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Abstract

L-α-alanine has aroused considerable interest for use in radiation EPR dosime-

try and has been formally accepted as a secondary standard for high-dose (kGy) and

transfer dosimetry of high-energy photons and electrons. In this work, we extended the

investigation of the energy response of alanine EPR films in the low energy range for

X-photons (1–30 keV). Electron Paramagnetic Spin Resonance (EPR) measurements

were performed on Kodak BioMax alanine films exposed to low-energy X-rays from a

Cu-, W- and Mo-targets tube operating at voltages up to 30 kV. Films were chosen

because of the low penetration of the soft X-rays used. The response of alanine to

low-energy X-rays was characterized experimentally and the relative response (with

respect to high energy photons) was found to be between 0.8 and 0.9 for Cu- and W-

tube X-rays, and 1.0 for Mo-tube X-rays. The attenuation profiles were investigated

and it was found that 1 mm of film material reduces the intensity of the X-ray-beam

by about 70%, 50% and 40% for Cu-, W- and Mo-tube X-rays, respectively. Monte

Carlo simulations were performed to model the energy release as well as the depth

dose profiles for the various radiation beams used. These data are considered relevant
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for dosimetric applications in low energy beams such the high-gradient treatment fields

used in monoenergetic microbeam radiation therapy (MRT) with synchrotron radiation

as well as in brachytherapy with low energy sources, for instance 169Yb.

1. Introduction

Nowadays, electron paramagnetic resonance (EPR) dosimetry is widely employed for

radiation measurements with several compounds such as ammonium tartrate [1–5], lithium

formate [6], dithionates, [7], phenolic compounds [8–12] and sugar [13, 14] and others [15–

19]. However, crystalline L-α-alanine is the most adopted material and is formally accepted

as a secondary standard for high-dose measurements (kGy) and transfer dosimetry [20–

30]. Indeed, alanine has several favorable dosimetric features. First of all, the free radicals

produced after irradiation are very stable and properly stored samples show negligible fading

even one year after irradiation. Furthermore, the alanine response depends only slightly

on various irradiation parameters such as photon energies above 100 keV, dose rate, and

temperature. Moreover, the response is linear in a wide range of doses. Also, dosimeters

can be prepared with small dimensions and have good mechanical resistance. The behavior

is tissue equivalent for photon and electron beams with energies above 100 keV, whereas for

lower energies the mass energy absorption coefficient of alanine is lower (up to 40%) than that

of soft tissue (for more details see Supplementary Figure 1). Finally, the readout procedure

is non-destructive, contrary to most luminescent detectors [21, 26, 31–34]. In recent years,

several studies have focused increasing the sensitivity of EPR dosimeters, reducing relaxation

times and thus decreasing the microwave power saturation of the absorption line by adding

high Z elements (such as silver, gold, rhodium, nickel, gadolinium) [3, 7, 23, 35–40].

Several reports describe the response of alanine to high energy photons and multiple

dosimetric applications [21, 26, 31, 32, 41–44]. Only scarce data are available on the re-

sponse to medium energy X-rays. In particular, Zeng and McCaffrey worked at 150 kV [45],

Waldeland et al. investigated the response for tube voltages between 50 kV and 200 kV [46].

Anton and Büermann reported an extensive investigation on the relative response of alanine

to x-rays with peak voltages between 30 kV and 280 kV [47].
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Our group previously reported the EPR response of alanine films exposed to low energy

X-rays produced with a Cu-anode tube operating at 20 kV [48]. Films were used due to the

very low penetration of these soft X-rays causing strong gradients along the beam axis. In

this work, we extended our analysis to soft X-rays produced with W- and Mo-targets and

compared results to clinical LINAC X-rays. The absorbed dose was measured by means of

an original spectroscopy system based on semiconductor detectors.

2. Materials and methods

2.1. Sample preparation

As in our previous work [48] we used commercial BioMax alanine films produced by

Eastman Kodak (Rochester, NY, USA) and distributed by Bruker Biospin Italy, Milan.

The sensitive layer of the dosimeter film is a mixture of polycrystalline L−α-alanine (50%

w/w) and a binder (a proprietary material of Eastman Kodak Company, USA) (50% w/w)

[48, 49]. According to the literature [49] the binder has molecular formula (C2H2F2)n(C2F4)p

assuming n=2 and p=1 and has a density of 1.88 g cm−3, whereas alanine has a density of

1.42 g cm−3. These films have a sensitive layer with a width of 4.0 ± 0.1 mm, a length of

45.0± 0.2 mm and a thickness of 133.5± 3.5 µm. The sensitive layer is attached to a Mylar

backing with a thickness of 178 µm [48, 49].

2.2. Irradiations

Irradiations of alanine films were performed at the DiFC "Livio Scarsi" Laboratory

(LAX) of the University of Palermo, where a Seifert SN60 tube equipped with different

targets (Ag, Co, Cr, Cu, Fe, Mo, and W) is available to produce X rays in the 0.1 - 60

keV energy range and with fluxes of 105-108 photons/mm2 [50]. In this work, X-rays were

produced with Cu, W and Mo targets and various tube voltage as reported in Table 1.

X-rays were produced to deliver dose up to 40 Gy to the BioMax alanine films using alu-

minium filter of 100 µm. More details on irradiations are reported in Table 1. For each dose

value and anode type three films were irradiated. All irradiations were performed at room

temperature.
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Table 1: Characteristis of low energy X-ray irradiations.

Tube Current tube Voltage tube [kV] Filter Mean Energy Dose rate
(mA) (KeV) (Water) (Gy/h)

Min-Max Min-Max
Cu 2-80 20 Al 100 µm 10.5 0.107-4.26
W 2-68 28 Al 100 µm 13.9 0.295-10.00
Mo 2-68 28 Al 100 µm 15.6 0.133-4.51

The LAX facility is equipped with an original spectroscopy system based on semicon-

ductor detectors (CdTe, Si) and digital pulse processing (DPP) electronics for X-ray spectra

measurements. This device operates reliably even when exposed to high fluxes of photons

[51, 52]. The Cu, W and Mo-target X-ray spectra, measured with the this spectroscopy

system are shown in Figure 1.

The spectroscopy system was used to estimate the absorbed dose at the point of in-

terest. In accordance with ASTM Standard E666-14 [53], the assessment was performed

by folding the measured differential energy fluence distributions with tabulated mass en-

ergy absorption coefficients [54]. As it is widely recognized [55], this approach overcomes

some critical issues: the energy dependence of a dosimeter response, the time-consuming

calibration procedures and irradiation set-up constrains (X-ray tube target material, filters,

field size, distance between the source and the measurement point, etc.), which derive from

the particular irradiation set-up used in the calibration. Kerma values estimated with the

digital detector system have a precision better than 2% (two standard deviation level). To

assess the accuracy of the spectroscopy system, a commercial NaI(Tl) scintillator (AT1103M,

ATOMTEX), working in the 5-160 keV energy range was used. At low current values (2

mA) of the X-ray tube, air Kerma rates measured with the two systems are in agreement

within the reported accuracy of the commercial dosimeter (±15%). Detection efficiency of

the detectors and deadtime losses were taken into account in the dose estimation.

Alanine films were also irradiated with a 6 MV photon beam produced by the linear

accelerator employed for clinical treatments at Hospital "Villa Santa Teresa Diagnostica per

Immagini e Radioterapia S.R.L." in Bagheria (near Palermo). Irradiations for doses up to 30
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Figure 1: X-ray energy spectra of the beams used measured through the spectroscopy system described in
the main text. 5



Gy were carried out by placing films in a water equivalent phantom at the build-up depth.

For each dose value, three films were irradiated.

2.3. EPR measurements

EPR measurements of the radiation-induced free radicals in alanine were done on a

Bruker ELExysis E580 spectrometer equipped with a cylindrical High-Q cavity and operating

in the X-band at approximately 9.8 GHz. The parameters chosen for these acquisitions were:

microwave power of 2.99 mW, a center field of 349.70 mT, a modulation amplitude of 1.00

mT, a modulation frequency of 100 kHz, a sweep time of 40 s and 4 cumulated scans. The

chosen field sweep was 3.0 mT in order to detect only the central peak of the alanine spectra

and avoid long acquisitions. The receiver gain were set to avoid signal distortions and yield

the highest signal-to-noise ratio (S/N) [56, 57]. All measurements were performed at room

temperature. In order to consider only the EPR signal due to irradiation the average signal

of unirradiated samples was subtracted from the spectra of irradiated samples. The peak-to-

peak amplitude (hpp) of the central line of the difference spectrum was chosen as dosimetric

parameter. The film strips were inserted in Suprasilr quartz tubes with a 5 mm inner

diameter and placed at the center of the microwave cavity in order to maximize the EPR

signal (see Figure 2).

Figure 2: Picture of the film inserted inside the quartz for the EPR measurements.

In order to average out the EPR signal amplitude dependence on the orientation of the

films inside the resonant cavity, each sample was read out four times rotating it by 90◦. Four

orientations at 90◦ are easy to implement and previous measurements at more orientations

produced a comparable standard deviation. Three dosimeters were irradiated to each dose

value, and the signal was divided by the mass of alanine. The resulting 12 values of hr

(four orientations × three dosimeters) were averaged in order to reduce uncertainties, i.e.
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Element Alanine Binder Mylar
H 0.07865 0.01818 0.0417
C 0.40449 0.32727 0.6250
N 0.15730 – –
O 0.35955 – 0.3333
F – 0.65455 –

Table 2: Atomic composition of the materials used (% w/w). These values were considered in the MC
simulations.

hr =
1

12

3∑
j=1

4∑
i=1

hppji
mj

. Calibration curves were then built as hr versus absorbed dose in

water.

2.4. Monte Carlo simulations

In order to model the experimental EPR results Monte Carlo simulations were performed.

In particular, the average energy deposited inside alanine was estimated by means of the

Monte Carlo N-particle radiation transport code MCNP5 [58]. For these simulations the

films were modelled as two different layers: one for alanine plus binder and the other for the

mylar support. The layer of alanine with binder was assumed to be a homogeneous mixture

of 50% alanine and 50% binder (with average density of 1.62 g/cm3) with a thicknees of

133.5 µm. The mylar layer was assumed to have a density of 1.455 g/cm3 to be thick 178

µm. The atomic compositions of the various materials considered in the MC simulations are

reported in Table 2.

Two different geometry setups were considered for the two different irradiation modalities:

low energy X-ray beam and LINAC beam. In the case of X-tube ray beam the various

alanine films were considered as stacked in order to investigate the depth dose profile (as

also investigated experimentally). The spectra of the X-ray beam are those shown in Figure

1. In the case of LINAC irradiation the alanine film was placed between two water layers

at the depth of build-up position. In this case the spectrum used was that produced by a

LINAC at 6 MV and it is composed mainly of photons with energy of the order of 1 MeV (for

more details see [23]). The tally considered is the energy released inside the sensitive material

layer. Furthermore, in order to investigate the effect of the binder on the film sensitivity
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other MC simulations were performed considering the sensitive layer as composed of pure

alanine (instead of alanine and binder) and with a density equal to the effective density

of sensitive layer of the film (i.e. average density=1.62 g/cm3). Ten million histories were

considered for each Monte Carlo run.

3. Results and discussion

The central part of the EPR spectra of alanine films exposed to 50 Gy of low-energy X-

rays are similar to those for high energy photons (see Supplementary Figure 2). Since alanine

dosimeters exposed to photon beams with different energies show different relative amounts

of the free radicals induced by radiations [59], an investigation of the spectra was performed

to evaluate possible differences with beam energies. For this analysis entire spectra (field

sweep 20 mT) of film alanine samples exposed to various energies (at 30 Gy) were acquired

with a modulation amplitude of 0.2 mT in order to achieve a compromise between spectral

resolution and signal intensity. The resulting spectra are reported in Figure 3. For the

dose values considered and the acquisition parameters used no significative differences were

observed among the various samples.

Figure 4 shows the EPR signals of alanine film samples irradiated with Cu-, W- and

Mo-target X-rays to dose of 30 Gy taking as reference the signal of samples exposed to 6

MV LINAC photons.

As shown in Figure 4, the EPR signals for low energy photons are lower than or equal to

the signal for clinical LINAC beams (within the experimental uncertainties). In particular,

for Cu- and W- targets the relative EPR response takes values between 0.8 and 0.9 (a similar

trend was observed for films exposed at 20 Gy, see Supplementary Figure 3). Therefore, the

investigated films show an energy dependent response for these beams.

As possible causes of the reduction of the EPR signal with decreasing beam energies

we considered two independent factors: i) the effect of the binder on the samples and

ii) the decrease of number of radicals per unit absorbed dose at low photon energies, as

reported in literature [45, 47, 60]. In order to evaluate the effect of the binder, Monte Carlo

simulations were perfomed following an analogous procedure as reported in the work of [60]
8
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Figure 3: Comparison of entire EPR spectra of alanine film samples irradiated at 30 Gy with Cu-, W- and
Mo-target X-rays and 6 MV LINAC photons (modulation amplitude: 0.2 mT).

and, therefore, considering two cases: a) the sensitive layer is composed of alanine and binder

(as it effectively is) and b) the sensitivity layer is composed of only alanine. In particular,

in the case a) the effective density of 1.62 g/cm3 and the sensitive layer is composed of

equal masses of alanine and binder. In the case b) alanine is considered as sensitive material

and binder but with a reduced density so that the true density of the sensitive layer (1.62

g/cm3) was hold. Indeed, according to the Fano theorem, this last case is equivalent to

assuming that the alanine grains (with density of 1.42 g/cm3) were suspended in a matrix

of alanine of the same density (1.88 g/cm3) as that of the binder. The energy released in

the sensitive layer was obtained through MC for both configurations and the ratio between

the energy released in the case of alanine plus binder and the energy released in the case of

pure alanine was estimated. Since the mass of the sensitive layer is the same in both cases,

this ratio is equal to the ratio of absorbed doses to the sensitive layer. In order to obtain the

mean absorbed dose in the sensitive alanine material of the film Ddet we used two different

expressions for the two different photon energy ranges considered. In particular, for low
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Figure 4: EPR signal of alanine film samples irradiated to 30 Gy with Cu-, W- and Mo-target X-rays
normalized to the signal of samples exposed to 6 MV LINAC photons.

energy photons, under the hypothesis that most of secondary electrons produced in alanine

grains release energy inside the same grains, the mean absorbed dose in the homogeneous

mixture of alanine and binder obtained through the MC simulations, [Ddet]MC,mixture, was

corrected using the following expression (adapted from [60]):

[Ddet] = [Ddet]MC,mixture
mdet

malanine +
[
µen
ρ

]binder

alanine
mbinder

(1)

where mdet is the total mass of the sensitive layer, malanine = mbinder = mdet/2, µen
ρ

is the

average value of the ratio of the mass-energy absorption coefficients of the two materials.

These last values were retrieved from the NIST database and a plot of this ratio as function

of energy is reported in Supplementary Figure 4. According to this plot an average value

of this ratio in the energy range of interest for the low energy X-ray beams (between 5 and

20 keV) is 1.7. In the case of high energy photons produced by LINAC, since secondary

electrons produced inside the detector pass through alanine grains and binder grains, the
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Beam Eala+binder/Eala Ddet/Ddet,pure alanine

Cu-target X-rays 1.35 ± 2% 1.00 ± 2%1

W-target X-rays 1.36 ± 2% 1.01 ± 2%1

Mo-target X-rays 1.37 ± 2% 1.02 ± 2%1

6MV LINAC rays 0.98 ± 2% 0.99 ± 2%2

Table 3: Ratio between the energy released in the case of alanine plus binder and the energy released in the
case of pure alanine for all photon beams used. 1Value calculated using Eq. 1. 2Value calculated using Eq.
2.

correction of the mean absorbed dose in the homogeneous mixture of alanine and binder

obtained through the MC simulations, [Ddet]MC,mixture, was performed through the following

expression taking into account the mass electron stopping power (adapted from [60]):

[Ddet] = [Ddet]MC,mixture
mdet

malanine + Φbinder
Φalanine

[mscol]
binder
alanine mbinder

(2)

where mdet is the total mass of the sensitive layer, malanine = mbinder = mdet/2, Φbinder

and Φalanine are the mean electron fluences in the alanine grains and in the binder matrix,

respectively. The value of Φbinder is larger to Φalanine because of the higher scattering power

of medium with higher effective atomic number Z, and, analogously to [60], Φbinder was

assumed to be 1.10 Φalanine. [mscol]
binder
alanine is the average value of the ratio of the mass electron

stopping power coefficients of the two materials. A plot of this ratio as function of energy

is reported in Supplementary Figure 5. According to this plot an average value of this ratio

in the energy range of interest for the LINAC X-ray photons (between 0.1 and 6 MeV) is

0.885.

The results of this analysis are reported in Table 3. In the last column the ratio

Ddet/Ddet,pure alanine is reported. From both Eqs. 1 and 2 it is evident that Ddet,pure alanine =

DMC,pure alanine.

As can be seen from Table 3, the presence of binder causes a negligible effect on the energy

released in the sensitive layer for high energy photons, whereas it induces an increment

of the energy released inside this layer for low energy photons. This can be explained by

considering that for these alanine films the binder has an effective atomic number (calculated
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as the weighted average of the atomic numbers, i.e. Zeff = (
∑

imiZi)/(
∑

imi)) is 6.48 for

alanine and 7.87 for the binder and the mass energy absorption coefficient of the binder is

∼ 1.7 times larger than that of alanine for low energy photons. This involves that for low

energy beam an increase of energy release in the sensitive layer could be expected. However,

if the mean absorbed dose in the alanine grains in the binder matrix is compared to the mean

absorbed dose in the alanine grains suspended in an alanine matrix only variations up to 2%

are observed in this energy range and of about 1% for high energy photons. Therefore, the

presence of the binder involves a very small increment (however within uncertainty) of dose

in alanine due to the larger mass energy absorption coefficient of the binder for low energy

photons. A change in sensitivity due to the binder was also observed previously in literature

[60]. In that work the Authors found an increase of energy imparted to the dosimeters when

suspended in paraffin wax compared to if suspended in lithium formate for photon energies

below 30 keV with a maximum of 6% at 10 keV explained by the higher mass collision

stopping power for paraffin compared to lithium formate. In the present case the effective

atomic number of the binder larger than that of alanine as well as the high concentration of

the binder (50% w/w) increase the dose absorbed by the sensitive layer even though does not

increase significantly the dose in alanine (and therefore the EPR signal). For high energy

photons the effect of the binder is negligible because for energies of the order of 1 MeV

the mass energy absorption coefficients of alanine and binder differ few percents each other.

Consequently, the presence of the binder does not justify the sensitivity decrease observed

for low photon energies. Therefore, the sensitivity reduction for lower photon energies could

be attributed to a decrease of the number of radicals per unit absorbed dose. Hence, we

conclude that the main effect is the dependence of the LET on the energy and the response

of alanine samples to these low energy photons is lower than to high energy photons. A

comparison of these results with literature data for alanine pellets exposed to slightly higher

energies (the lowest energy value considered was 19.3 keV) [45–47, 60] highlights that the

reduction of the relative response is higher for pellets (for which it can drop to about 0.65)

than for films. One possible reason for this could be that the pellets used by Anton et al.

have a diameter of 4.8 mm and an height of 2.8 mm and this extended volume is more prone
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to remain partially unirradiated by low-energy photons with respect to the films which have

a thickness of about 130 µm. Furthermore, Figure 4 shows that the relative response of

samples exposed to Mo-anode tube is not significantly different (within 1 S.D.) from that to

high energy clinical photons.

Beam attenuation

The attenuation of the X-ray beam through the dosimeter was examined using stacked

alanine films. These comprise a 178 µm thick mylar layer and a 135.5 µm thick alanine

layer. Ten stacked BioMax films were placed perpendicular to the radiation beam and

exposed to an entrance dose of 40 Gy for the various low energy radiation beams used.

These doses are comparable to those used in the high-gradient treatment fields used in

monoenergetic microbeam radiation therapy (MRT) with synchrotron radiation [61] as well

as in brachytherapy with low energy sources, for instance 169Yb [62].

Figure 5 reports the results of this analysis. The signal presents a rapid drop by about

70%, 50% and 40% within 1 mm for Cu-, W- and Mo-tube X-rays, respectively. As expected

a higher penetration in alanine is observed with increasing beam energy. At a depth greater

than 1 mm, a much slower decrease and leveling out of the curves is observed, reaching a

value of about 0.2, 0.3 and 0.5 for for Cu-, W- and Mo-tube X-rays, respectively. As stated

above, the attenuation of these low-energy X-rays (mostly Cu-anode X-rays) quickly reduces

the dose levels below minimum detectable values; therefore, thin films must be used for these

low energy beams, rather than thicker pellets.

In order to model the depth dose profile with these films for low energy photons we have

carried out MC simulations considering the alanine films stacked along the propagation

direction of the low energy X-ray beams for all targets used. The results are shown as a

continuous line in Figure 5. As can be seen from this Figure there is a very good agreement

between Monte Carlo simulations and experimental values.
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Figure 5: Normalized EPR response of commercial alanine films as function of depth for the low-energy
photon beams used.

4. Conclusions

Commercial Kodak BioMax alanine films were exposed to Cu-, W- and Mo-target X-

tube photons for doses up to 40 Gy and the relative response (with respect to high energy

photons) was found to be between 0.8 and 0.9 for Cu- and W-tube X-rays, and 1.0 Mo-tube

X-rays. The attenuation profiles were investigated since these beams are rapidly attenuated:

1 mm of film material reduces their intensity by about 70%, 50% and 40% within 1 mm

for Cu-, W- and Mo-tube X-rays, respectively. These results were modelled through Monte

Carlo simulations. Therefore, the ∼ 100 micron active thickness of the Kodak BioMax

alanine films is very useful in the measurement of these low energy X-Rays and they are

promising for the dosimetry of low energy synchrotron radiation in the form of microplanar

beams for the treatment of brain metastases as well as in brachytherapy with low energy

sources.
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