition, PVA films containing the 

HDBU monomer showed a similar trend: the change in response with RH was within about 2% (Soliman et al., 

2014b). 

 

Fig. 7: Dependency of the dose response of DPD-PVA films on RH upon irradiation at a dose of 30 kGy, as 

analyzed by the scanner. The error bars represent standard deviations of measurements for four duplicate 

dosimeters. 

 

3.5 Post-irradiation stability 

The response of DPD-PVA films is quite stable in the dark and under standard white fluorescent laboratory lights 

(Fig. 8). The response increases by about 2% within 24 h after irradiation, then 3.1 % after 13 days. After that, 

the response remains stable until the end of the storage period (50 days). This means that the dosimeter response 

is only slightly affected by light and the film can be utilized in routine analysis without any further protection 

from laboratory lights. This behavior is similar to that of HDBU-PVA films analyzed at 610 nm: the response in 

the dark or under light conditions increased by approximately 3% within 24 h after irradiation, and then 

remained stable until the end of the storage period (Soliman et al., 2014b). The response in the dark of better 

performing PCDA-PVB film types increases by 4% in the first 24 hours following irradiation, then grows more 

slowly with time (Abdel-Fattah and Soliman, 2017). However, the response of these films under light conditions 

increases by 8.7% in the first 24 hours following irradiation, then raises gradually with time. The present results 

indicate that the PCDA monomer is more sensitive to light than the DPD monomer, despite the fact that the 

storage conditions of DPD-PVA and PCDA-PVB were nearly the same.  
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Fig. 8: Variation of the response of DPD-PVA film dosimeters as a function of storage time. The dosimeters 

were stored in the dark and under laboratory lights. The response is relative to the response value recorded 

immediately after irradiation (time zero). 

 

3.6 Uncertainty evaluation 

Table 2 summarizes the factors influencing dose measurements by the scanner for doses ranging from 2 to 269.1 

kGy. The overall uncertainty of absorbed doses measured by DPD-PVA films was assessed on the basis of 

ISO/ASTM standards (ASTM International, 2015), guidelines (Sharpe and Miller, 2009; Taylor and Kuyatt, 

2001), and literature reports (Abdel-Fattah et al., 2012; Soliman et al., 2018a). The expanded uncertainty on 

absorbed doses was estimated to be 4.46% (95% confidence interval). Thus, the monitoring of the conditions of 

irradiation during industrial use and the standardization of the conditions of calibration against those used in 

industrial irradiation may hold promise for the utilization of DPD-PVA films in radiation processing applications 

and allow for the reduction of the uncertainty value. 

 

 

3.7 Theoretical energy dependence 

Fig. 9 displays the ((μen/ρ)media/(μen/ρ)water) values versus photon energy in the range of 0.01 to 20 MeV for the 

DPD-PVA film dosimeters, tissues, and alanine samples. The theoretical energy response of the DPD-PVA film 

dosimeter is equivalent to the alanine energy response in the 0.15–20 MeV photon energy range. In addition, it 

can be considered as a tissue equivalent in the 0.15–6 MeV energy range, as the variation is less than 3% in this 
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range. Last, the film may be regarded as a water-equivalent material in the 0.2–4 MeV energy range, as a 

variation of less than 3% is observed. 

 

Fig. 9: Mass energy-absorption coefficient of media, (μen/ρ)media, of DPD-PVA films, soft tissue, and alanine 

dosimeter relative to (μen/ρ)water, as a function of photon energy in the 0.01–20 MeV range. 

 

4. Conclusion 

A radiochromic film dosimeter dubbed DPD-PVA was prepared by introducing a diacetylene monomer, DPD, a 

radiation-sensitive material, into a PVA matrix using an emulsion process. Table 3 summarizes some important 

features of the DPD-PVA films. This dosimeter can be analyzed with a spectrophotometer when the irradiation 

dose is in the range 0–90 kGy, but a high-resolution scanner in the reflective mode is more appropriate for dose 

monitoring in the 0–269.1 kGy range. Upon exposing this film to γ-rays, we noticed a color change from pale 

yellow to orange-yellow and then deep orange with increasing absorbed doses. Two bands are observed at 470 

nm and 502 nm in the visible spectra of irradiated films, and these bands shifted to higher wavelengths with 

increasing absorbed doses. Raman analysis of irradiated films showed the presence of C≡C and C=C vibrations 

due to topochemical polymerization of DPD into a polydiacetylene with an enyne structure. The dosimeter 

response obtained from scanner analysis with the blue channel increased with increasing absorbed doses 

according to a third degree polynomial. Laboratory light had a limited impact on the dosimeter response after 

irradiation. The response in the dark or under light conditions became nearly stable after one day of storage. The 

change after that period was within 1.1%. The film also showed little sensitivity to RH for RH values in the 0–

75.3% range. Based on theoretical calculations, the energy response of DPD-PVA radiochromic films is 

equivalent to alanine standard dosimeters in the 0.15–20 MeV photon energy range. The change in this range 

was about 4%. The reported overall uncertainty on absorbed dose measurements with this film is 4.46%. 

In conclusion, the use of a high-resolution scanner in the reflective mode has proven quite useful in the analysis 

of DPD-PVA films. In addition, comparison of the dose results obtained with these films with those measured 

with FWT-60 dosimeters demonstrates relevance of using DPD-PVA films for routine dose control in industrial 
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irradiation applications (food irradiation, medical device and healthcare product sterilization, and polymer 

modification technology).  

 

Table 2: Uncertainty budget for doses measured with the DPD-PVA film dosimeter in the 2-269.1 kGy range, as 

measured by the Epson scanner in a reflective mode. 

Source of uncertainty 
Type of 

uncertainty 

Relative standard 

uncertainty (%) 

Calibration of 
60

Co research facility  B 1.10
a
 

Additional uncertainties in the 
60

Co research facility B 0.44
b
 

Sensitivity variation of the scanner
c
  A 0.12 

Reproducibility of the scanner analyses
d
   A 0.50 

Homogeneity of the dosimeters A 1.21 

Calibration curve fit  A 1.36 

Combined standard
 
uncertainty (uc)  2.23 

Expanded uncertainty (2uc)  4.46 

                                                 
a
 Obtained from the calibration certificate of NPL, UK. 

b
 Details are given in the literature (Mehta, 2006; Soliman et al., 2018a). 

c
 Calculated by measuring 15 times the OD of an irradiated DPD-PVA film, the film remaining in the sample 

position between measurements. 
d
 Determined by measuring 15 times the OD of an irradiated film, the film being removed and reinserted between 

each analysis. 
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Table 3: Characteristic features of DPD-PVA films. 

Item Feature 

Color change  Pale yellow to yellow then orange with increasing absorbed doses  

Operating mode of dosimeter Topochemical diacetylene polymerization 

Raman analysis of irradiated films Two bands at 2082 and 1498 cm
1

 assigned to C≡C and C=C 

Threshold dose ~2 kGy 

Dynamic dose range 2–269.1 kGy 

Linear dose range Up to 30 kGy 

Radiation sensitivity 0.075 kGy
-1

 for blue channel analysis 

Stability in the dark or under light Stable over the observation period (50 days) 

Influence of RH RH (0–75.3%) has a limited impact on the response of the films 

Overall uncertainty 4.46% at 2σ 

Useful applications Food irradiation, sterilization of medical devices and healthcare products, 

polymer modification, irradiation of gemstones like topaz 
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