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ABSTRACT 

This paper is devoted to the study of the potentiality of the Fricke dosimeter for the characterization of the highly ener-
getic (62.1 MeV) α particles beams generated by a new cyclotron facility, namely ARRONAX started in 2009. Such for 
this high energetic α beam, in situ dosimetry is performed in order to avoid radiation safety inconvenience and to earn 
run time of irradiation. Therefore, an in situ Fricke dosimetry protocol is developed and its reliability is checked by 
comparison with other experiments carried out by using the traditional method (ex situ Fricke dosimetry) within another 
cyclotron facility (CEMHTI) and by comparison with literature data. To author’s knowledge, it is the first time that 
Fricke dosimetry is performed during the α irradiation experiment. The results of these in situ dosimetry experiments 
show that the value of ferric ions radiolytic yield (G(Fe3+) = (11.7 ± 1.2) 10–7 mol·J–1) extrapolated from literature data 
can be used for this higher energy of α particles (Eα = 62.1 MeV). 
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1. Introduction 

The Fricke dosimeter [1] is the most suitable system to 
measure directly the dose set down in a solution [2]. This 
chemical dosimeter is frequently used whatever the ra- 
diation source providing the irradiation (α, β, γ, n, H+ or 
heavy elements). It is considered as reliable and easily to 
apply in many cases. However, in the case of α irradia- 
tion, the radiolytic yield of ferric ion (G(Fe3+)) value is 
studied in the literature for an ion beam energy value 
until 40 MeV [3-9] but the G(Fe3+) values are unknown 
for higher energy. Since a few months, a new irradiation 
facility is available (Saint-Herblain, France): ARRONAX 
cyclotron, providing α and proton beams, with energy up 
to 67 MeV. In order to characterize the 67 MeV α ion 
beam, we propose a new method using the Fricke do- 
simeter during the irradiation experiment. Moreover, these 
in situ Fricke dosimetry experiments allow us to avoid 
radiation safety problem, using short irradiation time. 
Note that the amount of generally restricted irradiation 
time dedicated to the time consuming Fricke dosimetry is 
dramatically reduced. Finally, these in situ dosimetry re- 
sults are compared to the ones from the literature data 
and to the ex situ experiments results performed in the 
CEMHTI cyclotron facility with a lower energy value 
range (28 - 45 MeV). According to us, it is the first time 

that an in situ Fricke dosimetry experiment, i.e. during 
the irradiation, is performed under such high energy α 
beam (67 MeV). 

2. Experimental 

2.1. α Irradiations 

α irradiations are provided by the CEMHTI cyclotron 
(Orléans, France) and by the ARRONAX cyclotron 
(Saint-Herblain, France) facilities. The simultaneous use 
of both cyclotrons allows us to explore a wide range of 
energy since the CEMHTI cyclotron can generate α par- 
ticles beams (4He2+) with energies of 28 or 45 MeV while 
with ARRONAX cyclotron this energy can reach 67 
MeV. 

The energy of the α particles inside the irradiation cell 
is systematically evaluated by using the SRIM 2008 si- 
mulation code. The whole of the obstacles upstream of 
the cell is taken in account in this calculation. The irra- 
diation cell, made in PEEK polymer, is equipped with a 
borosilicate glass disc as entrance window (Diameter = 
12 mm). Its thickness varies between 150 and 450 µm. 
Thus, after the calculations, we can establish that the 
range of energy explored varies from 6.7 to 62.1 MeV 
(Table 1). 
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Table 1. Calculated energies of α particles inside the irra- 
diation cell (SRIM2008). 

 Entrance Window thickness/µm

 

Energy at the exit of 
accelerator/MeV 150 450 

CEMHTI 28 6.7  

 45 33.9 20.2 

ARRONAX 67 62.1  

 
Providing by the CEMHTI cyclotron, the flux of α par- 

ticles within the irradiation cell is measured with a Fara- 
day cup and set to 10 nA depending on the experiment. 
Beforehand, the stability of the α beam was checked by 
monitoring the beam current set down in an ionization 
chamber (measured at 40 nA) located upstream to the 
irradiation cell. The irradiation time varies between 2 s to 
40 min, according to the desired irradiation dose. 

Thus, the doses received by the target are calculated 
using Equation (1). On the measurements mentioned, we 
deduce the dose rate. 

1000

2
cQ E f

q VpD
ρ

⋅ ⋅ ⋅
⋅ ⋅ ⋅

( )

=            (1) 

With: 
• DP, the physical dose (Gy), 
• Q, the total charge delivered to the target (C), 
• E, the energy of 4He2+ inside the cell (MeV), 
• fc, the conversion factor (1 MeV = 1.602 × 10–13 J), 
• q, the electron charge (1.602 × 10–19 C), 
• V, the irradiated volume (cm3), 
• ρ, the density of the target. 

Other experiments are carried out within ARRONAX 
cyclotron at 62.1 MeV. Within ARRONAX cyclotron, 
experimental device allowing an accurate beam current 
measurement to determine the intensity inside the irra- 
diation cell does not exist yet. Thus, the dose can not to 
be easily extracted from the current value. However, the 
intensity of the particles beam, measured on an internal 
Faraday cup located one meter upstream, is maintained 
successively at 20, 40 then 70 nA. The uncertainty of that 
current measurement is of 10%. In our work, these inten- 
sity values are compared to the ones in the irradiation 
cell evaluated by using the in situ Fricke dosimeter. 

2.2. Fricke Dosimetry 

Fricke dosimetry is one of the most popular chemicalme- 
thod used in radiochemistry to evaluate the dose received 
by an aqueous solution [1,2]. This method is based on the 
oxidation of Fe2+ to Fe3+ by the species produced by the 
water radiolysis reactions. The concentration of ferric 
ions is monitored by UV-Vis measurements at 304 nm (ε 
= 2197 mol−1·L·cm−1) with a spectrophotometer CARY- 
4000 (VARIAN) via two 20 meter long fiberoptics and a 

UV-Vis probe (HELLMA optical path 10 mm). These 
measurements are usually carried out on samplings taken 
few minutes after irradiation; these experiments are con- 
sidered as ex situ. During the experiments carried out at 
the ARRONAX cyclotron, the Fe3+ content is determined 
by in situ measurements realized by using an UV-Visible 
cell connected to the spectrophotometer via fiberoptics. It 
is important to note that this technology can not be used 
during the experiments carried out within the CEMHTI 
cyclotron. 

Fricke solution consists in a ferrous sulphate and NaCl 
(1 mmol·L−1) dissolved in aerated aqueous 0.4 mol·L−1 
H2SO4 solution. NaCl is added to suppress the effect of 
any organic impurities. We can distinguish the standard 
Fricke solution ([Fe2+] = 1 mmol·L−1) to the super Fricke 
solution which is ten times more concentrated ([Fe2+] = 
10 mmol·L−1). According to the literature, the use of the 
super Fricke solution extends the available dose range by 
enhancing the upper limit without affecting the radiolytic 
yield [2]. 

Using Fricke dosimetry, the dose received by the solu-
tion is determined according the Equation (2). 

3

3

Fe

G Fe
D

ρ

+

+

  =
×

             (2) 

With: 
• D, the dose received by Fricke solution (Gy), 
• [Fe3+], the ferric ions concentration (mol·L−1), 
• G(Fe3+), the radiolytic yield of oxidation of ferricions 

(mol·J−1), 
• ρ, the density of the irradiated solution (1.024 at 295 

K for an aqueous 0.4 mol·L−1 H2SO4 solution). 
Fricke and super Fricke solutions are prepared by dis- 

solving the desired quantity of ferrous sulphate ([Fe2+] = 
1 and 10 mmol·L−1) and NaCl (1 mmol·L−1) in aerated 
aqueous 0.4 mol·L−1 H2SO4 solutions. All reagents are 
analytical grade or equivalent. At the CEMHTI cyclotron, 
20 mL of solution are introduced into the irradiation cell 
then placed under a strong magnetic stirring. At the 
ARRONAX, cyclotron the solution volume is 70 mL. 
According to our present knowledge, no significant effect 
in this range of the volume of solution was reported in 
the literature. During the irradiation, the cell is closed. 

3. Results and Discussion 

3.1. Ex Situ Fricke Dosimetry 

The use of the Fricke method for the evaluation of the 
dose value is only possible if the value of oxidation yield 
of ferrous ions is known under the experimental condi- 
tions (energy, intensity). The analysis of the literature 
data shows that, for an α radiation, no G(Fe3+) value is 
available for energies higher than 40 MeV [3-7,9,10]. The 
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use of this chemical dosimeter under the irradiation con- 
ditions of ARRONAX will be possible that after evalua- 
tion of G(Fe3+) value. 

Chemical dosimeters are often calibrated toward pri- 
mary dosimeters such as calorimeters or ionization cham- 
bers [11]. However, the literature shows that the use of 
other dosimeters, such as Faraday cup, remains possible 
[12]. Today, no physical dosimeter is available on the 
site of ARRONAX cyclotron. Then, the G(Fe3+) value 
could be evaluated only by extrapolation of the literature 
data. 

Preliminary measurements are carried out within the 
CEMHTI cyclotron in order to find any G(Fe3+) values 
for energies lower than 40 MeV. For these determina- 
tions, an external Faraday cup is used as standard dosi- 
meter. Irradiations are carried out by applying a constant 
intensity (Icell = 10 nA) into the irradiation cell. The cu- 
rrent profile is systematically recorded with an ionization 
chamber (located upstream to the irradiation cell) where 
the current is measured at 40 nA (Ibeam). This profile re-
vealed a good stability of the α beam. Thus, the uncer- 
tainty on the determination of the dose is evaluated to 
10%. The difference (Ibeam/Icell = 4) between the mea- 
sured intensity at the ionization chamber and that mea- 
sured within the irradiation cell reflects losses on the way 
of the beam. 

Figure 1 presents the evolution of the Fe3+ content 
according to the dose received by the Fricke solution and 
the energy. Curves show that ferric ions content increases 
gradually within the dose received by solution. With the 
standard Fricke solution (Figure 1(a)), a linear variation 
is observed for low doses values (lower than 1000 Gy). 
This field of linearity is used for the G(Fe3+) value eva- 
luation. Beyond 1000 Gy, the curves reach a plateau cor- 
responding to the exhaustion of ferrous ions into solu- 
tion. The increase in the content of ferric ions is faster 
when energy increases: G(Fe3+) value seems to be linked 
to the energy of the α beam. The use of the super Fricke 
solution is well-known in order to increase the upper limit 
of measurable dose [2]. Figure 1(b) illustrates that the 
linearity is preserved on all the range of explored doses 
(up to 2500 Gy). So, the super Fricke solution is par- 
ticularly adapted to the high dose rates such as α beam 
providing by the ARRONAX cyclotron. 

Experimental values of G(Fe3+) are presented in Table 
2. Figures 2(a) and (b) show that there is a good agree- 
ment between our experimental values and the literature 
data. It thus assumes that, under our experimental condi- 
tions, the use of a Faraday cup is quite satisfactory. The 
dependence of G(Fe3+) with the energy of the α particles 
was already observed in the literature [6,8]. This de-
pendence can be explained qualitatively by track theory. 
Indeed, when a Fricke solution is irradiated, there is a 
competition between two types of reaction: 

 
(a) 

 
(b) 

Figure 1. Evolution of ferric content versus dose received by 
(a) Fricke ([Fe2+] = 1 mmol·L−1) and (b) super Fricke ([Fe2+] 
= 10 mmol·L−1) aerated solutions. 
 

 
(a) 

 
(b) 

Figure 2. Dependence of G(Fe3+) on particles energies for (a) 
Fricke and (b) super Fricke aerated solutions. 
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Table 2. Experimental values of radiolytic yields of ferric 
ions. 

10–7 G(Fe3+)/mol·J–1 
Energy/MeV Dose rate/Gy·min–1 

Fricke Super Fricke

6.7 94 5.7 ± 0.6 5.0 ± 0.5 

20.2 300 6.5 ± 0.7 7.1 ± 0.7 

33.9 487 8.5 ± 0.9 9.5 ± 0.9 

 
• In one hand, the oxidation of ferrous ions by the ra-

diolytic species 
2 oFe OH+ + → 3Fe OH+ −+

o o
2 2H O HO+ →

3
2 2 2Fe H O+→ +

oOH OH+ −+ +

o o
2H H H+ →

o o
2 2OH H O+ →

o o
2OH H O+ →

o o
2H O H+ → +

o o
2 2H O HO+

o
2 2H O HO+

2 2H O O+

2 2 2H O O+

Irradiations are carried out on aerated super Fricke solu-  

Figure 3. The ferric ions con- 
te

ng the experi- 
m

e in this energy, it is then 
po

( )

        (3) 

            (4) 

2 oFe HO H+ ++ +
2 3+

       (5) 

2 2Fe H O Fe+ →       (6) 

• In other hand the reactions between the water radio-
lytic species. 

                (7) 

OH              (8) 

OH               (9) 

2 H

H O H

H O            (10) 

2 2 + →
2 oHO HO

         (11) 

2 + →
o o
2HO HO+ →

        (12) 

         (13) 

o oHO HO2 2+ →         (14) 

Low energies (thus high LET) support the reactions 
between the water radiolytic species. Consequently, the 
quantity of ferrous ions undergoing oxidation via reac- 
tions (3) (5) and (6) is lower. When the energy increases 
(thus when the LET value decreases), the water radiolytic 
species are scattered in the bulk of the aqueous solution. 
The reactions of oxidation of ferrous ions by the water 
radiolytic species are increasingly favored and G(Fe3+) 
value increases. 

Results show a slight difference between the yield va- 
lues determined in Fricke and super Fricke solutions. 
This difference was already observed in the literature and 
could be explained, at least in part, like resulting from a 
better contribution of reaction (3) in the concentrated so- 
lution [6,8]. In our case, this can also be partially ex- 
plained by a lack of experimental data for the lower doses. 
This assumption could be easily checked by taking in situ 
UV-Visible measurements. The super Fricke solution 
seems to be the most adapted to the high dose rates and 
will be used within the ARRONAX cyclotron. 

3.2. In Situ Fricke Dosimetry 

tions. The absorbance of the solution is followed con- 
tinuously with an UV-Visible cell linked to the spectro- 
photometer using fiberoptics. This technology allows the 
acquisition of a great number of experimental points while 
reducing considerably the handling time. At our know- 
ledge, it is the first time that an in situ Fricke dosimetry 
is performed during an α irradiation with this so high 
energy (62.1 MeV). 

Results are presented on 
nt increases progressively during the irradiation. The 

global shape of the curves demonstrates the stability of 
the particle beam. Moreover, the curve slope varies with 
the α beam intensity set down in the irradiation cell. 
These results are consistent with the literature data which 
take into account the intensity in the G(Fe3+) determina- 
tion [6]. These authors have shown that higher is the in- 
tensity higher is the G(Fe3+) value. Our results, in Figure 
3, confirm this hypothesis by showing three curves slopes 
which increase with the α beam intensity. 

An empirical law is determined by usi
ental and the literature data. In fact, we extrapolate 

from litterature data done for the range 10 - 40 MeV an 
estimated G(Fe3+) value for the ARRONAX ion beam 
energy (62.1 MeV) (cf. Figure 2(b)). From this empirical 
law, we deduced the G(Fe3+) value at 62.1 MeV, the en-
ergy inside the irradiation cell within ARRONAX with 
an uncertainty of 10% corresponding to the measure-
ments in the ex situ experiments. This value is G(Fe3+) = 
(11.7 ± 1.2) × 10–7 mol·J–1. 

Knowing the G(Fe3+) valu
ssible to estimate the intensity inside the irradiation 

cell. We compare the intensity measured by the internal 
faraday cup into the beam (called “Ibeam”) and the in- 
tensity of the ion beam deposited into the irradiation cell 
(called “Icell”). The Ibeam values are measured before each 
irradiation experiment by the faraday cup system. The 
Icell values are calculated by the Equations (1) and (2) and 
can be written as: 

3

cell 3

Fe 2
I

G Fe 1000c

q V

t E f

+

+

  ⋅ ⋅ ⋅ =
⋅ ⋅ ⋅ ⋅

      (15) 

where: 
the intensity of the α particle beam deposited into 

centration (mol·L ), 
idation 

side the cell (MeV), 
–13 J), 

(s). 
 Table 3 with the 

va
sured after one minute of irradiation performed in the  

• Icell, 
the irradiation cell (A), 

• [Fe3+], the ferric ions con –1

• G(Fe3+), the extrapolated radiolytic yield of ox
of ferric ions (mol·J–1), 

• E, the energy of 4He2+ in
• fc, the conversion factor (1 MeV = 1.602 × 10
• q, the electron charge (1.602 × 10–19 C), 
• V, the irradiated volume (cm3), 
• t, the duration of the irradiation 

The calculated values are indicated in
lues of intensity and of ferric ions concentration mea- 
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Figure 3. Evolution of ferric ions content in a super Fricke 
aerated solution under an α irradiation at 62.1 MeV. 

 
cell Fara-

 

Figure 4. Ibeam = f(Icell) curve for an α ion beam providing by 
the ARRONAX cyclotron facility. 

riments (4.1 < Ibeam/Icell 
 6.7) though the ions beam lines are not the same. That 

ions 

ve determined the radiolytic yields of 
ricke dosimetry with a large range of 

e 
da

eter is used into an in situ experiment, i.e. during 
th

ety constraints we will use the 
in

 
Table 3. Calculated values of intensity inside the irradiation

ll (I ) vs current values measured at the internal ce
day cup (Ibeam) with an uncertainty of 10% for the two cy-
clotron facilities. 

Cyclotron facility Ibeam/nA [Fe3+]·10–3/mol·L–1 Icell/nA 

20 ± 2 0.15 4.8 ± 0.5 

40 ± 4 0.20 6.3 ± 0.6 
 

ARRONAX 
70 ± 7 0.32 10.4 ± 1.0

CEMHTI 40 ± 4 0.05 10.0 ± 1.0

 
CEM clotron. Moreover, w d the n 
oncentration values for irradiation duration of 60 se- 

 the intensity values of the α 
pa

 G(Fe ) values by the current measured 
in

HTI cy e ad ferric io
c
conds (cf. Figure 3) in order to get the Icell value, i.e. the 
intensity of the charge deposited into the irradiation cell. 
We have chosen this time of duration because after it the 
ratio signal onto noise is less better due to the too high 
optical density measurements (above 2); below this value 
the data are quite useable. 

The Figure 4 presents the Ibeam vs Icell curve in order to 
show the linearity between

rticle beam and the intensity of the charge deposited 
into the irradiation cell for the ARRONAX cyclotron 
facility. Although, we could not directly measure the in- 
tensity into the irradiation cell, we have confirmed that 
the values determined are consistent each other. More- 
over, from the literature data, we have checked that the 
extrapolated radiolytic yield of ferric ions for the very 
high energy of the ARRONAX cyclotron (62.1 MeV) is 
consistent with our in situ results. So, we suggest we can 
use this G(Fe3+) value of (11.7 ± 1.2) × 10–7 mol·J–1 until 
we can measure directly the intensity deposited in the 
irradiation cell. 

During CEMHTI experiments, we have confirmed the 
determination of 3+

to the faraday cup. For ARRONAX experiments, we 
have successfully used a G(Fe3+) extrapolated value to 
determine the current set down into the irradiation cell. 
Moreover, we notice that the ratio value (Ibeam/Icell = 4.0) 
for CEMHTI experiments is close to the one deter- 

 
mined onto the ARRONAX expe
<
is the reason why it is possible to compare the irradiation 
experiments results performed onto the two cyclotron fa- 
cilities for a high range of α particles energy (6.7 < Eα < 
62.1 MeV). 

4. Conclus

In this study, we ha
ferric ions for the F
α particles energy (6.7 - 62.1 MeV). Moreover, we have 
compared the results get by ex situ and in situ experi- 
ments. The methodology proposed in this work gives us 
any information onto the using of the Fricke dosimeter. 

The radiolytic yield of ferric ions values determined in 
this study are consistent each other and with the literatur

ta for the range of energy of 6.7 - 33.9 MeV whatever 
the initial ferrous ions concentration (Fricke or super- 
Fricke solution). However, for a high dose (above 1 kGy) 
the Fricke solution can not be used due to the highest 
consumption of ferrous ions by the water radiolytic spe- 
cies. 

At our knowledge, it is the first time that the Fricke 
dosim

e irradiation. We have made the evidence we can use 
this experimental methodology during the α irradiation 
with a high energy (62.1 MeV) providing by the new 
ARRONAX cyclotron facility. At the same time, we have 
confirmed that the radiolytic yield of ferric ions value 
extrapolated from the literature data (G(Fe3+) = (11.7 ± 
1.2) × 10–7 mol·J–1) can be used to determine the current 
set down into the irradiation cell with a ratio Ibeam/Icell = 
4.0 close to the one measured onto the well-tried CE- 
MHTI cyclotron facility. 

To conclude, in order to earn run time of irradiation 
and to avoid radiation saf

 situ superFricke dosimetry for each irradiation experi- 
ment performed onto the ARRONAX cyclotron facility. 
This work validates this methodology in our experimen- 
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