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ABSTRACT 
This paper presents the results obtained from a study of the radiation 
induced oxidation of crystalline ferrous ammonium sulfate with gamma rays 
at 295 K, 263 K and 77 K and doses from 0 to 300 kGy. The radiation 
induced decomposition of ferrous ammonium sulfate has been studied by the 
dissolution of the irradiated salt in 0,8N sulfuric acid. The main product is 
ferric ion (Fe3+) and its molar concentration was determined 
spectrophotometrically in the UV region at 304 nm.  The optical density 
values showed a linear dependence with dose, indicating that the data 
obtained might be used to create a calibrating curve. Color in irradiated 
salt changes from blue to green, yellow and orange according to the 
absorbed dose. The accuracy and the reproducibility of the system were 
tested. In addition, some other characteristics make possible the use of this 
system as a dosimeter, similar to Fricke’s chemical dosimeter, for studies 
and works at low temperatures and high doses.  
Keywords: chemical dosimetry, solid ammonium sulfate, gamma rays, low 
temperatures, EPR. 
 
 
 
 
 



 
 
 
 
INTRODUCTION 
Recent advances in radiation treatment technologies have provided 
enormous advantages. They are applied in high energy radiation chemistry, 
sterilization of medical accessories and surgical equipment, in food 
preservation, killing of fungus and microorganisms, etc. 
Various kinds of chemical dosimeters have been studied in radiation 
chemistry. Ferrous sulfate in acid solutions (Fricke dosimeter) is a system 
extensively studied and the most widely used. It is classified reference-
standard dosimetry system (ISO/ASTM 51261). This system has received 
considerable attention because of its high sensitivity to X-rays and �-
radiation. Fricke dosimetry is capable of a 0,1% precision for 60Co gamma 
rays (Fricke, 1966). However, the dose range is limited to 400 Gy and it is 
sensitive to impurities even those present in the sulfuric acid. The response 
of the dosimeter as a function of the irradiation temperature plays an 
important role for example in the case of irradiation of commercial goods as 
marinades chicken, seafood, biological samples and medical supplies. These 
products are preserved and irradiated below room temperature in order to 
avoid synergistic effect of heat. Also dose determination at low 
temperatures irradiation is important in experiments simulating the 
extraterrestrial environments (ice bodies like comets). In this paper we 
describe  the procedures for preparation, testing and using the solid ferrous 
ammonium sulfate as a dosimetric system in order to measure high level of 
absorbed dose from a 60Co gamma radiation source.   
 
THEORY 
In the chemical dosimetry the absorbed dose is determined from the 
chemical change produced in a suitable substrate. 
The response of the dosimeter should be: proportional to absorbed dose 
over a wide range (1 to 106 Gy), independent of the absorbed dose rate 
(from a few gray per minute to as high as 1011 Gy/s), independent of the 
energy and LET of the radiation, independent of temperature and 
reproducible (for many purposes a precision of between ±1 and ±5% is 
acceptable).  In addition the dosimeter should be stable under normal 
conditions such as exposure to light and air, both before and after 
irradiation and simple to use. Two other desirable characteristics are 
applicable to chemical dosimeters are: 1) easy to prepare from standard 
shelf reagents and solvents and 2) the response should not be dependent on 
minor changes in the composition of the dosimeter (Spinks and Woods, 
1970). 
Fricke dosimetry is based on the radiolitic oxidation of  ferrous ion Fe2+ into 
ferric ion Fe3+ in acid solution and in the presence of oxygen. The simplified 
scheme of the reactions that take place is: 



H2O -w� H• + OH• + e- (aq) + H2 + H2O2 
Fe2+ + OH• � Fe3+ + OH•- 

H• + O2 � HO2
• 

Fe2+ + HO2
• + H•+ � Fe3+ + H2O2 

Fe2+ + H2O2 � Fe3+ + OH• + OH•- 

 
The actual quantities required are 0,28 g FeSO4•7H2O or 0,39 g 
Fe(NH4)2(SO4)2•6H2O, 0,06 g NaCl and 22 mL concentrated (95 to 98%) H2SO4  
per liter of solution. 
 
 
 
The radiochemical efficiency or number of elementary species produced by 
radiation for 100 eV energy absorbed is in this case: G(Fe3+) = G (OH) + 3G(H) + 
2G(H2O2) = 15,5 and the dose can be estimated according to D = 9,64x106 C/ 
(�G) where is � the density of the solution in g/cm3 and C is the molar 
concentration of Fe3+, determined spectrophotometrically at 304 nm.  
 
The radiation induced decomposition of crystalline ferrous ammonium 
sulfate and ferrous sulfate was suited by Johnson (1956). The products of 
radiolysis were ferric ion (Fe3+), sulfite ion (SO3

2-) and molecular hydrogen 
(H2). The chemical effects produced by the irradiated were followed by 
dissolving the solid in deaerated water. The overall stoichiometry is 4 Fe2+ + 
H2O + 2H+ + SO4

2- � 4 Fe3+ + H2 + SO3
2- + 2 OH-. 

 
 
EXPERIMENTAL PROCEDURE 
Samples and glassware. 
All the reagents were analytical pure grade, they were utilized without any 
additional purification. The samples were: ferrous sulfate (as the 
heptahydrated salt) and ferrous ammonium sulfate (as the hexahydrated 
salt). The water used to prepare the solutions after irradiation was triple 
distilled according to the standard procedures used in radiation chemistry.  
In the present work the ferrous salts were used from different brands and 
qualities. 
 
Irradiation. 
Samples were irradiated in a glass tube for 295 K (22ºC) and in a glass tube 
inside a Dewar flask for 263 K (-10ºC) and  77 K (-196ºC) using different 
cooler and heating systems: liquid nitrogen (at 77 K) and cooling-heating 
liquid, dynalene HC-50 (at 263 K). Three sets of glass samples were 
irradiated at statical position for each dose. The dose are based on the 
ferrous sulfate-cupric sulfate dosimeter at 22ºC on the assumption of G(Fe3+) 
= 0,66 ferric ions/100 eV.  
Analysis. 



The analysis was carried out in a Varian model Cary win 100 
spectrophotometer. The temperature of the holder was between 22 and 
23ºC. The molar extinction coefficient for Fe3+ ion was 2160 L/mol•cm. 
For EPR spectroscopy 30 mg of the irradiated samples were places in quartz 
tubes for measurements with an X-band ES-TE300 Jeol spectrometer at 
Instituto de Química, UNAM. The measurements were at room temperature. 
The spectrometer conditions for its use were: microwave frequency of 9,43 
GHz, 336 mT center field, 016 mT modulation amplitude, 100 kHz 
modulation frequency, 1,01 mV microwave power and 160 sweep widths. 
MgO doped with Mn2+ was the standard for the correction of the magnetic 
field and the spectrum was analyzed by ESPRIT-382 V01.916 software. 
 
 
  
  
 
 
 
RESULTS 
 
Nature of the ferrous salt. 
Results with ferrous sulfate for the two different trademarks were non 
linear in axis “optical density” (OD) versus “absorbed dose”, impurities 
have an influence and the age of the reagent is important due to oxidation 
induced in situ by air and light. The Fe3+ concentration in each reagent 
before its use was tested by ammonium thiocyanate and by titration 
according to a standard analytical procedure. Old samples show 0,5% weight 
Fe3+ and new sample show less than 0,01% Fe3+. 
 
The best results were obtained with ferrous ammonium sulfate 
[Fe(NH4)2(SO4)2•6H2O] from Fairmont reagent with a purity of about 98,6%. 
This reagent has less than 0,006% Fe3+. 
 
Absorbed dose response. 
The study of absorbance versus absorbed dose for ferric ion was linear in 
the range 0-270 kGy with a correlation coefficient of 99,6%. Saturation 
response was not evaluated. Results are shown in graph No. 1 “OD vs. dose” 
for each temperature. 
Remark: the color of the salt changes gradually from blue to green, yellow 
and orange as the irradiation dose increases. See picture No. 1. 
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Graph No. 1. Optical density (OD) vs. Absorbed dose for ferrous ammonium sulfate. 
                                       � at 295 K,    y = 0,0022x     Dose rate: 50,5 Gy/min 
                                                � at 263 K,    y = 0,0020x      Dose rate: 43,0 Gy/min 
                                                �  at   77 K,    y = 0,0018x     Dose rate: 45,5 Gy/min 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
Picture No. 1. Irradiated solid  ferrous 
ammonium sulfate. 
Color changes as the irradiation dose 
increases, from left to right: 0, 35, 71, 145, 

287 and 546 kGy. 
 
 
 
 
Effect of temperature. 
The solid was irradiated at three different temperatures (77, 263 and 295 
K), results show not significant difference. It was found that: 

Dose at 77 K / Dose at 295 K = 1,2    and   Dose at 263 K/ Dose at 295 K = 1,1 
 
 
Other studies. 
 
pH and density. 



pH and density of a solution prepared with irradiated salt, decreases by 
comparison with a solution from the non irradiated salt. 
 
Post irradiation stability of response. 
The post irradiation storage effect on the studied salt was measured. The 
solid is stable four weeks after irradiation. Storage: at room temperature in 
the darkness. The estimated overall uncertainly for the dose assessment in 
the range of interest is of about 5%. See graph No. 2. 
 
EPR studies. 
In this study our goal was only to measure the signal variation with 
increased dose of radiation. Signal intensity is in arbitrary units as a 
function of the magnetic field. The samples present a weak signal that 
decay rapidly with time. Signal corresponds to electrons in “d” orbital for 
low spin in Fe3+.  See graph No. 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                  Graph No. 2. Post irradiation 
stability of response. 
                                                                                                                                   Optical Density vs. 
Absorbed dose. 
                                                                                                                                  The same sample 
irradiated at –10ºC 
                                                                                                                                   � Read on March 
2nd, 2005  
                                                                                                                                   � Read on January 
28th, 2006 
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Graph No. 3. EPR spectrum for a sample irradiated at – 10ºC. 

 Absorbed dose: 136,74 kGy 
Top line: the irradiated sample  

Center line: the salt not irradiated  
Down line: the result of irradiated sample  

by elimination of signal of  
not irradiated salt.  

 
 
 
 
 
 
 
 
 
 
 
CONCLUSIONS 
 
The idea of the experiment was to test if a calibration curve can be 
obtained.   
After studying the solid ferrous ammonium sulfate we come to the conclusion 
that this system can be use as a chemical dosimeter for high irradiations 
doses and low temperatures because of all properties it exhibits: good 
reproducibility, independent of temperature, stable before, during and after 
irradiation, particular dose range, and an accessible technique for analysis.  
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