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A B S T R A C T   

The photoexcited emissions of direct- and scattered-X-ray-irradiated CR-39 and methylviologen-encapsulated 
silica nanocapsule (MV2+@SiO2 NC)-doped CR-39 were observed, and they showed a dose response. The 
benzophenone radical was formed in a shallow trap in CR-39 upon X-ray irradiation from 10 to 30 Gy, and the 
fluorescence intensity increased with the dose. Methylviologen in SiO2 NCs competitively captured electrons 
generated by X-ray irradiation, and the captured electrons were reverse transferred to the shallow traps with 
time. A minimum dose rate of 300 µGy/s was observed between 1 and 5 Gy. Finally, a dose response of less than 
2 mGy for scattered X-rays was obtained in this system.   

1. Introduction 

CR-39 made of polyallyl diglycol carbonate (PADC), which is trans
parent and colorless, was polymerized using diisopropyl peroxydicar
bonate (IPP) as a polymerization initiator (Ahmad and Stejny, 1991). 
The CR-39 was used as a glass lens containing a UV absorber such as 2- 
hydroxy-4-methoxybenzophenone (HOMtOBP). Recently, the thermally 
activated delayed fluorescence of HOMtOBP in host–guest complexation 
has been studied (Koninti et al., 2021). CR-39 was also studied and used 
as a well-known solid-state dosimeter to detect alpha particles (Frutos- 
Puerto et al., 2021) and neutron flux (Kading et al., 2020). After it was 
exposed to both types of radiation, alkali etching was performed, and the 
formed pore size and its depth were observed under an optical micro
scope to evaluate the dose (Sabbarese et al., 2020). Up to now, many 
studies on CR-39 have been reported. Nowadays, it is used to detect 
biomaterials with a surface-enhanced Raman material in biomaterial 
sensing (Taha et al., 2021). However, the same CR-39 cannot be reused 
in dosimetry because of alkali etching. 

In all tasks of physicians performing X-ray fluoroscopy and inter
ventional radiology (IVR) in hospitals, exposure dose is very important 
(Inaba et al., 2021; Endo et al., 2021). Usually, a personal dosimeter 
such as a glass badge is attached to the body under a Pb protector and 
behind Pb glass. The exposure dose of the glass badge is not measured in 

situ, but after one month of use. Therefore, in situ visualization of the 
exposure dose of X-rays is useful and necessary. On the other hand, 
GAFchromic film (International Specialty Products) has been a well- 
known dosimetry tool for patient use since 2011. Also, GAFchromic 
external beam therapy (EBT)-high-dose extended model (XD) film has 
been developed to measure absorbed doses in the range between 0.4 and 
40 Gy (Santos et al., 2021). Recently, Tamura et al. have reported on a 
photochromic diarylethene film acting as a clinical dosimeter for 150 kV 
X-rays using fluorescence spectra and its images (Tamura et al., 2021). 
However, until now, there have been no studies on the visualization of 
X-rays and its dose with in situ measurement for physicians exposed to 
X-rays. 

A new property of CR-39 of detecting X- and gamma rays without 
alkali etching and the effect of doping with methylviologen- 
encapsulated silica nanocapsules (MV2+@SiO2 NCs) have been re
ported (Miyoshi et al., 2015). It has taken almost eight years to measure 
the dose response of CR-39 using emission generated by irradiating 
excitation light (Miyoshi et al., 2016), and the visualization of X-rays 
with CR-39 was performed using the fluorescence generated upon laser 
or LED excitation (Miyoshi et al., 2019). To enable the practical use of 
this dosimetry, the dose response and dose rate dependence must be 
known. 

In this paper, some evaluations of the obtained results of dose and 
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dose rate responses are conducted, and their mechanisms in CR-39 and 
MV2+@SiO2 NC-doped CR-39 (MV2+@SiO2 –CR-39) are proposed. The 
following points are discussed.  

1) The role of MV2+@SiO2 NCs in X-ray-irradiated MV2+@SiO2 NC- 
doped CR-39 is to enhance the fluorescence intensity in a 1-mm- 
thick plate for 30 kV X-rays and to decrease the fluorescent image 
intensity in a 9-mm-thick rod for 80 kV X-rays. Those causes were 
discussed.  

2) The intensity or area of a fluorescence spectrum was proportional to 
a dose of more than 0.5 Gy of X-rays (80 kV). The dose rate depen
dence was investigated at 1 and 5 Gy.  

3) The dose response between 0 and 2 mGy of scattered X-rays (80 kV) 
is clarified using the emission image intensity distribution. Pre–X-ray 
(80 kV)-irradiated CR-39 (30 Gy) had enhanced sensitivity for a dose 
of less than 2 mGy of scattered X-rays. 

2. Materials and methods 

2.1. Reagents 

KAuCl4, sodium silicate solution, NaSixO2-x (28 wt% SiO2), 3-amino
propylorthosilicate (APS), and sodium citrate were purchased from 
Sigma-Aldrich Co., Ltd. Concentrated NH4OH, MV2+, and ethyl alcohol 
were purchased from Wako Co., Ltd. The UV absorber, 2-hydroxy-4- 
methoxybenzophenone (HARI sorb 101), was purchased from Harima 
Kasei Co., Ltd. The polymerization initiator used was IPP. Ultrapure 
water was obtained with a Barnstead EasyPure RoDi water purification 
system (Thermoscientific Co., Ltd.). These reagents were used without 
further purification. 

2.2. Preparation of MV2+@SiO2 NC-doped CR-39 

An aqueous dispersion of MV2+@SiO2 NCs was prepared by the 
core–shell method (Miyoshi et al., 2016). As the core, Au nanoparticles 
(NPs) of 15 nm diameter were prepared by citrate reduction. After MV2+

was added to a Au NP aqueous dispersion, APS was added and the 
mixture was stirred at room temperature. Then silicate solution was 
added to the dispersion to form silica shells. After one week of stirring, 
the dispersion was ultrafiltrated with a 100 kDa membrane filter and 
washed with pure water several times. Figure S1 (a) shows an absorption 
spectrum of MV2+@SiO2 NC aqueous dispersion. As shown in Fig. S1(a), 
a typical absorption peak at 260 nm of MV2+ was observed even after 
washing with pure water several times, indicating MV2+ incorporation 
into SiO2 NCs or in a layer of SiO2. Figure S1(b) shows a TEM image of 
MV2+@SiO2 NCs and each red arrow shows an empty capsule. The ob
tained MV2+@SiO2 NC aqueous dispersion was replaced with ethyl 
alcohol by ultrafiltration and its ethyl alcohol dispersion was obtained. 

In the preparation of MV2+@SiO2 –CR-39, a line polymerization 
furnace for CR-39 was used. After polyallyl diglycol carbonate con
taining 5.6% IPP and a 4000 ppm UV absorber and four types of 
MV2+@SiO2 ethyl alcoholic dispersion (ratio of MV2+@SiO2 to 
MV2+@SiO2–CR-39: 0.5, 1, 2, and 3) were mixed completely, they were 
polymerized in a line polymerization furnace. MV2+@SiO2 –CR-39 
(ratio of MV2+@SiO2 to MV2+@SiO2–CR-39: 0.5, 1, 2, and 3) rods of 0.7 
cm × 5 cm × 0.9 cm (W × D × H) and MV2+@SiO2 –CR-39 (ratio of 
MV2+@SiO2 to MV2+@SiO2–CR-39: 0.5, 1, 2, and 3) plates of 1 cm × 5 
cm × 0.1 cm (W × D × H) were obtained. 

TEM images of the cross section of the 9-mm-thick MV2+@SiO2 –CR- 
39 rod were observed to elucidate the distribution of MV2+@SiO2 NCs 
(Figs. S2(a-1)–(e-1)) using a JEOL transmission electron microscope 
(JEOL Co. Ltd., JEM-2100F). The cross section was prepared by the ul
trathin section method using a microtome (LKB Co., Ltd., 
2088ULTROME V) with a diamond knife (SYMTEC Co., Ltd. SYM Knife 
0545). Some sample decay images obtained by the ultrathin section 
method were observed. With an increase in the ratio of MV2+@SiO2, the 

number of some dark points increased (Figs. S2 (b-1)–(d-1)) and a large 
dark area corresponding to aggregation appeared (Fig. S2(e-1)). SEM- 
EDS and element analysis (Figs. S2(a-2)–(e-2)) of these cross sections 
were performed using a scanning electron microscope (JEOL JSM- 
6510HV). However, there are no peaks of Si K in these samples, 
because the sensitivity was insufficient for the detection of MV2+@SiO2 
in CR-39 by SEM-EDS. 

2.3. X-ray irradiation experiments 

2.3.1. Direct X-ray irradiation 
X-rays of 30 kV were obtained with a Rigaku Rint II X-ray diffrac

tometer without calibration. X-rays of 80 kV were irradiated from MX- 
80Labo (MediXtec Co., Ltd.), where an EMF 521B dosimeter with a 
0.3 cm fingertip chamber (PTW-Freiburg, Semiflex Chamber Type 
31013) was used to calibrate the dose. Then, a dose rate of 3.38 Gy/min 
at a distance of 10 mm between the irradiation window and the sample 
was obtained by adjusting the irradiation time using MX-80Labo control 
software. X-rays of 80 kV were also irradiated onto the samples, which 
were covered with 20 pieces of 10-mm-thick acryl plates (20 mm × 20 
mm) to maintain the output power of X-rays, on a table from the bottom 
direction using the Allura Xper FD20/20 biplane neuro X-ray system 
(Philips Electronics Co., Ltd.) at Tokushima University Hospital. The 
dose at a table surface 120 cm from the floor was calibrated by con
firming the value indicated in the dosimeter at 4 frame/s of the Allura 
Clarity ver.81305 FD20/20 biplane. Each sample was removed after X- 
ray irradiation at each dose. 

Figure S3 shows the relationship between the thickness and I/I0 with 
30 and 80 kV X-rays for CR-39 plates. As shown in Fig. S3, the 80 kV X- 
rays at Tokushima University Hospital almost completely penetrated the 
0.1-cm-thick CR-39 plates. 

2.3.2. Scattered X-ray irradiation 
X-rays of 80 kV from the bottom direction were irradiated onto 20 

pieces of 10-mm-thick acryl plates (20 mm × 20 mm) on a 120-cm-high 
table and were scattered in the perpendicular direction, where CR-39 

Fig. 1. Photographs of (a) CR-39 rods and (b) plates for scattered X-ray irra
diation. Arrows indicate close-ups of CR-39 rods and plates. 
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rods or plates were attached to the acryl Pb shield plate at a height of 
150 cm from the floor, as shown in Fig. 1. 

The irradiation was performed every 10 s 13 times, and the total 
exposure dose was 2.078 mGy on the surface of an acryl Pb shield plate. 
The dose was calibrated using an 10X6-60 ion chamber (Radcal Co., 
Ltd.) by confirming the value indicated in the dosimeter at 4 frame/s of 
the Allura Clarity ver.81305 FD20/20 biplane. 

Two sets of 0.7 cm × 5 cm × 0.9 cm MV2+@SiO2 –CR39 (0.5, 1, 2, 3) 
rods and three sets of 0.7 cm × 5 cm × 0.9 cm CR-39 rods were placed on 
the surface of the acrylic Pb shield plate near the dosimeter, as shown in 
Fig. 1(a),(b). Each sample was removed after each dose of X-ray 
irradiation. 

2.4. Attenuation coefficient for CR-39 and MV2+@SiO2 

The total attenuation coefficient with coherent scattering against 
photon energy from 0.001 to 2 MeV was calculated using the NIST 
XCOM online resource (NIST-XCOM, 2023). The formulas for compound 
were C12H18O7 for CR-39 and C12H14Cl2N2SiO2 for MV2+@SiO2. 
Figure S4 shows the total attenuation coefficient with coherent scat
tering against photon energy for CR-39 and MV2+@SiO2. The total at
tenuations at 30 and 80 kV for CR-39 and MV2+@SiO2 were 0.313 and 
0.867 m2/g and 0.174 and 0.198 m2/g, respectively. 

2.5. Optical measurements 

Fluorescence spectra were measured using Shimadzu RF5300PC 
with a quartz cell. Fluorescent images were observed with the FLA-9000 
imager (Fuji Film Co., Ltd.) and their intensities per area were measured 
with ImageJ software. The obtained intensities were averaged and 
plotted against the dose or ratio of MV2+@ SiO2 NCs to MV2+@ 
SiO2–CR-39 using Igor Pro 9 software (WaveMetrics) or Excel software 
(Microsoft). 

3. Results and discussion 

3.1. Fluorescence mechanism of X-ray-irradiated CR-39 

The fluorescence mechanism of X-ray-irradiated CR-39 has been 
reported as follows (Miyoshi et al., 2015). 

X - ray→CR - 39(e− + h+) (1)  

e− + trap level (shallow or deep)→(e− ) in trap level (shallow or deep) (2)  

(e− ) in trap level (shallow or deep)+ hv→fluorescence (3) 

The shallow trap may be due to the UV absorber and polymerization 
initiator in CR-39 because when their contents increased, the fluores
cence intensity increased, as previously reported (Miyoshi et al., 2016). 
Moreover, after X-ray (30 kV, 15 mA) irradiation of 1-mm-thick CR-39, 
the intensity of the radio-photoluminescent image, which was excited at 
555 nm, was kept constant by adjusting the concentration of MV2+ @ 
SiO2 NCs doped into CR-39 (Miyoshi et al., 2015). One role of MV2+ @ 
SiO2 NCs in X-ray-irradiated CR-39 is to enhance the fluorescence in
tensity at the 1-mm-thick plate for 30 kV X-rays. The deep trap may be 
due to MV2+ @ SiO2 NCs in MV2+@SiO2 NC-doped CR-39, as shown 
later. 

3.2. Fluorescence spectra of X-ray-irradiated CR-39 and dose dependence 
of fluorescence intensity 

Fig. 2(a) shows the fluorescence spectra of an X-ray (80 kV)-irradi
ated 9-mm-thick CR-39 rod against dose. As shown in Fig. 2(a), a peak at 
580 nm upon excitation at a wavelength of 535 nm was observed 
depending on the dose, and its intensity increased with dose. This is the 
origin of the fluorescent image observed with the FLA-9000 imager. In 

contrast, the fluorescence intensity at 470 nm upon excitation at a 
wavelength of 405 nm did not change, even with different doses. A plot 
of net intensity minus the background intensity against dose indicated a 
linear relationship (Slope = (2.27 ± 0.111) and r2 = 0.995249 obtained 
using IgorPro software), as shown in Fig. 2(b). Electrons were trapped in 
the trap sites of CR-39 upon X-ray irradiation and the fluorescence peak 
intensity linearly increased with dose, indicating that this CR-39 can be 
employed as a dosimeter in the range of 0 to 30 Gy by using the fluo
rescence peak intensity. 

The above results indicated that fluorescent centers were generated 
in CR-39 upon X-ray irradiation. The fluorescence spectra were in 
agreement with those of benzophenone and their radicals (Sakamoto 
et al., 2006) added to CR-39 as UV absorbers. Haogang et al. reported 
that irradiation of 5 Gy of 2–4 MeV electron pulses generated ketyl 
radicals of benzophenone (Jin et al., 1996). Since the X-ray energies are 
30 and 80 kV and the redox potential of MV2+ is − 0.69 V vs SCE (Ward 
et al., 1983) and that of benzophenone is − 1.9 V vs SCE (NIST-XCOM, 
0000), it is easy to reduce them in CR-39. 

Otherwise, as the oxidation potential of the benzophenone radical is 
− 0.25 V vs SCE (Sakamoto et al., 2006), the benzophenone radical is 
unstable. In the presence of MV2+ @ SiO2 NCs, the generated electron 
was captured by MV2+, leading to a decrease in the fluorescence in
tensity. This clarifies that the fluorescence intensity or Δarea is pro
portional to the dose from 0.5 to 2.5 Gy, as shown in Fig. 3. Each slope is 
approximated to be (467.22 ± 22.5) with r2 = 0.99531 for 9-mm-thick 
CR-39 and (342.71 ± 30.4) with r2 = 0.977009 obtained using Igor Pro 
software for the MV2+@SiO2 –9-mm-thick CR-39 rod with a ratio of 3 of 
MV2+ @SiO2 NCs. In the presence of MV2+ @ SiO2 NCs, the slope of 
Δarea against dose decreased because the redox potential of MV2+ is 
lower than that of benzophenone. Furthermore, since MV2+ @SiO2 is 
wholly distributed in CR-39 and its total attenuation coefficient is larger 
than that of 2-hydroxy-4-methoxybenzophenone (0.173 m2/g for 30 kV 
and 0.2871 m2/g for 80 kV of photon energy calculated using NIST 

Fig. 2. (a) Excitation and emission spectra of 9-mm-thick CR-39 rod upon 
irradiation of X-rays (80 kV, 1.25 mA). Dose: 10 Gy, 20 Gy, 30 Gy. (b) Dose 
dependence of ΔIntensity of X-ray-irradiated 9-mm-thick CR-39 rod. 
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XCOM), in the presence of MV2+ @ SiO2 NCs, the photon energy may be 
preferentially captured by MV2+ @ SiO2 NCs. Therefore, Δarea against 
dose decreased for the MV2+@SiO2 –9-mm-thick CR-39 rod. The ab
sorption spectra in Fig. S5 (a)(b) indicate the formation of MV+• in MV2+

aqueous solution and MV2+ @ SiO2 NC aqueous dispersion upon 80 kV 
X-ray irradiation with 321 Gy. As shown in Fig. S5(c), in the case of 
MV2+ @ SiO2NCs, their absorbances at 395 nm, which was due to MV+•

(Wolszczak, 1989), was almost saturated ([Absorbance] = (0.015329±
0.0671) + (0.0063154 ± 0.00101)× [dose]− (8.4845e − 06 ± 3.03e−
06) × [dose]2, V_chisq = 0.00473946), and the blue color of the solution 
based on MV+• remained being allowed to stand or one day (Fig. S5 (d)), 
indicating that MV2+ in SiO2 NCs and X-ray-excited electrons could 
reduce MV2+ to MV+• in SiO2 NCs. 

The linearity between Δarea and dose within 0 to 2.5 Gy indicated 
that this CR-39 and MV2+@SiO2 –CR-39 can be used as dosimeters in the 
range from 0 to 2.5 Gy, using the area of the fluorescence spectrum. It 
will be easy to visualize the absorbed X-ray doses of 0 to 2.5 Gy and 0 to 
30 Gy using this CR-39 and MV2+@SiO2 –CR-39. 

3.3. Dose rate dependence 

Fig. 4 shows the dose rate dependence for 1 and 5 Gy of X-rays (80 
kV). 

In the case of a low dose rate, the intensity and area decreased to 87% 
for 5 Gy of X-rays (80 kV, 0.12 mA), as shown in Fig. 4. In the case of 1 
Gy, the dose rate decreased markedly to 20% (80 kV, 0.12 mA), indi
cating that the dose rate depends on the X-ray dose, as shown in Fig. 4. 

The decrease in the dose from 5 to 1 Gy indicated that the response of 
CR-39 decreased at the same dose rate. The minimum dose rate indi
cated the minimum area, that is, the dose rate limit for producing the 
desired benzophenone radical in CR-39, and is about 300 µGy/s for X- 
rays (80 kV, 0.12 mA), as determined using the peak intensity or area. 

Fig. 5 shows the response to doses less than 20 mGy, determined 
using the fluorescent image intensities for X-ray-irradiated CR-39 and 
MV2+@SiO2 –CR-39. A fluorescent image with a 100 µm resolution was 
obtained from the fluorescence of the X-ray-irradiated 9-mm-thick CR- 
39 rod and MV2+@SiO2 –CR-39 excited by a 532 nm laser using an 
FLA-9000 fluoroanalyzer. 

The obtained fluorescent image was analyzed from the plot profile 
using in ImageJ software. More data are obtained for the intensity from 
the fluorescent image than for the intensity and area in the fluorescence 
spectrum because the fluorescence intensity is generated from the whole 
body. Therefore, even at a dose less than 20 mGy, the intensity is 
detectable. The detection of a dose less than 20 mGy is reasonable for the 
detection of 300 µGy/s of X-rays, as shown in Fig. 5(a). When the rela
tive concentration of MV2+ @ SiO2 NCs increased, the normalized slope 
of image intensity decreased, as shown in Fig. 5(b). 

3.4. Detection of exposure dose of scattered X-rays using fluorescent 
images of CR-39 and MV2+@SiO2 –CR-39 

Several types of MV2+@SiO2–CR-39 rod were prepared; the four 
faces were transparent and clear. Before X-ray exposure, their fluores
cent images were measured at 532 nm excitation using FLA-9000. After 
that, scattered X-rays were irradiated every 10 s for a total absorbed dose 
of 2.078 mGy. The dose rate was about 208 µGy/s, which is lower than 
the 300 µGy/s obtained in the previous experiment. The fluorescent 

Fig. 3. Dose dependence of X-ray-irradiated 9-mm-thick CR-39 rod (black 
circles) and MV2+@SiO2 –9-mm-thick CR-39 rod with a ratio of 3 of MV2+

@SiO2 NCs in MV2+@ SiO2–CR-39 (red circles). (For interpretation of the ref
erences to color in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 4. Plot of ΔIntensity (dose: 5 Gy) and ΔArea (dose: 1 Gy) vs dose rate of X- 
rays (80 kV) for 9-mm-thick CR39 rod. 

Fig. 5. (a) Plot of ΔFluorescent image intensity for several concentration ratios 
of MV2+@SiO2 NCs (0 (black circles), 0.5 (orange circles), 1 (gray circles), 2 
(yellow circles), 3 (blue circles)) in 9-mm-thick CR39 rod vs dose. (b) Plot of 
normalized slope of fluorescent image intensity from Fig. 5(a) vs concentration 
ratio of MV2+@SiO2 NCs in CR-39. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.) 
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images excited at 532 nm of all scattered-X-ray-irradiated 9-mm-thick 
MV2+@SiO2 –CR-39 rods for two sets were measured using the FLA- 
9000 imager. Their intensities were measured using the plot profile of 
ImageJ; the intensity profiles are shown in Fig. 6(a) and (b). 

The difference in intensity between before and after scattered X-ray 
irradiation is indicated in the figure. All 9-mm-thick MV2+@SiO2 –CR- 
39 rods indicated an increased intensity after X-ray exposure. The X-ray 
dose of 2.078 mGy can be detected clearly when square MV2+@SiO2 
–CR-39 rods are used. The fluorescence intensity of all fluorescent im
ages increased within 1 day after 647 nm laser irradiation, even that of 
CR-39 only, and at almost the same rates, indicating that most of the X- 
ray irradiation energy may be accumulated in CR-39 at such a low dose, 
causing reverse electron transfer to the benzophenone radical with time. 
After three days, the intensities of the fluorescent image decreased to 
less than the initial intensity, indicating that the CR-39 and MV2+@SiO2 
–CR-39 rods can be reused for X-ray detection. 

On the other hand, 1-mm-thick MV2+@SiO2 –CR-39 plates did not 
show such increased fluorescence intensities, rather, the intensities of 
the fluorescent image decreased after one day, as shown in Fig. S6(a). 
However, the rate of decrease in the fluorescence intensity of 1-mm- 
thick CR-39 plates was higher than that of 1-mm-thick MV2+@SiO2 
–CR-39 plates (Fig. S6(b)), indicating that electrons captured by 
MV2+@SiO2 transferred to biphenyl radicals with time or 647 nm laser 
irradiation. Thus, in the case of the 1-mm-thick plates, the effect of 
MV2+@SiO2 on keeping electrons for one day was observed. The causes 
are attributed to the uniformity of MV2+@SiO2 NCs in CR-39. The 
MV2+@SiO2 NC dispersions were not uniformly distributed in the 9-mm- 
thick CR-39 rods, but were distributed uniformly in the 1-mm-thick CR- 
39 rods, as shown by the fluorescence spectra of MV2+@SiO2 in CR-39 
(data not shown). On the other hand, the HOMtOBP molecules were 
uniformly mixed in CR-39 as UV absorbers. Therefore, the effect of using 
the 1-mm-thick MV2+@SiO2 –CR-39 plates was that MV2+@SiO2 kept 
electrons for one day. 

3.5. Enhanced sensitivity of pre–X-ray-irradiated CR-39 to scattered X- 
ray doses less than 2 mGy 

The response to doses less than 2 mGy of scattered X-rays was 
investigated using the fluorescent image intensity ratio, that is, the ratio 
of pre–X-ray-irradiated fluorescent image intensity to that before irra
diation, for each dose less than 2 mGy. Furthermore, pre-X-ray irradia
tion was performed at 0, 15, and 30 Gy on each of the five CR-39 rods. 
For example, Fig. 7(a) shows the difference in fluorescence image in
tensity between without (blue solid circle) and with (orange solid circle) 
30 Gy of pre–X-ray irradiation for CR-39 against the dose of scattered X- 
ray irradiation. The ratios of the slope were 0.67 for without pre–X-ray 
irradiation, 1.04 for 15 Gy of pre–X-ray irradiation, and 1.3 for 30 Gy of 
pre–irradiation, as shown in Fig. 7(b). Pre–X-ray irradiation led to the 
production of more benzophenone radicals in CR-39, and the total 
fluorescence intensity increased. This indicates that under the 

circumstance of more benzophenone radicals in CR-39, the benzophe
none radicals were easily formed even by low-dose X-ray irradiation. As 
shown in Fig. 7(b), the ratio of over 1 was due to pre–X-ray irradiation at 
15 and 30 Gy. Therefore, the five 30 Gy pre–X-ray-irradiated CR-39 rods 
were covered with 4-mm-thick Pb plates at each scattered X-ray dose 
and their fluorescent images were obtained. For example, plot profiles 
before and after X-ray irradiation and the fluorescent image intensity 
ratio for one rod are shown in Fig. 8(a), (b), and (c). Fig. 8(c) shows a 
plot of the ratio against distance. The distance is the distance covered by 
the Pb plate on each step, which corresponds to the dose. Fig. 8(d) shows 
the average ratio vs dose. 

As shown in Fig. 8(d), the scattered X-ray dose could be measured up 
to less than 2 mGy with the slope of 0.0058. The four other CR-39 rods 

Fig. 6. (a)(b) Plots of Δintensity for immediately after scattered X-ray irradiation (blue bars: difference), after 1 day (orange bars: difference 1 day), and after 3 days 
(gray bars: 3 days after) against ratio of MV2+ @ SiO2 added or two sets of 9-mm-thick MV2+@SiO2-CR-39 rods. Total dose of scattered X-ray: 2.078 mGy (10 
repetitions of irradiation each for 10 s). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 7. (a) Plot of Δintensity without (blue circles) and with (orange circles) 30 
Gy of pre–X-ray irradiation vs dose. (b) Plot of ratio of the slope (Fig. 7 (a) for 
30 of Gy pre–X-ray irradiation) vs pre–X-ray-irradiation dose for 9-mm-thick 
CR39 rod. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 
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indicated that the slopes between the average ratio and the dose were 
0.0049, 0.0057, 0.0051, and 0.0027. The average and standard devia
tion were 0.005 and 0.001, respectively. Finally, pre–X-ray irradiation 
may cause sensitivity to small X-ray doses of less than 2 mGy because of 
the generation of benzophenone radical residues. 

4. Conclusion 

CR-39 and MV2+@SiO2 –CR-39 exhibited some photoemission 
properties applicable to X-ray detection. Benzophenone radicals were 
formed in CR-39 upon X-ray irradiation at 10 to 30 Gy, and the fluo
rescence intensity increased with the dose. Methylviologen in SiO2 NCs 
competitively captured electrons generated by X-ray irradiation, which 
were reverse transferred to shallow traps. A dose rate of 300 µGy/s was 
observed for scattered X-rays of 1 and 5 Gy. Finally, CR-39 rods could be 
used to detect a dose less than 2 mGy of scattered X-rays using fluo
rescent images. 
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