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Abstract *

Ferrous sulphate (Fricke) dosimetry was performed in the fast
neutron beam produced at the U-120 cyclotron ot the Institute of
Nuclear Physice, and in a S9Cp gamma~ray therapesutical beam at the
Centre of DOncology in Krakdw, The G-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
valjue is 6, = 8.1 =+ 0,0, Track structure theory calculations
were made using snergy sﬁectrl of charged secondary particles
generated in water by the MRC Hammersmith Yaot nectron beam {(mean
neutron snergy 7.4 MeV, measured valuw of G, = 9.8 +- 0,48},
vyielding the calculated value of G, = B.61. Fricke dosimetry of
the 80 Co baam indicates that the absolute value of gamma-ray dose

&t the Centre of Oncology may be underestisated by about 3I%.



DOZYMETRIA FRICKEGO DLA RADIOTERAPEUTYCZINE) WIAZKI KEUTRONCW
PREDKICH I PROMIENI GAMMA

Streszczenle

Za pemoca dozymetru slarczkowo-relazowege (Frickege) zmajerzeno
dawki W terapeutycznej wiazce neutrondw predkich predukowanyeh w
cyklotronjie U-120 TFJ, oraz v wiazce promieni gamma od zradia 6OCo
stosowanej do radioterapii w Centrum Onkologii w Krakowie.
Zmlerzono watrtosé liczby G dla skisdowe) neutronowe] mleszanego
pola {neutren + gamma} wiazkl neutronow prediich, gdzie <rednla
energla neutionow wynosl 5.6 MeV. Wynosi ona Gns 8.1 +- 0.6. L}
oparciu ¢ model struktury tladu wykonano: obliczenia tecretyczne, w
ktérych wykorzystano znane 2 innych prac widma naladowanych
czastek wtérnych generowanych w wodile przez neutrony predkie 2
cyklotronu MRC Hammeramith (trednla energia neutrondw 7.6 HeV,
zmlerzona wartogd Gn- 9.4 %~ 0.6}, otrzymulac obliczony wartose
cnc 8.61. Pomiary dozynettcl Frickego wyhconane dla wlatki 60:0
wykazuly, ie wartos¢ dawki bezwzglednel promlenlowvania gamma v
Centrum Onkoleogil w Krakowle mote byd zanitona o ok. 3N,



OPHKE-AOIMMETPHA AN PAAMOTEPARERTMYECKOTO NYHKA BUCTPHX HERTPOHOB
M TANMA-MXMEN

Coaepranme

McroAs 3ys CYRBSATHO-XEREIOBWR (PpMXe) ZG3IMMETP ONpRAtEeNW 203w 6
TEPATIERTHYECKOM  MYMKE® SuC TpeDE HOATPONOS . TeNEpMPOB aNNEt
UMKROTPOHOM Y-1Z20 MHCTHNTYTa flaepHofi ¢HlaxM » Kpaxose., & Tawzm »
AYNUKe TAMMA-AYMeR NCTOMHMKA o‘:'Co MCTONS IyenDro » PafinoTEpanHM B
Ouxosoruyecxon lientpe » Kpaxose. Onpeaesesnc wncao G-¢axkrTopa ass
HeRTPOMHOA COCTABRAVASN CHEEANHOIC AOAR (HERATPOH+CAarPW) NYYIXa
SuCTDUt MEATPONOB, FAE CPeEARNNE JHOPrua HeATponod - 5.6 NaV. Gn =
8.1 +- 0.8 OWNpasC: N8 MDAGNE CTPYKTYPMW TPENRA TPONIDEASE
TEOPeTHIECKHI PACYST, B KOTOPON MNCUONR3IORANW B3Rt N3 &pyrut
» pAdOT, CHEKTPM JapaxenNud BTODHYHW SacTHll, IFeNeDHpEaNNLE 8 DO
Suc Tparet weATPOHAMN UNKEDTPONS MRC Hammersmith ¢ cpeawas oweprns
HeRTPpONOS - 7.6 MeV, IKCWOPHIEINTARLNOR IHANGHWNE Gn = 0.4 - 0O,
NMOAYHAR TEOPETHMNECKOS JHAYENWE “NCAA Gn = 5.61, PPUNS ~ 20 NN TR
Ha Ayune ll‘!'Och TOXA INBART, %1TC  BEANNMRE adcomTnolh  aA0>w
TAMMA-WIRYweHHA 3 Ourxolorywcxon Usmipe roEeT Gute AN NS

SPHRGANINTEELND Na 3%



1. Introduction

Ot the chemical systems available for gosimetry, the ferrous
sulphate (Fricke; dosimeter 1t recognised to be the most suitable
with respect o accuracy, reproducibility and linearity (1}.
Considerable attention has been devoted to standardizing the
preparation of this system (2} and Lo measuring 1ts response after
doacs of gamma raye {(principally &°Co, 31V, after a variety of
heavy charged particle irradiations (4), as well ss aftler doses of
fest neutrons of various energies 1n the range 0.1 to 18 HeV
(5,6 .

Diily calorimetric devices and the Fricke dosiaeter can currentiy
be used for absolute dosimetry. Such dosimetry is of obvious
impor tance to radiation therapy facilities, 1ncliuding those using
cvclotron-produced heams of fact neutrons, The nmneutron beam in
krakow {7), of maan 20ergQy 3.6 MeV, in may ways resembles that of
the MF™ tn Hammerseith (mean enerqgy 7.6 MeVd where severasl
ducur ate measurements wsing the Fraicke dosimeter have been
performed (4},

Following " recent 1mprovement of the formula describing the
rajial distribition of dose around the path of a heavy ion (),
the measurzd response of the Fraicke dosimeter to charged particle
irradiations has been adeguately describea (10Q) in terms of l-hat
datector properties, according to Kalz’a 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 theorvy.

Up to now, no Fricke dosimetry of the fast neutron heam has been
performed i1n Krakow. The principal aim of this work was therefore
to develop an acceptable ferrous sulphate system and perform beam
dosimetry 1n order to determine the response of the Fricke
dosimeter to ow fast neutron beam, as rejated to its response to
a &2Co radiotherapy beam used at the Centre of Oncology in Krakow.
The latter measurement would also enable an absolute deterranation
of Lthe irakow gamma-ray doslactry, against routinely used
1onization chambsra (13,14) and against the new alanine dosimeter
which has recentiy been tested in Krakow in a Jjoint Danish-Folish
effort (15).

We sisg made theoretical calculations in order tt compare the
resuits obtained from our measurements with those calculated. [In
onwr track structure calculations, due o the lack of input data
pertaining to the anergy spectrum of .he neutron beam in Krakow,
we had to use the spectra of charged secondaries following
irradiation of water by fast neutrons of tha Hammersaith beas,
known from other work {i1). The reasults of our calculation could
then test the sensitivity of the model to the differences betwaen
the enargy spectra of the neutron beams at Krakaw and at
Hammarsmith.
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. Materrals and methods

2.1 The Fricke dusimeter

The preparation of the dosimeter solutiron and its subsequent
measurements Aaffer irvadiations wers carried ut strictly
arcording to the Standard Test Method (ASTM Designation D 1A71-72)
‘2, with minor modifications in the recommended spectruphufometer
calibration procedure.

™.1.1 Standard recommendations and formulae

The method of preparing the solution of ferrous ammonium sulphate
{0,001 M in FelNHL) (80 o, D.001 M in NaCl, and 0.8 N in Ha50, .,
and 1ts subsequent wee 1n dosimetry, are described in detayl by
the ASTM SLandard (3,

Ax 1t 15 well known, Lhe rhange of absor bance of the Jdusiwatric
anluti1on cauaerd by chemorasulative oridation of ferrnue to forrmic
10ns 1 proporbtional to the dose abhsorbed. Changes i sbeorbance
are mesaured at the UV wavmlength nf 2064 nm, against the
absorbance f the une:posed dJusimetric solution, The concen-
tratson of FaP+ 1pns, hence the absolute dose, comn then he deter-
winEd uirectiy .

The absorbed dose, D (in ¢Gy), is calculated from the following
formula (2)s

D = [9.65x108x¢x (OD; -~ 0OD,)3/ (ExGapd (3t
wher e

0o absorbance of the exposed solution,
absorbance of the unexposed sclution,
dilution tactor, finai volumesinitial volume (wher
neaded)
= the number of molecules reacting per 100 slectron
volts absorbed. (G = 15,8),

= mplar extinction coefficient
= density of undiluted solution (1.0Z g/ml)

B

o m [H) e
8

As the molar comfficient of axtinction depeands on temperature, the
foillowing temperature correction to the measured dose 1s
recommended (2):

D{T,) = D(Tg)L 1 + 0.007x{ Ty = Ta} )1 oy

gy i

: the formula in (2}, p. 42%, is erroneous




where;

Te = temperature at which the calibration curve was
prepared, deq C, and

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

D(Ty) = dose {(cBy) measured at temperature T,, and

Di(Tg! = dose (cBy) referred to temperature Ta.

2.1.2 Reagents and ampoules

The dosimetric solution containing 1 mM ferric ammonium sulphate
and 1 mM sodium chloride in 1 1 of 0.8 N sulphuric acid was
prepared using re~destilated water and analytic-grade reagents. A
fresh solution was prepared before each exposure run and samples,
each containing I ml of sglution, were placed in ampoules made nf
"Termisil" glass (first batch) or of "Sylvit" glass {(sacond
batch} , Ampoules were flame~segaled, Before placing the
dosimetric solution in them, ampoules were filled with a solution
of ferrous ammonium sulphate, irradiated with 250 kVp X-rays to a
dose of c. 300 Gy and emptied, in accordance with ASTM
recommendations (2) ., The dosimetric samples were irracdiated in
the same ampoules the internal diamcter of which was 17.2 mm and
wall thickness 1.1 mm,

2:.1.3F. Spectrophotometry.

All optical density measurements were perforeed using a VSU 2-P
spectrophotometer (Carl Zeiss, Jena, GDR) at analytical wavelength
of 305 nm, 0.4 mm slit width, and uming qQuartz cuvettes of 1¢ mm
thicknaess, The absorbance readouts were temperature corrected
whenever necessary using the temperature coetticient of +0.7% per
deg C.

Solutions used to determine the spectrophotometry calibration
curve were prepared as follows: an exact aliquot of 4.8198 ¢ Fe
NH4 {804} 5. 12 Ha0 was diluted in 1 1 0.8 N sulphuric acid (solution
Al 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 R were transferred to 100 mi volumetric
flasks and filled with 0.8 N sulphuric acid up to the 100 m)
marker. Absorbances of thus diluted solutions were then read
uzing the spectrophotometer, with the result given above.

The molar coefficient of absorption was found to be 2108 1 wmoi-1
cm—1 at a temperature of 185.35 °LC, {(In the range of calibration
concentrations, C = (1.8 - 25)x 10-% mdl 1-% of FeP* jons, the
calibration curve was fitted by linesr regression as A (ce—1} =
~8,01x10-B{cm—1) + 210& (1 epl-tce-t)x C {(mol 1-1), with a
coefficient of determination RE « 0,99941) When corrected teo
24,5¢C, the value of this coefficient of absorption is 2194 )




mol=icm—1, well within the recommended range 2195 +- 10 | mol-1
cm=3 (3,

No temperature correction was made in the calculations of dogses to
account for the variaticons of temperacure at which samples were
{rradiated as these never exceaded the range iB-Z4el,

2.2, Radiation sources and dosimetry.

The gampa-ray irradiations were carried out with one of the S¢Co
sources at the Centre cof Oncology in Krakow, a SIEMENS Gammatron S
radiotherapy unit, of present activity of ¢. B x 1033 Bg. Fricke
dosimeter ampoules were sxposed at a dose rate of c, & x 102
By/s, under the control of a Baldwin-Farmer air ionization chamber
of 0.4 ca¥ connected to an IONEX type 2500 exposure meter.
Ampoules were placed in a Ferspex holder of 5 mm thickness to
ensure plectron equilibrium, and the absolute accuracy of exposure
asseasment was Cc. 2 4. In two separate runs seven expoBUres were
made, ranging from about 50 Gy to 200 Gy.

The fast neutron irradiations were carried out behind the 13 X 135
cm@ collimator of the cancer radiotherapy beam at the Institute of
Nuc lear Fhysics in Krakow. Here, tast neutrons are produced via
the Be(d,n>B reaction from deuterons of 12.5 MeV accelerated by
the U-120 cyciotron bombarding a thick Be target, The mean Tast
neutron energy is €. 5.6 MeV and the gamma contribution to the
total (neutron + gamma-ray’) doae iw 4% (13). Fast neutron
dosimetry for this bear is carried out according ta the European
Protocol (14, The total dose was mrasured bv an Exradin chamber
of 0.53 cm® valume, in terms of Gy (tisgsue) per charge (Coulomb) of
the deuteron beam, and the exposures controlled by measuring the
beam charge {average beam current c. 14,5 yh, calibration factor
0.0112 eGy/ul) . For neutron irradiations, ampoules containing the
Fricke soclution were exposed in air at the centre of the
irradiation field. In two sepac-ate runs eight exposures were made
in the range from 50 Gy to 200 Gy.

3. Ihe model cajoulation

Track structure theory (11,12) relates the response of a detector
after Jdoses of "test” radiation (5002 gamma rays) to its response
after. doses of heavy charged particles, specified by their charge,
valocity and fluence {(number ot particles/cm®). In terms of this
theory, the Fricke dosimeter is & 1-hit detector (10). describeg
by three parameters: "c-hittedness" {(c = 1), characteristic
radiosensitivity to test radiation, Do (Do = BOOO By}, and size of
target given by its radius, ap {ap = 6.5 nm.
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The theory assumes that the sigral § (e.g., the value of
absorpance) of the Fricke dosimeter 1s linear with gamma-ray dose
D, up io saturation, snd given by the 1-hit formula:

S{D,) = Sg (1 — exp(=D /Te)) (3

where Sg is the signal at saturation. The probability that a
si1gnal occurs after a dose of test radiation D, is P{(D,) =
S(Dgy} /S5 )

It is assumed that the target 15 a sphere of water of radius a,
surrounding an Fe2® ion such that & single hit {(e.gQ., a
transversal of one of the electrons, or delta-rays, surrounding
the ion in its passage through the detector medium) ve&n initiate
the sequence of avents which diffuse to the Fea@+ jon and finally
transform it to an Fe®*+ jion, The radial probability of this event
occurring, Pir), is calculated from the average vnergy deposited
in the target volume (local dose), Egsi(r), calculated (9 as a
function of the radial distance from the ion’s path, r ¢

Pir) = PEg(r)) = P (l=axp (~Eqo (F}/Dg)) (a)

We calculate the single-particle action cross-section for this
event o by wvolume integration of the probability Pir) over all
radiiz
T
e 2nft Py gt s s
Q

where the upper range of integration is limited to the maximum
range of delta rays surrounding the jion, T,
After a fluence F particles/cmd, or ion dose, in water, D; = F x L

(L. is the stopping power ot the ion, or its LET), the signal
observed in a thin specimen (track—-segment irradiation} ia

S(D;) = Sgll - expi{~oF)) = Bgi{l — exp{-oD,s/L}) (&)

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

RE = S,;)/SD,) ; D: =D, (7

After eaxpanding equations (4} and (7) in the linear regQion and
performing simple arithmetics, we arrive at the tfollowing

Equation (2) in ref, {10) is erronsous
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description of relative effectiveness in track gegment irradiat-
ion:

RE {calculated) = oD,/L g8}

This value can be compared with the measured G-values for ion
_irradiation of thin samples, G;, and that for gamma-rays, G (for
€oCon, GIiFe3*) = 15.6):

RE (measured) = G; (FeP+) /G (Felk+) (N

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

t=xR O
oave R =Jodr = Jiorw ot (10
t=0 T.
and:
Lave = Ti7R (n

The effect of irradiating the detector with a bsam of fast
neutrons i 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 ¥, and the absorbed dose from neutrons by D..
Rz; rapresents the range (in cm) eof an ion of atomic number I and
initial kinetic energy T,, while diNz,;/dT; represents the number of
secondary charged particles of atomic number 7 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 anergy spectrum). Thens

Do =Y LTI {67;) (dNz;/7daT;) T,;1 {12
Z Ti
and:
P(D“J = 1= EHP(-Y | N (ﬁTi) {dNZi,dTi)aﬁV‘,Ii Rzil} 13)
2T,
The detector signal after a neutron dose DB, is then S(D,.) = Sg

P(D.}, and the relative effectiveness of the detector atter a

12



neutron dose can be calculated from equation (B} and compared with
axperiment (eq. (10} by replacing D; by b, and G, by G, Ithe
measured G-value after a neutron 1rradiation) in these two
squations.

The secondary spectra (dNz;/dT;) for all secondary particles
generated in water after irradiation with the fast neutron beam of
the MRC cyclotron in MHammersmith {private communicatian »f Dr.
John A. bDennia to Dr. Robert ¥Katy, see also (1&)}} and the program
fur calculating the response of the Friclte dosimeter to this beam,
have besn kindly provided te one of the authnra (MPRW) by Dr.
¥atz. The program, developed originally at Dr. Katz's laboratory
fl.incoln, MNE, UGA) by FMrs. Rose Anne Roth for the 1BM mainframe,
has fnow been modified, also at Lincoln, by Mr, Gary L. 3Sinclair
and Mr. Givargis Danialy to run on an IBM-PC/XT - compatible
computer, The program is written in FORTRAN-77.

4. Rasults

The rasults of measurements arg given in Table 1 whare the nominal
dose, Dp (Gv), the run number, merasur=sd absorhance, tempwrature at
which absorbance was measured, the calculated dose, Dg,; and the
rativ Dgp/Dep are linted for the gamma-ray and fast nsutron
exposures. Valuea of aolar extinction coefficient appropr:ate to
the indirated temparature of measurement and G = {5.6 were used
for calculating Dg.

4.1. Gamma-ray exposures

The average value of Du/Dg for all seven point= ie ‘De/Dgs =
1.027, the standard deviation SD = 0,078 and the coefficient of
variation (100%SD/<x>} ia CV = 7.6%, Eliminating the highest and
lowest measured vaiues (points No. 4 and No. &) dues not
appreciably change the average value: <Dp/Dg> = 1.028, but the
standard deviation decrsases to 0.022 and the cesfficient of
variation CV = 2.2%. He note that the valus of <D/Dg> Qrester
than | indicates “underexposure”, i.e. that the planned axposure
is lower than expected, in terms of ahynluts units of dose.

4.,2. Fast neutron exposures

The average value of De/Dg is in this case <Dp/bDg> = 0.382 , SO =
0.025, CV = 4.38%, if all eight pointes are comidared. if one
eliminates the highest and the lowsst values of Dg/Dy in this sat
{points No. & and Wo. 5}, the respective valuse ares <Dg/Dg> =
0.%5685, 8D = 0.017, and CV = 2_98X.



To calculate the G-value +or the neutron companent of ocur beam,
where the contribution of neutron dose D, to the total beam dose
Dy is 96% as measured by tissue-equivalent :onization chambers
‘173, i.e. Dy = D, + Db, = 0.%9%xkrDy *« 92,04:Dy, where K is the
neutron kerma for water and D, is the gamma-ray dose contribution
tu the total beam dose Dy, we calculate the number of Fe?+ ions
produced by each component ot the beam:

For gamma-rays ¢t N, = G x D, (we assume G = 15.6"
" For neutrons: N, = 6, x B,

The total number ol FeZ+ jons is then:

Ne =G, x K x 0.96 x Dy + 6 x 0.04 x Dy {14}

By rearrangement:
Gn = (NG /L) — G 5 0.04Y/ (0.6 & K 13

We nmote that Ne/Dy = G & De/Dgs where Da/Dg (fOr neutron
exposures) 18 the valus measured experimentally. Finally,

G, * G x ( {(Dg/Dg) — ©.08 3/ 0,96 x + ) (1o

We calculate the value of K as the ratic of Ferma for water to
kerma for tissue at 5.7 MeV neutron snergy from the tables of Rach
and Caswell (171 K = }.094, The G-value tor our fast neutron
beam is then:

G, = 15.4 x (0.585 ~ 0,04}/ {0.96 » 1.094) = 5.4 x 0.52 = &8.10

The error on this value can be estimated as a sum of the relative
errors of evaluating Dg/Dg (34), and of experimental dosimetry for
gamma-rays {24} and for the neutron beam (Z¥). Thuse:

G" = 801 +~ 006

4,3. Model calculations

The program has besn run on an 8 MHz IBM-FC/XT compatible computer
eguipped with an B087 mathematical co-processor and 540 Kt FRaM
memory. When compiled using the Ryan—-McFarltand Profort V,1.0
compiler, the program completes the calculation in about I hours.
The secondary particle spectra are for the Hammersmith tast
neutron, beam irradiating pure water, The Fricke detector mwas
represented by the following parameters (units are those usmed in
the programl: C = 1, E5 = B8 x 100 erg/ca®, a4 = &£.5 x 10-7cm. The
calculated efficiency of this detector, relative to gamma-rays, is
€ = 0,552. The calculated G~value is therefore:

6., = 15.6 » 0.552 = §.61

“



S. Digscussjon

The results of this work raise several questions. We judge the
overall reproducibility of our measurements {our randoms
uncertainty is at best JI¥%) to be inferior to that quoted in the
literature, of 1% (1,2).

We believe that this poor reprocucubility 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 alkalizeée 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 cgurve. He have eliminated
from our analysis gamma-ray exposures below A0 Gy for that reason.

Despite the large uncertainty in the results of gamma-ray
exposures, :here is an indication of a systematic “"underexposwe",
of about I %. Intereatingly, a similar result was cbtained when
w:posing alanine detectors to the same beam (15), These results
way indicate the premence of a systematic Jdifference of about -3%
in the absolutg gamma-ray dosimetry at the Centre of Oncology in
Krakow, or in relation to, ®.9., Risoe Mational Laboratory,
Denmark, While the discrepancy is well]l within experimental error,
1ts obmervation in two independent experiments using two different
dosimeters, could perhaps be significant.

The results of Fricke dosimatry perforsaed at the MRC Hamsersmith
beam, quoted by Green et al. (8), when presented in teres of the
neutron G-value, are %.74 +-0.10 (17 irradiations) and 9.59 +
D0.07 (1B irradiations) where the errors are random only. Taking
into account their overall uncertainty of &X due to basic
ionization dosimetry, Gresn gt _al. arrive at & ssan value of G, =
F.4 += 0.8,

We have yvet to meet this repeatability, however, the difference
betwen our result (6, = 8.1 +- 0.6) and that obtained at
Hamamesmith clearly indicates that the differsnces betwean ths
neutron spectra at Hammersmith and in Krakow are significant
enough to be resclved by Fricke dosimetry. We have confirmad this
result in our alanine work (1%, where our mesasured relative
effectiveness was 0.860 +— 0,03, while that reported by Sissons and
Bewley (19 for the Hasmersaith bsam is 0.63 + 0.,05. The gradual
increase in the G.,-value with increasing neutron esnergy (for
mono—energetic nsutrons! has been studied by Lawson angd Porter
(5)., OQur result is quite compatible with their svalustions.

The value of G, calculated from track structure theary, though, as
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sxpected, larger than our measured value, underestimates th=
Hammer simith result (the calculated value is &% above ours and 12%
below the MRC valued, Interestingly, while track structure
calculations wiih the same values of the three parameters appear
to be consistoent with the reportegd differentiation vyvields in the
Fricke dosimeter for chargad particles (corresponding to track
segment irradiation) to within about 5 %, the same calculation
undaerestimates the reported integQral yields {(after stopping
particles), also bv about 15 % (10). This could indirate problems
- wWith the stopping particle modei &t low energies, a major part of
the neutron calculation,

One myst attribute thes® discrepancies mainly to uncertainties in
our knowledge of the “effective charge", of the radial
distribution of dose and of the =stopping power and range at low
energies of heavy ions,

Some calculational error could alseo be inlrouduced through errors
in the determination of the energy spectra of charged secondaries
from Lhe fast neutron bLeam 1n water and Lhrough the assumption im
our calculations that the Frickhe dosimeter i3 composed of pure
water only.

The need to evaluate secbndary particle spectra for the U-120
Nnedtrons eseems to be evident. Firat, however, the neutron energy
spectrum af the Kralow beam would have to be evaluated, a problem
of some complexity,

For radiobiological purposes, however, the presently obtainable
calculational accuracy of about 10% would perhaps not be unre@ason-
avle. )

&, ne lusion

Ferrous sulphate dosimetry is an excellent and highly accurate
technigque 1if the high demands for compound purity and chemical
standards are msat. Our fTirst attempt, though in need of further
improvement, has demonstrated the usefulness pf this method.
Jogether with an independent tissue-equivalent dosimetric syatem -
alanine = and a theoretical eodel which presentily reproduces the
experimental results for the Fricke and alanine dosimeters to
within about 10% (but pernaps could be improved), we are able to
build & consistent dosimetric saystem for measuring fast neutron
doses. Tha present reproducibility of our Fricke dosimetry is no
worse than 4%.. Though further work is needed to improve the
accutacy of our Fricke dosimetry and of our calculations, the
system can already be used for fast neutron radiobiology at the
U=-120 cyeclotron, The obwerved indication of a possible
discrepancy in the absolute dosimetry of gamma-ray doses at the
Centre ot Oncology in Krakow will need further confirmation and
corrective work if it is found to bw real.
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Table 1. Experimental results of Fricke dosimetry in the
pamsa-ray and the fast neutron beams

0Co gamma-rays

PRint Run Exp. Absor~ temp.of .Calc. De/Dg
NG . No. dosetl bance "2as . dosel

DE'G? ce~1 d'!g C Dc,GY
3 ] oa, 29 0.340 18.5 P7.9i1 0.995
< 1 i47.18 0.5%e 18.5 134 .33 1.049
T ] 194,07 0,718 18.5% 208%.90 1,050
4 2 4% .44 0.211 24.5 58.32 1.174
s 7 49, 64 0,172 24.%5 47 .%4 O.957
& 2 9.1 0,337 24.% FI.15 0,938
7 2 99,33 0. 3489 24.% 102 .00 1.927

o A . o S . el e g e o R e o, - -

uU-12¢ fast nautrans

—— - e ——— -

Poaint Run Exp. Abspr- temp.of Calc. De/Dp
No. No, dosed bance [ 1 dose?3

Og , Gy cm—3 deg C DBy
1 1 a9%.38 0,167 18.5 53.85% Q.&02
2 1 f2%.38 0.18% 18.5 54,43 0. 4609
3 2 GO, ON Q.E0% 24.5 28.47 0.549
4 2 30.00 0.097 24.5%5 26.81 0,538
5 2 150.00 0,332 24.5%5 1.77 0,512
& oy 150.00 0.317 24.% 87.52 0.584
7 2 200.00 0.412 24.5 113.88 0,589
8 2 200.00 0.41% 24.93 114.71 0.574

1 ahsorbed dose, in u;tlr
& absorbed total beam dose, in tissue

2 assuming G = 15.46 and Dg = Dy (100% gamma, in water)



