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Abstract 

Ferrous sulphate (Fricke) dosimetry was performed in the fast 

neutron beam produced at the U-I20 cyclotron of the Institute of 

Nuclear Physics, and in a *°Co gamma—ray therapeutical beam «t the 

Centre of Oncology in Kraków. The 6—value was measured for the 

neutron component in the mixed (neutron + gamma) field of the fast 

neutron beam, where the mean neutron energy is 5.6 MeV. This 

value is G„ - 8.1 +- 0.8. Track structure theory calculations 

were made using energy spectra of charged secondary particles 

generated in water by the HRC Hammersmith fast neutron beam (mean 

neutron energy 7.6 MeV, measured value of S n « 9.4 +- 0.6) , 

yielding the calculated value of Gn • 8.61. Fricke dosimetry of 

the *° Co beam indicates that the absolute value of gamma-ray dose 

at the Centre of Oncology may be underestimated by about 3%. 



DOZYMETRIA FRICKEGO DLA RADIOTERAPEUTYCZNEJ WIĄZKI HEUTRONĆW 
PRĘDKICH I PROMIENI GAKHA 

Streszczenie 

Za pomocą dozymetru slarczkowo-żelazowego (Frlckego) zalerzono 
ddwki w terapeutycznej wiązce neutronów prędkich produkowanych w 
cyklotronie U-120 IFJ, oraz w wiązce promieni gamma od źródła Co 
stosowanej do radioterapii w Centrum Onkologii w Krakowie. 
Zmierzono wartość liczby G dla składowej neutronowej mieszanego 
pola (neutron + gamma) wiązki neutronów prędkich, gdzie irednia 
energia neutronów wynosi 5.6 MeV. Vynosi ona G « 8.1 +- 0.6. V 
oparciu o model struktury £ladu wykonano- oblicztsnla teoretyczne, w 
których wykorzystano znane z innych prac widma naładowanych 
cząstek wtórnych generowanych w wodzie przez neutrony prędkie z 
cyklotronu HRC Hammersmith (trednia energia neutronów 7.6 MeV, 
zmierzona wartość Q • 9.4 +- 0.6), otrzymując obliczoną wartotc 

60 G * 8.61. Pomiary dozymetrem Frickego wykonane dla wiązki Co 
wykazują, ze wartość dawki bezwzględnej promieniowania gamma w 
Centrum Onkologii w Krakowie mo±e bye zaniżona o ok. 3\. 



•PKKE-A03MNETPMfl «Jlfl PAaMOTEPAIlEBTHMECKOrO IIYHKA 6UCTPHX HEHTPOHOB 

M rAMMA-JIYMEH 

CoAepxaHHe 

p I O I M 

TepanesTMMecKon nysice 6ucTpux HeArpoHOB. 

UHKJioTpoHon Y-12O HHCTirryTa fUepiioA *H3HKH • ICp*KO>«. a 

nyMK« raMna-jiyteA HCTOMHmca Co Hcnoahayenoro • paiHOTepamw • 

OHKojiorinecKon UeHTpe • KpaKoae. Onpe^ejieHO MHCJIO 6-*aicTopa mm* 

HeftTpoHHoA cocTasjiamjeA cneaaHHoro nojia CMeATpoH+ra«««3 irynca 
dMCTphW HeATpOKOB, Tfle cpGMHX* 3H«priU H»ATpOHOB - 5 . 6 N*V. G 

8.1 +- 0 . 6 . Omtpajicb Ha UDMMMU CTpyKTypw TpeKa «poH3B*ara 

TeopeTMtecKHA pacieT. B KOTOPON HCTTOJM aosaHw D I T M MS apyrwx 

padOT, CITCKTpW japaX«HHUX BTOPHHHMK laCTMU, r*M»pMpK!taHHUX B BOO* 

H«ATpoHaf« UHKJioTpoHa MRC HaniMrsn i th C cp*«Hiia 

HeArpoHOB - 7 . 6 N»V. 3KCfr»pHMBHTa«bHO» 3Nas«MM» 6 • 9 . 4 • - O.63. 

noxysaA TeopennecKo* 3Hâ i«HM* MMCJI* 6 • 8. 61. » p w - J K > » M M » T | W 
6O Ha nyMKe Co noKaabaacr. I T O BVJUMHMS. a6cojM0TnoA JIOSM 

n 
HpMÓJiM3HT*JlbHO Ha 3V.. 



1 . Introduction 

Of the chemical systems available for aosimetry, the ferrous 
sulphate (Fricke) dosimeter is recognised to be the most suitable 
with respect to accuracy, reproducibility and linearity (1). 
Considerable attention has been devoted to standardizing the 
preparation of this s/stem (2) and to measuring its response after 
doses of qamm« r«y= (principally Sl5Co, (3) > , after a variety of 
hfrivy charged particle irradiations <4) , as well as after doc>es of 
fest neutrons of various energies in the,range 0.1 to 18 MeV 
(5,6). 

Only calorlmetric devices and the Fricke dosimeter can currently 
be used for absolute dosimetry. Such dosimetry is of obvious 
importance to radiation therapy facilities, including those using 
cyclotron-produced beams of fast neutrons. The neutron beam in 
Krakow (7) , of mean energy 5.6 MeV, in may ways resembles that of 
the MPT in Hammer <*n>i th (mf»<*n energy 7.6 MeV* where several 
aucijt ate *ea sur emen 15 using the Frieze dosimeter have been 
performed >8). 

Pol lowing i recent improvement of the formuło describing the 
rjuial distribution of dose around the path of a heavy ion (9), 
the measured response of the Fricke dosimeter to charged particle 
irradiations has been adequately described (10) in terms of 1-hit 
detector properties, according to Katz's track structure theory 
(11,12.) . It is then possible tu calculate the response of the 
Fricke dosimeter to a beam of fast neutrons using this theory. 

Up to now, no Fricke dosimetry of the fast neutron n*am has been 
performed in Krakow. The principal aim of this work was therefore 
to develop an acceptable ferrous sulphate system and perform beam 
dosimetry in order to determine the response of the Fricke 
dosimeter to our fast neutron beam, as related to its response to 
a sc-Co radiotherapy beam used at the Centre of Oncology in Krakow. 
The latter measurement would also enable en absolute deterrnination 
of the kra^on gamma-ray dosi.netry, against routinely used 
lonization chamb**'s (13,14) and against the new alaninę dosimeter 
which has recently been tested in Krakow in a joint Danish-Polish 
effort <15> . 

Ws» also made theoretical calculations in order to compare the 
results obtained frofn our measurements with those calculated. In 
our track structure calculations, due- to the lack of input data 
pertaining to the energy spectrum of .he neutron beam in Krakow, 
we had to use the spectra of charged secondaries following 
irradiation of water by fast neutrons of the Hammersmith beam, 
known from other work (11). The results of our calculation could 
then test the sensitivity of the model to the differences between 
the energy spectra of the neutron beams at Krakow and at 
Hammersmith. 



Materials and methods 

2.1 The Fricke dos 

The p r e p a r a t i o n of the dosimeter s o l u t i o n and i t s subsequent 
iHi'ASLireiiients ^ft<r> i r r a d i a t i o n s wet'e c a r r i e d out s t r i c t l y 
arc.ording to the Standard Test Method (ASTM Designation D 1*71-72.) 
i2> , with minor modi f icat ions in the recommended spei.trophotometer 

r s l i b r a f i a n procedure. 

7 .1 .1 Standard recommendations and formulae 

method of preparing the solution of ferrous ammonium sulphate 
(0.001 M in Fe<NH.»>a <SC»> a , 0.001 M in NaCI , and 0.8 N in HaSCU i, 
and i ts subsequent use in dosimetry, are described in detai l by 
the ASTM Standard (2) . 

Ai- it is well known, I. lie r>ange of absot bance of the do* > ii.et:- ic 
solution caused by chemoraoiat i ve oxidation of fsirnu" to fer r ic 
inns is proportional to the dose absorbed. Changes i.n sb&orbance 
\ r» messurett at the UV wavelength of 704 nm. #g«in«t the 
iljaurbsnce «.'f the unev posed dus i nit?tr i c ao lu t ion . The concen-
t 'nt ipn of Fe3* ions, hence the sl'solutw dosc, can then be deter-
,. i ned u i r ect i > . 

The absorbed dose, D (in cBy) , is calculated from the fallowing 
formula (2): 

D - C9.65xlO»xfx (0D; - 0Du)3/tExGxp* ' 1 * 

where: 

0D; = absorbance of the exposed solution, 
0Du = absorbance of the unexposed solution, 
f :* di lut ion factor, f ina l volume/init ial volume (when 

needed), 
6 " the number of molecules reacting per 1O0 electron 

volts absorbed.(G - 15 .6 ) , , 
E « molar extinction coeff icient < 
p = density of undiluted solution (1.02 g/<nl) ' 

As, the molar coefficient of extinction depends on temperature, the 
fo l lowing temperature correction to the me«iur«d dose is i 
recommended (2): 

D(T t) « D(Ta) t 1 • 0.0<V7K< T t - Ta> 3 * C?'. 

i he formula in (2)» p. 429, is erroneous 



where: 

Tt * temperature at which the calibration curve was . 
prepared, deg C, and 

TE = temperature at which the unknown sample is read, 
deg C, 

D(Tt) = dose (cGy) measured at temperature T1( and 
D(T=> = dose (cGy) referred to temperature T2. 

2.1.2 Reagents and ampoules 

The dosimetric solution containing 1 mM fe r r i c ammonium sulphate 
and 1 mM sodium ch lor ide in 1 1 of 0.8 N sulphuric: acid was 
prepared using re -dest i la ted water and analytir-grade reagents. A 
fresh solution was prepared before each exposure run and samples, 
each containing 3 ml of solut ion, were placed in ampoules made of 
"Termis i l " glass ( f i r s t batch) or of " S y l v i t " glass (second 
batch) . Ampoules were f l a m e - s e a l e d . Before p U c i n q th» 
dosimetric solution in them, ampoules were f i l l e d with a solution 
of ferrous ammonium sulphate, i rradiated with 250 kVp X-rays to • 
dose of c . 300 Gy and e m p t i e d , in accordance w i t h ASTM 
recommendations (2 ) . The dosimetric samples were irradiated in 
the same ampoules the internal diameter of which wa« 17.2 tnm and 
wall thickness 1.1 mm. 

2.1.3. Spectrophotometry. 

All optical density measurements were performed using a VSU 2-P 
spectrophotometer (Carl Zeiss, Jena, GDR) at analytical wavelenqth 
of 305 nm, 0.6 mm slit width, and using quartz cuvettes of 10 mm 
thickness. The absorbance readouts were temperature corrected 
whenever necessary using the temperature coefficient of +0.7% p*r 
deg C. 

Solutions used to determine the spectrophotometry calibration 
curve were prepared as follows: an exact aliquot of 4.8198 g Fe 
Nl-U <S04> a. 12 Ha0 was diluted in 1 1 0.8 N sulphuric acid (solution 
A) ; 10 ml of this solution was diluted with 0.8 N sulphuric acid 
to a volume of 100 ml (solution B). Next, 1, 5, 10, 15, 20 and 25 
ml portions of solution B were transferred to 100 ml volumetric 
flasks and filled with 0.8 N sulphuric «cid up to the 100 ml 
marker. Absorbances of thus diluted solutions were then read 
using the spectrophotometer, with the result given above. 

The molar coefficient of absorption was found to be 2106 1 mol-* 
cm-* at a temperature of 18.5 <>C. (In the range of calibration 
concentrations, C = (1.8 - 25) x 10~s mól 1~* of Fe3+ ions, the 
calibration curve was fitted by linear regression as A (cur1) • 
-4.01x10-= (cm-*) + 2106 (1 mol-*cfli-*)s< C («ol I" 1), with a 
coefficient of determination R* « 0.99941) When corrected to 
24.5'->C, the value of this coefficient of absorption is 2194 1 



1, well within the recommended range 2195 •- 10 1 mol-1 

cm-* (2». 

No temperature correction was made in the calculations of doses to 
account for the variations of temperature at which samples were 
irradiated as these never exceeded the range 18-24°C. 

2.2. Radiation sources and dosimetry. 

The oainma-rav irradiations were carried out with one of the s<:>Co 
sources at the Centre cf Oncology in Krakow, a SIEMENS Gammatron S 
radiotherapy unit, of present activity of c. B x 10*3 Bq. Fricke 
dosimeter ampoules were exposed at a dose rate of c. 4 x 10~ s 

Gy/s, under the control of a Baldwin-Karmer air ionization chamber 
of 0.6 cm* connected to an IONEX type 2500 exposure meter. 
Ampoules were placed in a Perspex holder of 5 mm thickness to 
ensure electron equilibrium, and the absolute accuracy of exposure 
assessment was c. 2 '/.. In two separate runs seven exposures were 
made, ranging from about 50 Gy to 200 Sy. 

The fast neutron irradiations were carried out behind the 13 X 15 
cms collimator of the cancer radiotherapy beam at the Institute of 
Nuclear Physics in Krakow. Here, fast neutron* arm produced via 
the Be(d,n>B reaction from deuterons of 12.5 MeV accelerated by 
the U-120 cyclotron bombarding a thick Be target. The mean fast 
neutron energy is c. 5.6 heV and the gamma contribution to the 
total (neutron + gamma—ray) dose is 4X {13) . Fast neutron 
dosimetry for this bear is carried out according to the European 
Protocol (14). The total dose was measured by an Exradin chamber 
of 0.53 cm3 volume, in terms of Gy(tissue) per charge (Coulomb) of 
thp deuteron beam, and the exposures controlled by measuring the 
beam charge (average beam current c. 14.5 uA, calibration factor 
0.0112 cGy/yC). For neutron irradiations, ampoules contain)ng the 
Fricke solution were exposed in air at the centre of the 
irradiation field. In two separate runs eight exposures were made 
in the range from 50 By to 200 Gy. 

The model calculation 

Track structure theory (11,12) relates the response of a detector 
after doses of "test" radiation (•oCo gamma rays) to its response 
after, doses of heavy charged particles, specified by their charge, 
velocity and fluence (number ot particles/cm^). In terms of this 
theory, the Fricke dosimeter is a 1-hit detector (10), described 
by three parameters: "c-hittedness" (c = 1), characteristic 
radiosensitivity to test radiation, D o <DO « 8000 Gy) , and size of 
target given by its radius, ao (ao = 6.5 nm). 

10 



The t h e o r y assumes t h a t the s i g r, a 1 S ( e . g . , the va lue of 
absorbance) of the Fricke dosimeter is l inear with gamma-ray dose 
D̂  up to sa tura t ion , snd given by the 1-hit formulas 

S(D9) = Ss f l - exp(-D9/Do)) <3> 

where S s is the signal at saturation. The probability that a 
signal occurs after a dose of test radiation D,,, is P (Ds) = 
S(DE,)/SS. 

It is assumed that the target is a sphere of water of radius *o 
surrounding an F e a + ion such that a single hit (e.g., a 
transversal of one of the electrons, or delta—rays, surrounding 
the ion in its passage through the detector medium) <-̂ n initiate 
the sequence of events which diffuse to the Fea+ ion and finally 
transform it to an Fe^* ion. The radial probability of this event 
occurring, Pir) , is calculated from the average energy deposited 
in the target volume (local dose) , E o (r) , calculated (9) as a 
function of the radial distance from the ion's path, r t 

P<r> - P(E0<r)> - P (1-exp <-Eo <r) /Do> > <*> 

We calculate the single-particle action cross-section for this 
event cr by volume integration of the probability P<r) over all 
rad i i: 

<T « 2n ft P(t) dt i (5) 
0 

where the upper range of integration is limited to the maximum 
range of delta rays surrounding the ion, T. 

After a fluence F particles/cm*, or ion dose, in water, D ;
 m F x L 

(L is the stopping power of the ion, or its LET), the signal 
observed in a thin specimen (track—segment irradiation* ist 

S(D|) = S S U - exp(-oF)) = S s < 1 - exp <-oO, / U ) (6) 

The relative detector effectiveness (RE) is defined as the ratio 
of detector signals after equal doses of ion and test (gamma) 
radiations, i.e. : 

RE = S(D()/S(D#) $ D; * D s (7) 

After expanding equations <4) and (7) in the linear region and 
performing simple arithmetics, we arrive at the following 

Equation (2) in ref. (10) is erroneous 

11 



description of relative pffectiveness in track segment irradiat¬ 
ion: 

RE (calculated) = 

This value can be compared with the measured G-values for ion 
irradiation of thin samples, G;, and th<st for gamma—ray;, G (for 

G (Fe3+) = 15.6): 

RE (measured) = G;(Fe»+)/G(Fe*+) (9) 

To calculate the response of thick detectors to stopping ions, of 
initial trinetic energy T; and of range R, we integrate the 
response over the path length. We have therefore to replace a and 
L in eq. (9) by their average values: 

t«R O 
jftvE R =Jcrdr = J(a/L) dT <10) 

t«0 T; 

and: 

T(/R (11) 

The effect of irradiating the detector with a beam of fast 
neutrons is calculated by adding the contributions from all the 
charged secondaries stopping in the medium (11). Let us denote 
the number of neutron interactions per cubic centimeter of 
detector volume by Y, and the absorbed dose from neutrons by D„. 
Rji represents the range (in cm) of an ion of atomic number Z and 
initial kinetic energy T;, while dNji/dT; represents the number of 
secondary charged particles of atomic number Z and initial kinetic 
energy T; per unit initial kinetic energy interval per neutron 
interaction per cubic centimeter of detector (i.e., the given 
secondary particle energy spectrum). Then: 

D„ <* Y C I E (AT,) (dNsj /dT j ) T-,1 <12) 

and: 

P(D„) = 1- expC-Y C Z I (6T|> (dNs •, /dT,) cr^ve j i ^ i 3 > U 3) 
ZT; 

The detector signal after a neutron dose D n is then S (D„) = S s 

P(D„>, and the relative effectiveness of the detector after a 

12 



neutron dos«? can be calculated from equation <8> and compared with 
experiment <eq .(10)> by replacing D; by D„ and G; by G„ (the 
measured (3 —value after a neutron irradiation) in these two 
equations. 

The secondary spectra (dNj;/dTj) for all secondary particles 
generated in water after irradiation with the fast neutron beam of 
the MRC cyclotron in Hammersmith (private communication of Dr. 
John A. Dennis to Dr. Robert Kat?, see also <16) * and the program 
for calculating the response of the Fr'icke dosimeter to this beam, 
have bpen kindly provided to one of the author* iMPRW) by Dr. 
Katz . The program, developed originally at Dr. Katz's laboratory 
'Lincoln, NE, USA) by Mrs. Rose Anne Roth for the IBM mainframe, 
has now been modified, also at Lincoln, by Mr. Gary L. Sinclair 
and Mr. Givargis Danialy to run on an IBM-PC/XT - compatible 
computer. The program is written in FORTRAN-77. 

4. Results 

The results of measurements are given in Table.1 where the nominal 
cinsf?, Djr <Gy> , th«» run number, measured *bsarh«nce, tenpitrtturs at 
which absor nance Nas measured, the calculated dose, DQ, and the 
ratio D C/D E »rs tinted for the gamma-ray and fast n«utron 
exposures. Values of molar extinction coefficient appropriate to 
the indicated temperature of measurement and 6 = 15.6 were used 
for calculating Dc-

4.1. Gamma-ray exposures 

The average value of D C / D E for all seven points is ^DC/DE> • 
1.027, the standard deviation SD = 0.078 -̂ nd the coefficient of 
variation (100"/.SD/<x>) is CV » 7.6V.. Eliminating the highest and 
lowest measured values (points No. 4 and No. 6) dues not 
appreciably change the average valuei <DC/Dc> =» 1.028, but the 
standard deviation decreases to O.O22 and the coefficient of 
variation CV » 2.27.. We note that the value of <DC/DK> greater 
than 1 indicates "underexposure", i.e. that the planned exposure 
is lower than expected, in terms of absolute units af dose. 

4.2. Fast neutron exposures 

The average value of D C / D K is in this case <Dc/Dc> * 0.582 , SD * 
O.O25, CV * 4.38%, if all eight points are considered. If on* 
eliminates the highest and the lowest values of Dc/D* in this set 
(points No. 4 and No. 5>, the respective values arei <DC/De> * 
0.585, SD = 0.017, and CV • 2.96%. 

13 



To calculate the G—value for the neutron compinant of our be*m, 
where the contribution of neutron dose D„ to the total beam dose 
DT is 96X as nifasured by tissue-equivalent lonization chambers 
(1Z' , i.e. D T = D„

 + D. = 0.96xKxDT
 + 0.04::DT, where K is the 

neutron kerms for water and D^ is the gamnfl-ray dose contribution 
to the total beam dose DT» we calculate the number of Fe

3 + ions 
produced by each component of the beams 

For gamma—rays : N^ = G x D^ (we assume G = 1S.61 

For neutrons: N^ = 6„ x D„ 

The total number of Fe3+ ions is then: 

NT = G„ x K x 0.96 x DT + S x 0.04 x DT (14> 

By rearrangement: 

G„ = C<NT/Dr> - G i< 0.043/(0.96 ;< K) US) 

We note t h a t N T / D T * 6 k Dc/Dci where Drj/DE ( for neut ron 
pxposures) is the value measured ei<p»r i mental l y . F ina l l y , 

6,, * G x C <DC/DE) - 0.04 3/ < 0.96 K \ ) <16> 

We calculate the value of K as the r a t i o of kerma for water to 
kerma for tissue at 5.7 MeV neutron energy from the tables of Bach 
and Caswell (17) s K • 1.094. The G-value for our fast neutron 
beam is then: 

G„ = 15.6 x (0.585 - 0 . 04 ) / ( 0 .96 x 1.094) = 15.6 x 0.52 = 8.10 

The error on this value can be estimated as a sum of the relative 
errors of evaluating D C/D E (3*/.), and of experimental dosimetry for 
gamma-rays (2X) and for the neutron beam (2V.) . Thus: 

G„ = 8.1 +- 0.6 

4.3. Model calculations 

The program has been run on an 8 MHz IBM-PC/XT compatible computer 
equipped with an 8087 mathematical co-processor and o40 Kb RAM 
memory. When compiled using the Ryan-McFar1 and Profort V.1.0 
compiler, the program completes the calculation in about 3 hours. 
The secondary particle spectra arm for the Hammersmith fast 
neutron, beam irradiating pure water. The Fricke detector was 
represented by the following parameter* (units sire thote used in 
th» program): C = 1, E o = 8 x 10^ erg/cm^, «<> = 6.5 x lO-^cm. The 
calculated efficiency of this detector, relative to gamma-rays, is 
e = 0.552. The calculated G-v*lue is therefore: 

Gn «= 15.6 x 0.552 * 8.61 

14 



5. Discussion 

The results of this work raise several questions. We judge the 
overall reproducibi 1 ity of our measurements (our random 
uncertainty is at best 37.) to be inferior to that quoted in the 
literature, of 1"/. (1,2). 
We believe that this poor reproc'ucubi 1 ity is mainly due to the 
insufficient purity of the sulphuric acid used in our dosimeters. 
It appears that special purification is required for our 
application. Particular attention has also to be paid to minor 
inorganic contaminations on the inner walls of the ampoules, which 
can possibly alkalize the dosimetric compound. 
The calibration of the spectrophotometer appears to be quite 
satisfactory, though care has to be taken to read absorbances only 
within the range of the calibration curve. We have eliminated 
from our analysis gamma-ray exposures below 40 By for that reason. 
Despite the large uncertainty in the results of gamma-ray 
exposures, ".here is an indication of a systematic "underexposure", 
of about 3 V.. Interestingly, a similar result was obtained when 
exposing alaninę detectors to the same beam (15). These results 
•iay indicate the presence of a systematic difference of about -3% 
in the absolute gammm-rmy dosimetry at the Centre of Oncology in 
Krakow, or in relation to, e.g., Risoe National Laboratory, 
Denmark. While the discrepancy is well within experimental error, 
its observation in two independent experiments using two different 
dosimeters, could perhaps be significant. 
The results of Fricke dosimetry performed at the MRC Hammersmith 
beam, quoted by Green et al. (8), when presented in terms of the 
neutron S-value, are 9.74 +-0.10 (17 irradiations) and 9.59 •»— 
0.07 (18 irradiations) where the errors *r* random only. Taking 
into account their overall uncertainty of 6X due to basic 
ion izat ion dosimetry, Green et al. arrive at a mean value of 6n • 9.4 +- 0.6. 
We have yet to meet this repeatability, however, the difference 
betweti our result (G„ « 8.1 +- 0.6) and that obtained at 
Hammesmith clearly indicates that the differences between the 
neutron spectra at Hammersmith and in Krakow mrm significant 
enough to be resolved by Fricke dosimetry. we have confirmed this 
result in our alaninę work (15) , where our measured relative 
effectiveness was 0.60 +- 0.05, while that reported by Simmons and 
Bewley (19) for the Hammersmith beam is O.65 +- O.OS. The gradual 
increase in the G„-value with increasing neutron energy Cfor 
mono-energetic neutrons) has been studied by Lawson and Porter 
(5). Our result is quit* compatible with their evaluations. 
The value of Gn calculated from track structure theory, though, as 

ts 



expected, largpr than our measured value, underestimates th>? 
Hammersmith result (the calculated value is 6V. above ours and 12V. 
below the MFC value* . Interestingly, while track structure 
calculations with the same values of the three parameters appear 
to be consistent with the reported differentiation yields in the 
Fricke dosimeter for charged particles (corresponding to track 
segment irradiation) to within about 5 'A, the same calculation 
under fitimate-s tNe reported integral yields (after stopping 
part if: les) , also bv about 15 V. (10) . This could »n3ir.9tp problems 

the stopping particle mode! at low energies, a major part of 
neutron calculation. 

0n<? must attribute thesa discrepancies mainly to uncertainties in 
our knowledge of the "effective charge", of the radial 
distribution of dose and of the stopping poww and range at low 
energies of heavy ions. 

Some calculatlonal error could also be introduced through errors 
in the determination of the energy spectra of charged secondaries 
from U>e fast neutron bean) xn water and through the assumption in 
our calculations that the Fricke dosimeter is composed of pure 
water only. 

The need to evaluate secondary particle spectra for the U-120 
neutrons seems to be evident. First, however, the neutron energy 
spectrum of the Krakow beam would have to be evaluated, a problem 
of some complexity. 

For radiobiologica 1 purposes, however, the presently obtainable 
calculat ional accuracy of about 10V. would perhaps not be unreason¬ 
able. 

6. Conclusions 

Ferrous sulphate dosimetry is an excellent and highly accurate 
technique if the high demands for compound purity *nd chemical 
standards are met. Our first attempt, though in need of further 
improvement, has demonstrated the usefulness of this method. 
.Together with an independent tissue-equivalent dosimetric system -
alaninę - and a theoretical model which presently reproduces the 
experimental results for the Fricke and alaninę dosimeters to 
within about 10X (but perhaps could be improved) , we arc able to 
build a consistent dosimetric system for measuring fast neutron 
dost*. The present rcproducibi1ity of our Fricke dosimetry is no 
worse than 4%.. Though further work is needed to improve the 
accuracy of our Fricke dosimetry and of our calculations, the 
system can already be used for fast neutron radiobiology at the 
U-120 cyclotron. The observed indication of a possible 
discrepancy in the absolute dosimetry of gamma-ray doses at the 
Centre of Oncology in Krakow will need further confirmation *nd 
corrective work if it is found to be real. 
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Table 1. Experimental result* of Fricke dosimetry in the 
gamma-ray and the fast neutron beams 

gamma-rays 

Point 
No. 

1 

-r 

4 
S 
6 
7 

Run 
No. 

1 
1 
1 

? 

2 

E:!p. 
dose1 

DE,Gy 

98.29 
147.18 
196.07 
49.66 
49.66 
99.7.3 
99.33 

Absor— 
bance 

0,340 
0.53ft 
0.715 
0.211 
0. 172 
0.7.3? 
0.369 

temp.of 
meas. 
d*g C 

18.5 
18.5 
18.5 
24.5 
24.5 
24.5 
24.5 

.Calc. 
dose1 

DCjSy 

97.91 
154.35 
205.90 
58.32 
47.54 
93.15 
J 02.00 

DC/DE 

0.996 
1.049 
) .050 
1.174 
0.957 
0.938 
1 .027 

U-120 fast neutrons 

Point 
No. 

1 

3 
4 
5 
6 
7 
8 

Run 
No. 

1 
1 
2 
2 
2 
2 
2 
2 

Exp. 
dose' 
DE,Gy 

89.38 
89.38 
5 0 . Oi"< 
50.00 
150.00 
150.00 
200.00 
200.00 

Abso'— 
bance 
cm-* 

0.187 
0.189 
0. 103 
0.097 
0.332 
0.317 
0.412 
0.415 

temp.of 
meas. 
dec C 

18.5 
18.5 
24.5 
24.5 
24.5 
24.5 
24.5 
24.5 

Calc. 
dose3 

Dc.Sy 

53.85 
54.43 
28.47 
26.81 
91.77 
87.62 
113.88 
114.71 

DC/DE 

0.602 
0.609 
0.569 
0.536 
0.612 
0.584 
0.569 
0.574 

1 absorbed dose, in water 

2 absorbed total beam dose, in tissue 

3 assuming G * 15.6 and D K * D T <100V. gamma, in water) 


