
D uring radiation therapy of breast,  head,  and 
neck tumors using high-energy 4-6 megavolt 

(MV) X-rays,  the irradiation must be performed 
obliquely to the skin surface rather than perpendicu-
larly because of the shape of these body parts.  In such 
oblique exposures,  the skin protection effect (which is 
the main advantage of high-energy X-ray therapy) is 
lost,  and a higher radiation dose is applied to the skin 
surface [1],  which may cause skin damage.  Tangential 
irradiation in which the irradiation angle in breast,  
head,  and neck tumors is obliquely incident on the skin 
surface increases the skin dose.

Severe dermatitis was reported in 49% of patients 
undergoing radiation therapy for head and head cancer,  
and the management of this dermatitis is important [2].  

The skin is composed of mainly epidermis and dermis.  
Most of the skin on the human body has a thickness of 
0.1-0.2 cm [3].  As various skin problems appear 
depending on the buildup of the radiation dose on the 
skin surface,  it is critical to understand the dose during 
high-energy X-ray therapy in order to predict the 
occurrence of radiation damage.

For measurements near the skin surface,  the charged 
particle equilibrium is not established; therefore,  the 
measurement accuracy decreases when a Farmer-type 
ionization chamber dosimeter is used.  However,  a par-
allel-plate ionization chamber allows measurements 
even in regions where charged particle equilibrium is 
not established,  if it is perpendicularly incident on the 
dosimeter.  Gerbi et al.  investigated the angular depen-
dence of parallel-plate ionization chambers for 6 and 
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24 MV X-ray beams using a cylindrical ionization 
chamber and thermoluminescent detectors (TLDs) [1].  
They pointed out that parallel-plate ionization chambers 
depend on both the beam energy and the angle.  
Regarding the radiation dose near the skin surface,  the 
lower energy absorbed dose becomes a problem.  The 
surface dose also depends on the structure of the accel-
erator and the electrons scattered from the air on the 
measurement surface [1],  and an accurate calculation 
of the dose near the skin surface by Monte Carlo simu-
lations requires the head area of the therapeutic device.  
Accurate information such as the geometrical configu-
ration,  shape,  and material of each device is required,  
and it is difficult to obtain an accurate dose calculation 
because of the complexity of this information.  It is also 
difficult to accurately measure doses < 1 Gy using radio-
chromic film [4].

Small optically stimulated luminescence dosimeters 
(OSLDs) that are designed for personal exposure 
dosimetry [5-9] have been used for both individual dose 
measurements and diagnostic X-ray dose measure-
ments [10 , 11].  Small OSLDs have recently been used 
for dosimetry in the field of radiotherapy [12-19].  Their 
accuracy is within ± 1% of the absorbed dose measured 
by a ionization chamber dosimeter with uncertainties of 
1-2% (1σ) [12].  Small OSLDs have also been used for 
measuring absorbed doses in the areas of brachytherapy 
[20-22] and proton therapy [23].  In radiation therapy,  
various measurements using small OSLDs have been 
reported,  but there has been no report in which the 
calculation formula was derived from the measured 
values of the oblique surface dose using a small OSLD.  
In the present investigation,  we measured the oblique 
surface dose using high-energy (4 MV) X-rays and a 
small OSLD.  We then used the results to derive an 
equation for calculating this oblique surface dose.

Materials and Methods

nanoDot® OSLD. A small nanoDot® OSLD 
(Nagase-Landauer,  Tsukuba,  Japan) was used.  This 
dosimeter consists of a sheet-like carbon-added α-alu-
minum oxide (α-Al2O3: C) covered with polyethylene;  
it is a circular element (0.5 cm dia.,  0.03 cm thick),  and 
it is shielded from light by a 1 × 1 × 0.2 cm case (Fig. 1).  
As the serial number and barcode are displayed on the 
light-shielding case,  individual dosimetry management 
is possible.  Prior to its use,  the device is removed from 

the light-shielding case,  annealed,  and returned to the 
case.  The reading device used was a microStar® from 
Nagase-Landauer.  The advantage of the nanoDot OSLD 
is that it can be read out multiple times and can be 
reused after a measurement if it is annealed (Fig. 2).  A 
20-h-long annealing is necessary when a high radiation 
dose is applied to the dosimeter during radiation ther-
apy [16].  In this study,  the annealing was performed 
for more than 24 h.  We used a high-energy X-ray irra-
diator (Linac Primus-KD2,  Siemens,  Berlin,  Germany) 
and a Solid Water phantom (Toyo Medic Co.,  Tokyo) 
with a density of 1.04 g/cm3 and the dimensions 
40 × 40 × 20 cm.

The characteristics of the nanoDot OSLD include 
dose-response,  dose rate dependence,  energy depen-
dence,  dose variation,  angular dependence,  and fading.  
We examined the dose variation and angular depen-
dence required of the nanoDot OSLD for measuring 
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Fig. 1　 Structure of the nanoDot OSLD.  A,  Barcode side; B,  
Interior; C,  ID side; D,  Cross-section.  The dosimeter disk (0.5 cm 
dia.,  0.03 cm thick) covered with sheet-like carbon-added α-alumi-
num oxide (α-Al2O3: C) with polyethylene is shielded from light in a 
1×1×0.2 cm shading case.  The serial number and barcode are 
displayed on the shading case.

Fig. 2　 Measurement cycle.  The nanoDot OSLD can be read 
multiple times; after measurement,  annealing can be repeated as 
many times as necessary.



oblique surface doses.  We then measured the oblique 
surface dose and derived the equation for the oblique 
surface dose from the results.

Dose variation. A total of 66 nanoDot OSLDs 
were placed on a Solid Water phantom and irradiated 
simultaneously (Fig. 3) with 4 MV X-ray radiation.  We 
used a dose rate of 200 MU/min,  a source-chamber 
distance (SCD) of 100 cm,  an irradiation field of 
40 × 40 cm,  and a monitor unit value of 200 MU.  The 
linac was correctly calibrated by the monitor dosimeter,  
with a maximum dose of 1 cGy per 1 MU.  Therefore,  
when 200 MU is irradiated,  the surface dose is 
< 200 cGy,  which is a good dose-response range.

Considering the signal loss immediately after irradi-
ation,  the readout was performed 30 min after irradia-
tion.  It is often reported that the optimal number of 
reads per piece is three [5 , 13 , 17].  OSLDs can be read 
multiple times,  and Reft et al.  reported that multiple 
readings of measurements can reduce statistical errors 
[18].  We performed 10 readings,  excluded the maxi-
mum and minimum values,  and averaged the remain-
ing 8 readings.  The dose variation was evaluated using 
the coefficient of variation (CV).

Angular dependence. Irradiation was performed 
without any scattered radiation around the nanoDot 
OSLD.  The nanoDot OSLD was set on a thin piece of 
styrofoam (0.5 cm thick,  1 cm wide,  10 cm long) fixed 
to the linac bed.  The vertical angle to the barcode sur-
face of the nanoDot OSLD was set to 0° (Fig. 4A , B).  
Irradiation was performed from 24 directions in 15° 
increments from 0° to 345° in the gantry angle of the 
linac.

After irradiation,  readings were taken 10 times in 
the same manner as the measurement of dose variation,  
and the measured value was taken as the average value 
of 8 of these readings,  excluding the max.  and min.  
values.  In addition,  the barcode surface of the nanoDot 
OSLD was rotated 90° to the right (Fig. 4C , D),  irradia-
tion was performed from 24 directions,  and the ratio of 
the dose at each angle to that at 0° was calculated.  We 
then created a single chart by combining the measure-
ment results in the A-B and C-D directions.

Oblique surface dose. The nanoDot OSLD was 
embedded in the surface of the Solid Water phantom 
(Fig. 5).  The thickness of the nanoDot OSLD is 0.2 cm,  
and the circular element is installed in the center;  
therefore,  the surface dose in this study was 0.1 cm.  
The irradiation was performed in 11 configurations for 
various lengths of the square irradiation fields 
(2 , 3 , 4 , 5 , 6 , 8 , 10 , 15 , 20 , 25 ,  and 30 cm),  resulting in 
a total of 66 combinations.  We used the same experi-
mental parameters and measurement methods for as 
those used for observing the dose variation.  The inci-
dent direction of the nanoDot OSLD was taken from the 
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Fig. 3　 A total of 66 small OSLDs were placed on the Solid 
Water phantom and irradiated simultaneously.  The X-ray irradiation 
energy was 4 MV,  the dose rate 200 MU/min,  the distance 
between the source and dosimeters was 100 cm,  the irradiation 
field was 40×40 cm,  and the monitor unit value was 200 MU.

Fig. 4　 The vertical angle to the barcode surface of nanoDot 
OSLD was set to 0°.  Irradiation was performed from 24 directions 
at 15° intervals from 0° to 345° in the gantry angle of the linac.  
Similarly,  the bar code surface of the nanoDot OSLD was rotated 
90° to the right and irradiation was performed from 24 directions.



A-B direction,  and the measured values were corrected 
for the angular dependence of the dosimeter to deter-
mine the absorbed dose per MU.  The measured value 
was divided by the monitor unit value of 200 MU to 
obtain the surface dose (cGy) per MU.  The dose ratio 
for an irradiation angle of 0° was obtained for each irra-
diation field.

Oblique surface dose calculation. Using the results 
obtained as described above,  we calculated the surface 
dose per MU and derived an equation to calculate the 
oblique surface dose using a two-dimensional polyno-
mial.  The dose obtained using this equation is the 
absorbed dose at a depth of 0.1 cm at the center of the 
irradiation field of the 4 MV X-ray.  Using the calcula-
tion formula,  we performed the calculations under the 
same conditions as those used when we measured the 
nanoDot OSLD,  and we calculated the error of the cal-
culated value with respect to the measured value.

Results

Dose variation. The CVs for the 66 nanoDot 
OSLDs configurations are presented in Fig. 6.  The CVs 
were calculated from the average values and standard 
deviations according to the previous formula.  The aver-
age of the 66 CVs was 1.00%,  the minimum was 0.33%,  
and the maximum was 1.71%.

Angular dependence. Fig. 7 shows the angular 
dependences of the nanoDot OSLD in the A-B and C-D 
directions obtained by turning the barcode surface 90° 
clockwise.  The vertical angle to the bar code surface of 

the nanoDot OSLD was 0°,  and the gantry angle of the 
linac was varied from 0° to 345° in 15° increments.  
From the measured values,  the dose ratio of each angle 
measurement to the base value at 0° was calculated.  The 
maximum dose ratio was 1.32 at 255° in the A-B direc-
tion and 1.37 at 105° in the C-D direction.  All dose 
ratios were 1.00 or higher.  The variation trends in the 
A-B and C-D directions were similar.  The angular 
dependence tended to be large in directions parallel to 
the dosimeter plane at 90° or 270°.

Oblique surface dose. In Fig. 8,  the horizontal 
axis shows the length (cm) of a square field,  and the 
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Fig. 5　 A nanoDot OSLD was embedded in the surface of the 
Solid Water phantom.  Irradiation was performed in 11 ways with 
one side of the square irradiation field measuring 2 ,3 ,4 ,5 ,6 ,8 ,  
10 ,15 ,20 ,25 ,  or 30 cm.  A total of 66 irradiation combinations were 
performed.

Fig. 6　 Coefficient of variation (CV) of the 66 small OSLDs used.  
This was calculated from the mean and standard deviation of 8 
readings after excluding the maximum and minimum values of the 
ten readings.  The average CV for the 66 OSLDs was 1.00%,  with 
a min.  value of 0.33% and a max.  value of 1.71%.

Fig. 7　 Angular dependence of the nanoDot OSLD in the A-B 
direction and the C-D direction when the barcode surface is rotated 
90° to the right.  The nanoDot OSLD was irradiated at 15° intervals 
from the 0° to 345° linac gantry angles with a vertical angle of 0° 
with respect to the barcode surface.  The angular dependence was 
evaluated from the dose ratio of each angle to the measured value 
in the 0° direction.



vertical axis shows the oblique surface dose relative to 
the dose of a gantry angle of 0° and a field of 10 × 10 cm.  
All doses were corrected for the angular dependence.  
As the relative values of 0°,  15°,  30°,  45°,  60°,  and 75° 
with respect to 0° are 1.00,  1.02,  1.05,  1.13,  1.18,  and 
1.29,  respectively,  the angle-dependent correction val-
ues are 1.00,  0.98,  0.95,  0.88,  0.85,  and 0.78,  respec-
tively.  For all angles from 0° to 75°,  the relative dose 
increased with the angle.  In addition,  the relative dose 
increased with the increase in the irradiation field.  The 
increase was steeper as the oblique angle increased.

The surface doses (cGy) per MU are listed in Table 1.  
The surface dose is the quotient of the measured value 
divided by the monitor unit value of 200 MU.  As 
shown in Fig. 8,  the surface dose increased with the 
irradiation field,  resulting in an increase in the oblique 

dose.  The dose per MU for a 5-cm-long square perpen-
dicular to the surface was 0.39 cGy,  which was the min-
imum measured dose.  The maximum value of the 
measured dose was 0.81 cGy for one piece of the square 
field 20 cm and 25 cm and an oblique angle of 75°.

Table 2 shows the dose ratio for an irradiation angle 
of 0°.  At an incidence angle of 75°,  the dose ratios were 
1.65 and 1.21 for one piece of the square field 5 cm and 
30 cm ,  respectively.  Thus,  the smaller the irradiation 
field is,  the larger the increase in the dose is with the 
irradiation angle.

Oblique surface dose calculation. A two-dimen-
sional polynomial was fitted to the surface dose per the 
MU values listed in Table 1 by the least-squares method.  
The derived oblique surface dose calculation Equation 
(1) and parameters are listed in Table 3.

z=(z0 + A1x + A2x2 + A3x3 + A4x4 + A5x5 + B1y + B2y2 +  
B3y3 + B4y4 + B5y5) × MU　(1)
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Fig. 8　 Dose relative value vs.  square irradiation field.  The hori-
zontal axis is the length of a square field piece (cm),  and the verti-
cal axis is the relative value of the oblique surface dose with 
respect to the dose delivered at gantry angle of 0° to an irradiation 
field with an area of 10×10 cm.  All doses are angle-dependent 
corrected.

Table 1　 Surface dose per MU (cGy)

Length of a piece of
square field (cm)

lrradiation angle (degree)

0 15 30 45 60 75

5 0.39 0.39 0.42 0.47 0.54 0.64
10 0.45 0.46 0.49 0.54 0.61 0.70
15 0.51 0.52 0.55 0.60 0.67 0.76
20 0.56 0.57 0.60 0.65 0.72 0.81
25 0.61 0.61 0.63 0.67 0.73 0.81
30 0.65 0.65 0.65 0.67 0.72 0.79

Table 2　 Dose ratio at radiation incidence of 0°

Length of a piece of
square field (cm)

lrradiation angle (degree)

0 15 30 45 60 75

5 1.00 1.02 1.10 1.23 1.41 1.65
10 1.00 1.03 1.10 1.21 1.36 1.55
15 1.00 1.02 1.08 1.18 1.32 1.49
20 1.00 1.01 1.07 1.16 1.28 1.45
25 1.00 1.00 1.03 1.10 1.20 1.34
30 1.00 1.00 1.00 1.03 1.10 1.21

Table 3　 Parameters for calculating the surface dose

Z0 0.28848

A1 0.02949

A2 −0.00233

A3 1.55E-04

A4 −5.08E-06

A5 5.96E-08

B1 1.55E-04

B2 1.05E-05

B3 1.04E-06

B4 −1.41E-08

B5 7.10E-11



where z represents the oblique surface dose (cGy),  x is 
the length of a piece of square field (cm),  y is the irradi-
ation angle (degree),  and MU is the monitor unit value.  
(R2 = 0.9896).

Table 4 shows the oblique surface dose per MU cal-
culated using this derived equation and the values mea-
sured using the nanoDot.  The errors of the calculated 
value with respect to the measured values are shown.  
The error range was −7.7-5.1%.  The error was large 
when one piece of the square field was 30 cm.

Discussion

Characteristics of the OSLD. The characteristics 
of a nanoDot OSLD include dose-response,  dose rate 
dependence,  energy dependence,  dose variation,  
angular dependence,  and fading.  Here,  we examined 
the dose variation and angular dependence required for 
the characteristics of the nanoDot OSLD for the mea-
surement of oblique surface doses.  We will first discuss 
four characteristics.

A good dose range for the dose-response of the nano-
Dot OSLD is 50-200 cGy [17-19],  and in the present 
experiment,  the dose range was 78-158 cGy; therefore,  
all of the measurements were within the well-linearized 
dose range.  The nanoDot OSLD shows good dose-rate 
dependence agreement with the ionization chamber 
dosimeters in the range of 100-500 cGy/min [13 , 14].  
As the dose rate in the present experiment was 
200 cGy/min,  it was not necessary to consider the dose 
rate dependency.

The energy of the nanoDot OSLD does not depend 
on the photon energy in the 6-18 MV range [12 , 13].  In 
our present experiment,  a reader calibrated with 4 MV 
X-ray energy was used and only 4 MV X-ray energy was 
used; thus,  there is no need to consider the energy 

dependence.  It has been reported that in the dose range 
50-400 cGy,  the nanoDot OSLD signal shows a sharp 
decay immediately after irradiation and then stabilizes 
after approx.  8 min [18].  Compared to 1000 cGy,  the 
dose 100 cGy has a significant signal loss at 10 min 
post-irradiation,  and the signal loss is reported to be 
dose-dependent [17].  An investigation of the suitability 
of using an OSLD for radiation therapy took some mea-
surements 30 min after irradiation [15].  The doses 
measured in our study were in the range 78-158 cGy 
and were read 30 min after irradiation.  It is thus not 
necessary to consider the signal loss.

Dose variation. The nanoDot OSLD measures 
with high reproducibility,  and the CV for 40 samples is 
reported to be 1.5% [16].  The average value of the CV of 
the 66 nanoDot OSLDs used herein was 1.00%,  and the 
maximum value was 1.71%.  The CV is usually < 2% [9].  
The CV obtained for ten readings of one nanoDot 
OSLD was reported to be 1.33% [9],  but the average of 
the 66 CVs we measured was 1.00%.  From the above 
results,  we consider that the 66 nanodot OSLDs used in 
this study have high reproducibility and can be operated 
with high accuracy.

Angular dependence. Angular dependence is 
observed in both the A-B and C-D directions of the 
nanoDot OSLD.  Regarding the angular dependence of 
the dosimeter surface,  a slight difference is observed 
even in the vertical direction of 0° (barcode surface) 
and 180° (ID surface),  and the angular dependence 
increases around 90° and 270° (Fig. 7).  This is due to the 
shape of the nanoDot OSLD.  The nanoDot OSLD has a 
circular element that is 0.03 cm thick and 0.5 cm in 
diameter,  covered in a thin polyester case measuring 
1 × 1 × 0.2 cm.  The increased angular dependence from 
the horizontal rather than the vertical is due to the gen-
eration of secondary electrons from the polyester case.  
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Table 4　 Calculated oblique surface dose [cGy] per MU and measured using nanoDot OSLD

lrradiation angle (degree)

Field
(cm)

0 15 30 45 60 75

M C (e) M C (e) M C (e) M C (e) M C (e) M C (e)

5 0.39 0.39 (0) 0.39 0.40 (2.6) 0.42 0.43 (2.4) 0.47 0.47 (0) 0.54 0.54 (0) 0.64 0.63 (−1.6)
10 0.45 0.46 (2.2) 0.46 0.47 (2.2) 0.49 0.49 (0) 0.54 0.54 (0) 0.61 0.60 (−1.6) 0.70 0.69 (−1.4)
15 0.51 0.52 (2.0) 0.52 0.53 (1.9) 0.55 0.55 (0) 0.60 0.60 (0) 0.67 0.66 (−1.5) 0.76 0.75 (−1.3)
20 0.56 0.57 (1.8) 0.57 0.57 (0) 0.60 0.60 (0) 0.65 0.64 (−1.5) 0.72 0.71 (−1.4) 0.81 0.80 (−1.2)
25 0.61 0.59 (−3.3) 0.61 0.60 (−1.6) 0.63 0.63 (0) 0.67 0.67 (0) 0.73 0.74 (1.4) 0.81 0.83 (2.5)
30 0.65 0.60 (−7.7) 0.65 0.61 (−6.2) 0.65 0.64 (−1.5) 0.67 0.68 (1.5) 0.72 0.75 (4.2) 0.79 0.83 (5.1)

Field,  Length of a piece of square field; M,  measured value (cGy); C,  calculated value (cGy); (e),  error (%).



Because the thickness in the vertical direction of the 
polyester case is smaller than the thickness in the hori-
zontal direction,  the generation of secondary electrons 
is small.  In addition,  the dose varies slightly between 
90° and 270° horizontally.  The cause is assumed to be 
that the element is not located at the center of the poly-
ester case,  as shown in Fig. 1.

Kerns et al.  [5] reported that irradiating a nanoDot 
OSLD from 90° and 270° reduced the response com-
pared to irradiation with an incident beam normal to 
the plane of the dosimeter by 4% at 6 MV and 3% at 
18 MV.  They installed a nanoDot OSLD on a phantom 
and measured the angular dependence.  As our mea-
surements were made in air,  they were affected by 
low-energy components.  We believe that the measure-
ments in the phantom differed from our results due to 
the presence of high-energy components.

Oblique surface dose. The radiation contribution 
to the surface dose is related mainly to the structure of 
the accelerator,  the electrons scattered from the air on 
the surface,  and the dose from the lower surface.  The 
measurements in this study included all of these factors.  
As shown in Table 2,  at the radiation incidence angles 
from 0° to 75°,  the relative dose increased with the 
angle,  with a rate of change proportional to the angle.  
Further,  the relative value of the dose increased when 
the irradiation field increased.  This was due to the 
increase in the generation of secondary electrons.

Whether it is a high-energy X-ray or a scattered 
component,  the dose that contributes to the surface 
dose is considered to be the absorbed dose due to the 
low-energy secondary electrons.  Considering only 
low-energy secondary electrons,  this can be explained 
using a simple model.  Fig. 9 presents an explanatory 
diagram using Kernel,  which is a three-dimensional 
spread of secondary electrons generated from a mono-
chromatic photon beam.  Here,  Kernel is shown for 
three X-rays (A , B,  and C) of the irradiation field inci-
dent on the surface.  The incident point B is the center of 
the irradiation field.  The higher the energy of the 
Kernel,  the more it spreads forward.

In the case of high-energy (4 MV) X-rays normally 
incident on the surface,  the Kernel spread is maximum 
at a depth of 1 cm from the point of incidence.  The 
same applies to the case of oblique incidence,  where the 
maximum is at a depth of 1cm from the incident point;  
however,  the Kernel spread shows a shallow region.  For 
oblique incidence,  the dose contribution at the center of 

the irradiation field is not given by the X-ray contribu-
tion from point B,  but by the contribution from point 
C.

Oblique surface dose calculation. We have found 
no published studies that calculate oblique surface doses 
using nanoDot OSLDs.  In this study,  we calculated Eq.  
(1) to obtain the oblique surface dose.  If a calculation 
formula program is developed,  the surface dose can be 
easily calculated by providing three inputs: the square 
irradiation field dimension,  the irradiation angle,  and 
the MU value.  If the total MU value of all of the treat-
ment periods is provided as input,  then the total sur-
face dose that the patient receives from the incident 
radiation direction can be calculated.  However,  as 
summarized in Table 4,  the error range is −7.7-5.1%.  
At any angle,  the error increased when one side of the 
square field was 30 cm.  Thus,  the formula should be 
used with this error in mind.  We believe that our pro-
posed formula can help radiation therapy practitioners 
in estimating radiation levels that would not produce 
irreparable skin damage in patients.

We did not compare this new method with standard 
methods such as Monte Carlo simulations and parallel 
plate ionization chamber measurements in the present 
study.  However,  the nanoDot OSLD is easy to use and 
enables high-accuracy measurements with minimal 
setup time.  Its accuracy,  when used for radiation ther-
apy purposes,  is within ± 1% between the absorbed 
doses measured by the OSLD and the ionization cham-
ber dosimeter; in addition,  its uncertainty is 1-2% (1σ) 
[12].  OSLDs were originally developed for personal 
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Fig. 9　 Explanatory diagram using Kernel for the case of normal 
incidence on the surface and the case of oblique incidence.  The 
Kernel for the cases when three X-rays (A ,B,  and C) of the irradia-
tion field are incident on the surface,  with B being the center of the 
irradiation field.



exposure dosimetry.  They are now also used for X-ray 
diagnostic dosimetry measurements.  For example,  in a 
recent study,  a nanoDot OSLD was actually placed 
directly on the skin surface of a patient and measure-
ments were conducted [15].  It is expected that the use 
of OSLDs in dosimetry will further increase in the fields 
of brachytherapy and particle therapy.

In conclusion,  we derived a new equation for calcu-
lating oblique surface doses of 0.1 cm depth using 
high-energy 4 MV X-ray and the nanoDot OSLD.  The 
error range was −7.7-5.1% by comparing the value 
obtained from the calculation formula with the mea-
sured value of the nanoDot OSLD.
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