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CHAPTER I

Electron and photon irradiation facilities at the Ghent Nuclear Physics

Laboratory.

INTRODUCTION

The Nuclear Physics Laboratory is equipped with two linear electron accelerator facilities, mainly

devoted to fundamental nuclear research. The existence of these facilities, covering the energy range of

medical and industrial accelerators, but with for Belgium «nique performances, opens a wide range of

possible accelerator based services. Figure 1 shows the general layout of the accelerator facilities.

With our facilities we can carry out electron and ̂ -irradiations for firms:

- which want to check whether radiation processing is suitable for their applications;

- for which the scale of production is too small to buy an expensive accelerator;

- which are interested in the development of new irradiation based production Methods or radiation

dose measurement techniques.

Possible medical and industrial fields of collaboration are:

- medical sterilization

- radiation therapy

- food preservation

- destruction of insects

-curing of coatings

- color changes in gemstones

- polymerization

- cellulose depolimerization

- vulcanization of natural and synthetic elastomers

- treatment of combustion gases

- treatment of sewage

- radiation effects in electronics

- radiation damage in structural materials
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figure 1 : General lay-out of the accelerator facilities.
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For applied radiation research, the 14 MeV accelerator is normally used. Therefore the present re-

port only deals with this facility. However, if for some applications, the use of the 70 MeV accelerator fa-

cility should be preferred, irradiations can be carried out with this accelerator as well.

THE 14 MEV LINEAR ACCELERATOR

The 14 MeV high intensity linear electron accelerator is an S-band travelling wave accelerator,

consisting of two accelerating sections, both fed by the same klystron, with a variable directional coupler to

obtain the desired power level in the sections. The characteristics of this CGR-MeV accelerator are shown

in the table below:

radio-frequency 2999 MHz

repetition frequency variable between 1 and 2500 pps

beam pulse length variable between 2 and 10 yjs

beam energy 1.75 MeV (after 1st section)

variable between 4 and 14 MeV

Figure 2 reveals the time structure of the pulsed electron beam. For irradiation applications only

the macropulsc (width variable between 2 and 10 (is) is of relevance.

MICROPULSE

I peak

330 ps ~K)ps

1ms for 1000 pps

figure 2 : Time structure of the pulsed electron beam.

Beam intensities can be characterised by the mean current Imem or by the peak current Ipubc in the

macropulse:

k For absorbed dose considerations, the peak current Ip»iK is related to the absorbed dose rate during tbe

pulse, Ipuite x Atpuite is related to the absorbed dose per pulse, Im«* is related to the mean absorbed dose

rates, while Imein x irradiation interval is related to the integrated absorbed dose.

2
.1
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figure 3 : General outline of the 14 MeV linac beam transport system.
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The maximum mean currents that can be accelerated are shown in the table below, together with

the energy-analysed currents.

Energy (MeV) Max. I,mean(nA)

1000

770

960

1000

600

Imean(pA)

AE/E = 1%

40(0.2%)

440

540

800

450

1.75

4.

6.

10.

14.

THE BEAM TRANSPORT SYSTEM

Figure 3 shows the general outline of the beam transport system. For electron irradiations beam-

line Cl is used, while photon irradiations are carried out at the end of beamline C4.

THE IRRADIATION FACILITIES

I
Jî
c

ja

I. The electron irradiation facility

The electron beam is focussed with the last quadrupole triplet on the vacuum-window at the end of

the beamline Cl. Scattering of the electrons in this window, followed by the drifting of the beam in the air

is used for beam flattening. Because of the energy deposition by the electrons in the window, adequate

cooling must be provided. Therefore a water cooled aluminum window was designed, which can handle a

mean current of appr. 100 pA. The electrons are transmitted through 2. mm Al, 8.6 mm H2O and another

0.5 mm Al. For special applications, the water cooling can be removed from the window, ¡caving a 2. mm

Al window. In this case forced air cooling over the window is applied, and currents up to a few ¡¡A can be

handled.

Absorbed dose-rates

We can easily derive a value for the absorbed dose rates that can be obtained with the irradiation

facility. We will do this for a foil that is placed perpendicularly on the beam axis. The absorbed dose for a

foil will give a reasonable idea of the surface dose in a phantom, but for the in-depth dose, material density

and homogeneity, scattering and other peripheral factors will be in effect.

The relation between the absorbed dose-rate in the foil and the beam current I is given by:
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dD/dt = 1 0 3 A r 2 (dE/dp) I (Gy/s)

with :

r beam radius (cm)

(dE/dp)coll collision stopping power (MeV cm2/g)

I beam intensity (uA)

(1 Gy = U/kg = 100 rad)

If in the above expression I stands for the peak current, pulse dose rates are obtained, if I stands

for the mean current, mean dose rates are given.

Using a typical value of 1.9 MeV cm /g for the collision stopping power, we obtain the following

maximum dose characteristics directly behind the exit window, where the beam size is about 1 cm .

pulse dose (Ipuise = 80 mA, Atpuise = 10 |¿s) : 1500 Gy/pulse

pulse dose rate : 150106 Gy/s

mean dose rate(Imean = 100 uA) : 190103 Gy/s

At a distance z from the exit window, the absorbed dose rates are calculated, taking into account

the spreadout of the beam. The scattering of the beam in the exit window can be described with high accu-

racy by a simple gaussian distribution, characterised by the mean square angle < 62 > :

$ (9)d0 = $ ( O ) . e x p ( - 0 2 / < 0 2 > ) A < 0 2 > .dB

which gives the number of electrons per unit area within the interval [8,8 + d8].

The angle < 6 > is given by the following expression :

<S2> = |T (u )du ,

where the integration is carried out along the exit wmdow, and where T(u) stands for the linear scattering

power.

In the table below the values for <8 > for different incident energies are listed (for the water-

cooled and uncooled window)

Incident energy (MeV) < 82 > (radian2)

2mm Al-8.6 mm H2O-.5 mm Al 2mm Al

6.

8.

10.

12.

14.

.550

.293

.186

.129

.0944

.175

.103

.0690

.0500

.0375
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The distance z from the exit-window, where the dose homegeneity over a circle with radius r (the

homogeneity is defined as the ratio between the absorbed dose at r = ro and the absorbed dose at r = 0)

reaches a desired value p is given by:

e x p ( - a t a n (rQ/z)/<e2>) = p c o s ( a t a n ( r Q / z ) )

In the table below values for the distance z are given for different combinations of ro, p and the in-

itial beam energy (impinging on the water-cooled exit window).
:ands

iwing

:ount

iccu-

rmg

ter-

ro (cm)

2.5

ro (cm)

5.0

ro (cm)

7.5

ro (cm)

10.0

p = .99

p = .95

p = .9O

p = .80

p = .75

p = .5O

p = .99

p=.95

p = .9O

p = .8O

p = .75

p = .5O

p = .99

p = .95

p = .9O

p = .8O

p = .75

p = .50

p = .99

p = .95

p = .9O

p = .8O

p = .75

p = .5O

Eo=6MeV

28.6

12.5

8.6

5.7

-

-

Eo=6MeV

57.1

25.0

17.2

11.4

9.8

5.5

Eo = 6MeV

85.7

37.5

25.7

17.1

14.7

8.2

Eo = 6MeV

114.3

50.0

34.3

22.8

19.6

10.9

Eo=8MeV

42.6

18.7

13.0

8.8

7.7

4.7

Eo=8MeV

85.2

37.5

26.0

17.6

15.4

9.4

Eo = 8MeV

127.7

56.2

38.5

26.4

23.6

14.1

Eo = 8MeV

170.3

74.9

51.9

35.2

30.7

18.8

Eo=10MeV

55.0

243

16.9

11.5

10.1

6 3

Eo=lOMeV

110.1

48.6

33.8

23.0

20.2

12.6

Eo=lOMeV

165.1

72.9

50.7

34.5

303

18.9

Eo=lOMeV

-

97.3

67.6

46.0

40.3

25.1

Eo = 12MeV

67.2

29.7

20.7

14.1

12.4

7.8

Eo-12MeV

134.4

59.4

413

28.2

24.8

15.6

Eo=12MeV

-

89.1

62.0

423

37.2

23.5

Eo=12MeV

-

118.8

82.6

56.4

49.6

31.3

Eo = 14MeV

79.5

35.0

24.4

16.7

14.7

9.3

Eo = 14MeV

159.1

70.1

48.8

33.4

29.3

18.6

Eo = 14MeV

-

105.1

73.2

50.1

44.0

28.0

Eo=14MeV

-

140.2

97.6

66.7

58.7

37.3
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ro (cmj

15.0 p = .99

p = .95

p = .9O

p = .8O

p = .75

p = .5O

Eo = 6MeV

171.5

75.0

51.5

34.2

29.5

16.4

Eo = 8MeV

255.5

112.4

77.9

52.8

46.1

28.2

Eo = 10MeV

-

145.9

101.3

69.0

60.5

37.8

Eo = 12MeV

_

-

123.9

84.6

74.3

46.9

Eo = 14Me'V

-

146.4

100.1

88.0

55.9

100

10

10

Mean absorbed dose

10

Pulse dose rate
Qy M M peak

p=.5O

10=

101"

103

15 ro(cm)

figure 4 : Maximum electron absorbed dose rate versus homogeneity.
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In figure 4 the maximum dose-rates as a function of the desired homogeneity are shown. There is

little variation with energy for these characteristics. For practical ase, the maximum dose >ates as a func-

tion of the distance from the exit window for different energies are given La figure 5.

1 0 u -

50

figure 5 : Electron absorbed dose rates as a function of the distance from the exit window.

The radiative energy loss of the electrons in the vacuum window results in a bremsstrahlung con-

tamination of the electron beam. This photon contamination in the absorbed dose, varies from appr. 1 % at

14 MeV electron energy, to appr. 15 % at the lower energies.
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li. The photon irradiation facility

At the end of the C4 beam line, the electrons are stopped in a graphite beamstop. This beam stop,

which was specially designed to allow for the dissipation of a 0.5 mm diameter 15 kW electron beam, is used

as bremsstrahlung target for the production of the photon beam for the irradiation facility. The photon ab-

sorbed dose rates that can be obtained with these beam stops are proportional to 1/d , where d is the dis-

tance from the effective source point, which is located at ± 13 cm before the endplane of the beamstop.

Absorbed dose profiles in air are shown in figure 6.

9 MeV

20 cm

-20 -15 -10 -5 10 15 20 cm

figure 6 : Photon absorbed dose profiles.



MICROCOPY RESOLUTION TEST C H Í R T

NATIONAL BUREAU OF STANDARDS
STANDARD REFERENCE MATERIAL 1010a

(ANSI and ISO TEST CHART No 21

- 12 -

The dose rates on the beam aids are given by the following expressions (with x the distance (cm)

from the endplane of the bearastop):

Electron energy (MeV)

9

10

11

dD/dt (Gy/tiA/s)

10.7/(x + 12.06)2

13.2/(x+13.4)2

figure 7 : Beam stop with Pb-beam flattening filter.

Photon beam flattening is obtained with the use of a Pb-flattening filter (see figure 7). In the

figures 8 and 9, absorbed dose profiles and iso-dose charts are shown.
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full l ine-with beam flattening

dashed line unfiltered profile

distance from source

0
-20cm —
- 3 0 c m _

figure 8 : Photon absorbed dose profiles.

10% 10%

Í 1Cm

-15cm -10cm -5cm 5cm 10cm 15cm

figure 9 : Iso-dose charts.
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The absorbed dose rate on the beam axis for 10.7 MeV electron energy is given by the following ex-

pression (x = distance (cm) from the endplane of the beamstop) :

dD

dt

4.8

(x + 2 6 ) '

ABSORBED DOSE MEASUREMENT TECHNIQUES

Absorbed doses, both for electron and photon irradiation, can be measured at the laboratory using

different precision dosimetry systems.

I.Chemical methods.

1. The ferrous sulphate dosimeter.

The ferrous sulphate (Fricke) dosimeter has been extensively used for absorbed dose measure-

ments. Much effort has been invested in determining its response for different ionizing qualities and it is

now well understood and can be used for accurate measurements of absorbed dose.

The standard dosimeter solution is composed of 1 mol m ferrous ammonium sulphate and 1 mol

m'3 NaCI in 400 mol m'3 sulphuric acid. Upon exposure to radiation, the oxidation of the ferrous ions is di-

rectly porportional to the absorbed dose. Determination of the ferric ion concentration is done by direct

spectrophotometric analysis of the irradiated solution. The measured difference in absorbance is related to

the absorbed dose in the dosimeter solution according to the equation

where :

Dmean = mean absorbed dose in the dosimeter solution;

AAt = increase in absorbance due to irradiation at temperature t;

p = density of dosimeter solution;

I = length of lightpath in photometer cell;

(em)t = difference of molar linear absorption coefficient for ferric ions and for fer-

rous ions at temperature t;

Gt' = radiation chemical yield of ferric ions at the irradiation temperature t'.

The range of absorbed doses that may be determined with adequate accuracy is 30 to about 350

Gy. A practical dosimeter consists of a perspex container, with a solution volume of appr. 1 cm . The rea-

dout of the system is done immeadiately after the irradiation, and it takes about 10 min per reading.

Dose profiles can easily be determined by irradiating different dosimeters at the same time.
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2. The alanine dosimeter.

The alanine dosimeter has been used for absorbed dose determination in the high dose range,

using ESR-techniques.

We developed another accurate method based on a spectrophotometrical technique. On irradiat-

ing the amino-acid alanine C3H7NO2, and dissolving the irradiated powder afterwards, NH3 is produced

proportional to the absorbed dose, for doses up to 5.105 Gy.

Practical dosimeters consist of a glass container, with appr. 100 mg powder. The redout of one

dosimeter takes about 20 min, and can be done immediately after the irradiation. Due to the negligible fad-

ing, the irradiated powder can be stored for periods as long as several months before readout.

II. Air ionization chambers.

On-line absorbed dose measurements can be carried out with a Farmer Dosemeter 2570 system.

Three thimble chambers are available: a .6 cm3, a .2 cm3 and a .lcm3 chamber.

The system offers the advantage of on-line measurements, but is limited to maximum integrated

doses of 20 Gy. The chambers have been calibrated at the laboratory for use in electron beams, and correc-

tion curves for pulse charge recombination have been obtained experimentally.

SINGLE PULSE IRRADIATIONS

The possibility to use the radiation facility for single pulse irradiations has been provided. The re-

producibility of the system has experimentally been verified, and is better than 10 %. For monitoring of the

system, a thimble ionisation chamber was placed off axis, and the single pulse ionisation charge was re-

corded. Between the single pulse irradiations, the RF-system of the accelerator was completely turned off,

to simulate realistic situations where in between irradiations free access to the irradiation facility must be

possible.
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P A R T II

CALORÎMETRIC CALIBRATION OF THE FERROUS

5ÜLPHATE POSEMETER.
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CHAPTER II

Absorbed Dose Calorimetry in electron beams : Vacuum gap

Perturbation.

1. Introduction.

The mean absorbed dose D¿ in a liquid or solid

cavity, introduced in a homogeneous medium, is related to

the mean dose Dm in the cavity, when replaced by homogeneous

medium material, through the relation /I/:

Dm = Di sm,i Pm,i (1)

where sm ^ is the stopping power ratio, and the perturbation

factor p m £ corrects for the perturbation of the electron

fluence due to the presence of the detector material in the

medium /I,2/.

In order to reduce heat-loss corrections in

calorimetric dose measurements, several investigators have

used heat-loss compensated three-body calorimeters (see e.g.

Domen /3/). From a dosimetric point of view such a

calorimeter consists of an assembly of graphite bodies,

seperated by small vacuum gaps. Doses are obtained from the

energy imparted in the central body. While such a

construction greatly enhances the thermal characteristics,

the perturbation of the primary electron fluence caused by

the presence of the vacuum gaps finally gives the dominating

uncertainty in the calorimetric determination of the

absorbed dose in electron beams /I/. The effect of these

vacuum gaps should therefore be included in the expression

(1), via an appropriate perturbation factor p m ¿.

In the present chapter a numerical method for the

calculation of this perturbation factor is described. The

calculations are applied to the graphite NBS-type

calorimeter that was used for the calibration of the ferrous

sulphate (fricke) dosimeter, described in the next chapter.
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Figure 1: Coordinate system used for electron trajectories

calculations.
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Figure 1 shows schematically this calorimeter, with the

cylindrical central body (diameter 2 cm, heigth 0.275 cm).

When no extra graphite is placed in front of the

calorimeter, the central body is located at a graphite depth

of 0.3725 cm.

2. Principle of calculation.

Since we are interested in dosimeters whose

dimensions are much larger than the build-up and build-down

depths of the secondary electron spectrum, we can neglect

the transition of the secondary electron spectrum near the

cavity borders, and then the perturbation factor p m ¿ in

equation (l) can be obtained from the ratio of the mean

tracklength of the primary electrons in the cavity filled

with medium-material to that in the dosemeter (normalized to

the same number of electrons incident on the phantom).

As long as no correct absorbed dose calculations, including

secondary particle fluences, are available for complex

geometries such as dealed with in the present case, we

believe that these primary electron fluence approximations

give at least a good idea of the effects that are considered

and of their importance in the overall accuracy of absorbed

dose determinations.

Svensson and Brahme /2/ obtained an analytical expression

for this ratio for a cylindrical detector volume. The same

procedure can now be applied to calculate the perturbation

of the primary electron fluence in the calorimeter due to

the vacuum gaps, as compared to a homogeneous phantom.

However, due to the complex geometry a simple analytical

expression for p^ ^ as derived by Svensson and Brahme can no

longer be obtained, and one has to make use of a Monte-Carlo

calculation, where a large number of primary electrons are

traced through the phantom.

The Monte-Carlo calculation described in this paper does not

give exact single-particle trajectories; however when all

single trajectories are summed, consistent overall beam

characteristics are obtained.
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The single-particle trajectories are calculated as follows.

The phantom is divided in a number of thin slabs of

thickness dz. The direction of an electron after traversing

a slab with thickness dz1, relative to its direction (6QI<PQ)

just before the slab is described through the angles e1 and

<p' (see figure 2) . Ignoring the few large-angle

scatterings, the gaussian approximation for this angular

distribution can be used. The angle 0' (dz" small) is then

sampled from the distribution /I/:

.2,p(0')d0' = -^ exp ( , do"2)
<e2(dz")> <e2(dz")>

with <02(dz")> = T(zo)dz", where T is the linear scattering

power (radians/cm).

The angle <p% is randomly distributed in the interval [0,27r],

Next, the transverse coordinates (x'^y11) are sampled from

the distribution /4/:

2<T3 1 i- 4 0 2 3X0„ 3x2 -,
p(z",x,0v)dxd0v = —5 exp (-̂  * + —T)

2>T3 1 i- 4 0 2 3ye„ 3y2 -,
p(z",y,eu)dyd0„ = , exp (-£ — X + — r )

,i, yi y y <e2>z» L T z" z»¿ z"7 -I

where

©x = arctan(tan(0')

0y = arctan(tan(0')

The new coordinates in the reference frame (x,y,z) are then

obtained from:

x l

Y l
z l

=

\

XO

Yo
zo

-sin«J0

-sin0o COS0r
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where (XQ,YQ,ZQ) describes the position just before the

slab.

The angles (&^,v-y) defining the new direction in the

reference frame are obtained from

COSÖj^ = COS0QCOSÔ'

with

sind«? =

The increase in pathlength ds after traversing the slab of

thickness dz = z1 - zQ is given by

ds = dz1' + A.

For A the value dz''^T/4 is used, based on the paper by Yang

/5/. This value is not valid for single particle

trajectories, but when considering the beam as a whole, it

will give the correct average pathlength.

Finally, the energy loss dE of the electrons after

traversing the slab of thickness dz is given by

dE = Stot.ds,

with s
tot total linear stopping power (collision +

again a consistent average beam characteristicradiation);

is obtained.

By tracing the same (large) number of electrons through the

two different geometries, the perturbation factor p m ^can be

obtained from the ratio of the average pathlength in the

respective cavities. However, taking into account the

variations in energy along the tracks, we will use the ratio

of SScol.ds instead of the ratio of the tracklengths Eds,

with S c o l the linear collision stopping power.

Any arbitrary geometry can thus be described by using an

appropriate slab-structure, where trajectories in vacuum

gaps are described by straight paths without energy loss.

The flowchart in figure 2 shows the programme organisation

for the calculations for the graphite calorimeter.

The input data for the programme include:

Initial energy of the electrons (when hitting the

frontplane of the graphite phantom)
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storage random numbers
storage trajectories coordinates

"HOMOGENEOUS"
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l
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YES
graphite
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Figure 2: Flowchart for the programme organisation for the

calculations for the vacuum gap perturbation factor.
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Figure 2 (continued)
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Figure 2 (continued)
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- Initial beam radius and mean angle.

- Collimator angle. The initial angle 6 is then sampled

from the central part of the gaussian distribution with the

introduced mean squate angle, that is transmitted through

the collimator. This allows one to include the scattering

of the accelerator electrons when passing through the vacuum

exit window.

- Distance from the source point (vacuum exit window) to the

frontplane of the phantom.

Slab thickness for the calorimeter parts/ homogeneous

phantom and for the calorimeter central body/ chemical

dosimeter cavity.

- Graphite depth at which dosimeter cavity is placed. We

decided to keep this parameter free, and not fixed at the

calorimeter central body depth, in order to describe

realistically experimental conditions where these depths can

not always be exactly matched.

- The possiblility of describing an extra graphite layer

(thickness = ZQ) in front of the calorimeter has been

included.

- Number of individual trajectories.

- The starting numbers for the random number generators.

The unit "graphite scattering + increasing pathlength1

essentially uncludes the calculations described above. As

can be seen from the flowchart, not only the central body

pathlength is accumulated, but also the jacket pathlength.

The latter can be important when determining the calibration

factor for the calorimeter.

When within a given slab the trajectory crosses a graphite

body boundary (radius R) corrections for the pathlength

increase are carried out. In the case of the central body,

when going from graphite (r < R) to vacuum (r > R) , the

value of dz" for the pathlength change is given by:

dz"= (-x.cos$»-y.sinp+'T( (x.cos«7+y.sin«>)2-x:2-y:L R2) )/sin0;

for the case the trajectory goes from vacuum to graphite,

the value of dz" is given by:
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dz"=

dz/cosfl-(-x.cos<j-y.sin#*->r( i 2-x2-y2+R2) )/sine.

Six different parameters must be sampled with a random

number generator along the trajectory calculations:

- the initial x- and y- coordinates;

- the initial 0- and q>- angles;

- the 8'- and <p'- multiple scattering angles;

- the x''- and y''- scattering coordinates.

The pseudo-random number generator from the VAX/VMS-computer

system was used. In order to partly eliminate the fact that

the sequence of numbers is only approximately randomly

distributed when describing a relatively limited number of

trajectories ( of the order of a few 100.000 ), the

calorimeter calculations and the homogeneous phantom

calculations where carried out using the same random numbers

sequences for two corresponding trajectories in the

different geometries. This can be seen from the flowchart

in figure 2. After the common part of the calculations, the

actual random numbers are stored, before continuing the

calorimeter trajectory calculation. Again at the frontplane

of the calorimeter central body, the six actual random

numbers are stored. After finishing the calorimeter

trajectory, the homogeneous phantom trajectory is continued

at position B, using the same random number sequence as the

calorimeter trajectory. When arriving at the entrance plane

of the dosimeter cavity, the random number generators are

matched to the situation at the calorimeter central body

frontplane.

It is also possible with the program to calculate at a

certain depth in the phantoms the primary electron planar

fluence profiles.

Great care was taken to minimize the calculation time, in

order to obtain good statistics within a reasonable CPU

time. For describing 100.000 trajectories in both

geometries typically about 8 hours of CPU time is required

(depending on the choise of the slab thicknesses).

3. Results.
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Figure 3 : Schematic representation of the graphite

calorimeter used for the primary electron fluence

calculations. Absorbed doses are obtained from the central

body.
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Figure 3 shows schematically the graphite

calorimeter for which our calculations for the vacuum gap

perturbation factor were carried out. When no extra

graphite layer is placed in front of the calorimeter, the

cylindrical central body ( diameter = 2 cm, heigth = 0.275

cm ) is located at a graphite depth of 0.3725 cm. This

NBS-type calorimeter has been used for the determination of

the G-value for the ferrous sulphate (fricke) dosemeter /6/.

As can be seen from figure 4, the major effect from the

vacuum gaps on the primary electron fluence is the net

number of electrons scattered out of the graphite parts of

the calorimeter into the vacuum gaps separating them. This

results in a reduced fluence in the graphita bodies as

compared with the fluence at the same graphite depth in the

homogeneous phantom.

Therefore the perturbation factor P n o m o q calo elating
 t h e

homogeneous phantom to the calorimeter will have a value

greater than one. This is depicted in table 1,where
phomog calo -"•s 9 l v e n f°r different incident energies. There

is no clear energy dependence for the perturbation factor,

and a mean value of 1.0063 ± 0.0002 can be used in this

energy range.

Einit (M«V)

20

15

10

8

6

E x (MeV)

18.1

13.2

8.3

6.4

4.4

phomog,calo

1.0063 ±

1.0060 ±

1.0068 ±

1.0059 ±

1.0061 ±

0.0005

0.0006

0.0005

0.0007

0.0007

Table 1: The perturbation factor phomog,calo for different

incident energies Einit for the calorimetry geometry of

fig. 4

4. Conclusions.
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Figure 4: Primary electron fluence perturbation due to

vacuum gaps: graphite calorimeter (full curves); homogeneous

graphite phantom at same graphite depth (dashed curves).

Upper part: frontplane central body; lower part: endplane

central body.
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From our results it is obvious that the

perturbation of the primary electron fluence in an absorbed

dose calorimeter gives an important correction factor, that

must be taken into account when calorimetric calibrations

are carried out.
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Figure 1: Coordinate system used for electron trajectories

calculations.
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CHAPTER III

Calorimetric calibration of the ferrous sulphate (fricke)

dosimeter.

1. Introduction.

In order to obtain precise results on the possible

energy dependence of the fricke dosimeter for low energy

electrons, measurements have been performed at the electron

irradiation facility of the 14 MeV linac of the institute.

The calibration was done with a graphite calorimeter

of the NBS-type. The effect of the non-homogeneity of this

calorimeter on the primary electron fluence was corrected

for as described in the previous chapter.

2. Experimental set UP.

The experiments have been carried out with the 14

MeV electron linac. Figure 1 shows schematically the

experimental set up. The electron beam leaves the vacuum

tube of the magnetic transport system of the accelerator

facility through the water cooled vacuum window - see part I

of this report. The scattering of the electron beam in this

window will give the desired homogeneity of the beam at the

phantom. Collimation is done at (2) where a thin

transmission ionisation chamber is used as a monitor to

enable to relate calorimeter measurements with fricke

measurements. The graphite calorimeter and the graphite

phantom with the fricke-cell (3,4) can alternatively be

accurately positioned in the beam line.

The NBS-type calorimeter is described in the

previous chapter. The fricke phantom consists of a graphite

phantom with the same outer dimensions as the calorimeter,

where a cylindrical cell, with graphite walls and a thin

plastic inner lining and with inner dimensions 1 cm radius

and 0.28 cm height can be inserted at different depths.

The data handling for the calorimeter experiments

has been described in detail elsewhere /I/.
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Figure 1: Schematic representation of the experimental

setup.
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3. Data handling for the fricke measurements.

3.1. Determination of the effective electron energy.

In the magnetic transport system the energy of the

electron beam is accurately determined and an energy

selection within a width of ± 1 % in the dispersive part of

the beam line is carried out.

When passing through the exit window, and after-

wards through the air, the electrons loose part of their

energy before hitting the phantom. In the graphite layers

in front of the active cell the energy-loss process

continues.

The effective energy of the electrons in the

measuring cell can then be calculated by numerical

integration of the total stopping power throughout the

electron path.

Using the gaussian approximation for the multiple

scattering the mean quadratic angle can be calculated when

passing from the beamline system to the dosimeter.

Table 1 shows the results for different primary

electron energies.

Initial electron

energy (MeV)

8

9

10

11

12

13

14

Effective energy

(MeV)

3.073

4.329

5.352

6.264

7.178

8.095

9.012

<ez>
(rad2)

0.252

0.151

0.109

0.087

0.069

0.056

0.047

Table 1: Effective electron energy and mean quadratic

scattering angle for different initial electron energies

after passing through 2 mm Al, 8.6 mm H20, 0.5 mm Al, 1 m

air and 4.33 mm graphite.
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Figure 2: Flowchart for the programme organisation for the

calculations for the vacuum gap perturbation factor.
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3.2 Relation between calorimeter and fricke measurements.

With the transmission ionisation chamber the

normalisation between different runs can be carried out, in

particular between calorimeter absorbed dose measurements

and fricke phantom measurements.

In this paragraph we discuss the relation between

calorimeter and fricke measurements, when looking from the

dosimetric point of view. For this discussion we refer to

figure 2.

The realistic irradiation situation on the fricke

phantom is shown schematically in situation I of figure 2.

We will assume that the absorbed dose in the ferrous

sulphate solution in situation I equals the dose in the

fricke dosimeter in situation II, where the ideal situation

is depicted, ignoring eventual air spaces that may exist

between the bulk graphite phantom and the cylindrical

dosimeter cell. Great care was taken to eliminate such

spaces, so that the above assumption can be justified.

Using the theory of the effective point of

measurement in combination with a perturbation factor to

describe ùhe insertion of a cavity in homogeneous medium

/2/, situation II is translated in situation III, the

insertion of a graphite cavity in a graphite phantom.

Experimentally things should be arranged such that

the graphite cavity of situation III is located at a

graphite depth that corresponds exactly to the graphite

depth of the central body in the calorimeter. In practice

however this depth can not be matched exactly, and therefore

we have included an extra situation IV, a graphite cavity in

a graphite phantom at exactly the depth for the calorimeter,

i.e. situation V. For the data handling the linking between

situation III and situation V is done without taking

situation IV explicitly into account. Note that this is

exactly what was described in the previous chapter, namely

the effect of the vacuum gaps in the calorimeter on the

electron fluence.

We will now discuss in more detail the several steps

in the data handling just described.
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With the cavity theory outlined in reference /2/,

the following relationship exist between situation II and

situation III:

DIIl(Peff) = scf

where: c: graphite medium,

f: ferrous sulphate medium.

The expressions for the effective measuring point

shift and for the perturbation factor p c f are given in

reference /2/.

In the above expression s c f is the ratio of the

restricted stopping powers of the two media.

Using the above expression and in particular the

principle of the effective measuring point implies that the

measurements are carried out in the region where one still

can assume a linear dose gradient with depth. This

constraint will limit our energy region towards the lower

energies for which absorbed dose measurements can be carried

out. To verify this condition, central axis depth dose

curves in the graphite phantom were measured. In figures 3

and 4 examples of such curves are shown for two different

initial energies. Measurements with electron energies lower

than 7 MeV could no longer be performed.

The corrections involved with the translation from

situation III to situation V were discussed in the previous

chapter and will not be repeated here.

4. The GFO3+ values.

The ferric ion yields GFe3+ are finally obtained

from the following relation:

= (NA kgap S c f p c f p £ AV/I)

where:

NA : Avogadro's number
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e : difference in molar extinction coefficient for ferric

and ferrous ions:

eFe3+ - eFe2+ = 217.34(1.+0.007(25-T)

where T is the temperature in the measuring cell in the

spectrophotometer (deg. Celcius). This temperature was

accurately recorded for each measurements.

p : density of the ferrous sulphate solution

1 : length of the measuring cell in the spectrophotometer.

kgap : correction factor for vacuum gaps perturbation

AA/I : absorbance reading, normalised on the transmission

monitor reading

AV/I : absorbed dose in the calorimeter, normalised on the

monitor reading.

The resulting values for the ferric yield Gpe3+ are

given in tables 2 and 3. In table 2 the results are first

given without applying the correction factor for the

perturbation from the vacuum gaps.

Einit
(MeV)

8.0

9.0

10.0

11.0

11.5

12.0

14.0

Eeff
(MeV)

2.70

4.00

5.04

5.96

6.41

6.88

8.71

GFe3+ -value

(10~6 mol/J)

1.592 ± 0.006

1.595 ± 0.010

1.598 ± 0.006

1.595 ± 0.006

1.595 ± 0.011

1.594 ± 0.006

1.592 ± 0.006

Gpe3+ -value

(1/100

15.36 ±

15.39 ±

15.42 ±

15.39 ±

15.39 ±

15.38 ±

15.36 ±

eV)

.06

.09

.06

.05

.11

.06

.06
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Table 2 : Experimental Gpe3+ -values without the correction

for the vacuum gaps perturbation.

Einit
(MeV)

8.0

9.0

10.0

11.0

11.5

12.0

14.0

Eeff
(MeV)

2.70

4.00

5.04

5.96

6.41

6.88

8.71

GFe3+

(10~6

1.582

1.585

1.588

1.585

1.585

1.584

1.582

-value

mol/J)

± 0.006

± 0.010

± 0.006

± 0.006

± 0.011

± 0.006

± 0.006

GFe3+ -value

(1/100

15.26 ±

15.29 ±

15.32 +

15.29 ±

15.29 ±

15.28 ±

15.26 ±

eV)

.06

.09

.06

.05

.11

.06

.06

Table 3 : Experimental GFe3+ -values corrected for the

vacuum gaps perturbation.

5. Discussion.

From the results in tables 2 and 3 we can conclude

that there is no evidence of an energy dependence of the

ferric yields for the electron energies covered.

The values from table 2, i.e. without the

perturbation correction agree very good with the mean value

that is given in reference /2/: 1.594 10~6 mol/J .

This mean value is obtained from a number of

measurements were the correction for the vacuum gap

perturbation is not carried out. Our corrected results are

logically about 0.5 % lower than the uncorrected ones.
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CHAPTER IV

Determination of the yield (G-value) of the ferrous sulphate dosemeter
60

for Co gamma rays.

I. INTRODUCTION

The yield of the ferrous sulphate (Fricke) dosemeter had been determined

with outstanding accuracy for electron beam energies from 3.5 to 14.5 MeV by

E.CottensfCottens^gao, Cottens et al 1981). The value for 3.5 MeV was slightly

lower than for higher energies :

-1
3.5 MeV : G = 0.1541 eV

7- 14.5 MeV : G = 0.1548 ev"1.

Therandom uncertainty on the data was estimated to be smaller than 0.2%.This

small but significant decrease is in agreement with some theoretical pre-

dictions (Nahum,1975). It was thought to be of greatinterest to determine with

similar accuracy the yield for Co "y-rays, in order to make a link between

electron and y data, and to investigate whether the downward trend is confirmed

or compensated by an inverse trend at lower energies.

60

Such an experiment was made feasible by the installation of a 24OO Ci Co

source in the neighbouring radiation standards laboratory (Prof.O.Segaert). An

irradiation set-up was installed that is similar to the set-up used in our earlier

work at the linear accelerator. Identical phantoms,surrounding either the graphite

Fricke cells or the calorimeter (diameter 2O cm, depth about 15 cm), are posi-

tioned on a platform moving on rails perpendicular to the beam axis. The two

phantoms can alternately be brought in exactly the same position. The front faces

of the phantoms were put at a distance of 528 mm crom the conical collimator,or

at a distance of 1120 mm from the source. The collimator limits the beam to a

diameter of 15 cm at the face of the phantom.
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The dose determinations were performed with a graphite absorbed dose

calorimeter, which is the same as used earlier and which is of the well-

known NBS type(Domen,1974). However in view of the low dose rate achieved

with the Co-source(20 rad/min),the calorimeter was not operated in the

quasi-adiabatic mode, but rather in a kind of isothermal mode, taking ad-

vantage of the fact that the Co beam is constant. The theory underlying

this method and its performance are discussed in the first ch.-̂  =r. The

second chapter discusses the Pricke measurements and the final G-value calcu-

lation.

II. CALORIMETRIC MEASUREMENTS

1. Isothermal mode

In an earlier report (Janssens 1985) , it was demonstrated that the calori-

meter can be brought easily in thermal equilibrium through measurement of the

drift-rates of the different bodies(core,jacket and shield). The output of the

Wheatstone bridge is linked via a digital voltmeter to a microcomputer, that

stores the data, computes the drifts, and finally computes the electrical powers

to be dissipated for a given time in the different bodies to achieve equilibrium.

This sequence is entirely performed by a programme named TRACO written in BASIC.

Application of the programme while the Co beam is on, permits to achieve

the final equilibrium state in a relatively short time(about two hours). The idea

is to apply suitable electrical powers in the bodies,matching the beam powers in

order to maintain equilibrium after the Co beam is shut off again. At the same

time the remaining small differences between the two sets of powers can be deri-

ved from the differences in the driftrates. This was achieved by making a new

programme (ISOT), inspired by the earlier TRACO programme.

The underlying theory is the following. The vector containing the measured

driftrates is related to the vector of temperatures above equilibrium(T )through:

(f~) = (C)"1

where (T ) = (T) - (T ) t

(1)

(2)



graphite phantom at same grapnite
Upper part: frontplane central body; lower part: endplane

central body.
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T being the actual temperatures, arid T the equilibrium temperatures associated

to a given set of powers. The matrices (C) and (KI) contain the heat capacities

of the bodies and the heat transfer coefficients between them respectively :

(3)

(KI)= VK2

-K

(4)

The coefficient K stands for the transfer between core and shield, as it was
o

demonstrated that there is a direct heat leak through the electrical leads.

All coefficients had been determined earlier, also by means of the programme

TRACO (Cottens et al.,1985). The relationship between the equilibrium tempera-

tures and the powers is given by :

e ) = (KI)

Now we have

(P) = (KI) (T) + (C) (||)

(5)

(6)

The change in power (AP) = P - P between radiation and electrical dissipa-

tion is thus

(AP)=(KI){(T) - (T) }
' '"dt'e v d t V

For the power in the core, which is the most important quantity, this leads

to a doserate :

(7)

dT
Pr = Pe - K1(AT1 - AT2) - CjAi—), (8)

The second term, in which terms containing K have been neglected, is very small
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if one can switch promptly from beam to electrical power. Our experience has

shown that this can be done whithin one second, so that more reproducible re-

sults are obtained by neglecting the term. Equation(8) does not include the

shield temperature T , and in the above circumstances the term containing the

jacket temperature T vanishes as well. However it was decided to measure and

trim the jacket and shield temperature drifts as well, so that the temperature

equilibrium is not perturbated.

The entire sequence is as follows :

-start with beam on, and measure the shield, jacket and core driftrates

-switch to electrical power and measure the driftrates in reverse order(C, J, S).

-compute the doserate P and the corresponding voltages for matching the elec-

trical power

-measure again the drifts (S, J, C), while the matched electrical power is

applied

-switch to irradiation and measure the drifts (C, J, S)

-compute the doserate P

-compute the electrical powers to be applied in a short time(say 1 min), to res-

tore equilibrium

-measure the drifts (S, J, C) after restoring equilibrium

-switch to electrical power (matched to the last P values)

and so on.

In each step of the cycle the order of the drift measurements is reversed

so that the switching operation is sandwiched by two core measurements. After

two or three cycles there is no visible change in this drifterate anymore.

However one should perform long measurements in order to get a sufficiently

small error, considering the noise on the signal, and because this ought to

be repeated for jacket and shield, the measuring time would be redundant.

Therefore the final values for the doserate in the core are obtained by per-

forming a long irradiation ̂ ^in the normal quasi-adiabatic mode (400 or 800 s) ,

while in the predrift and afterdrift periods the matched electrical power
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is applied. In this wry the residual signal is reduced to leas than one

percent of the signal that one would have without electrical compensation.

A similar method was proposed by Witzani (1984).

2. Measurements

2.1. Quasi-adiabatic mode

The measurements have been performed in two time periods, interrupted

by a period in which the irradiation set-up was dismantled. The doserate

has decreased by about 1.1%, as compared to 0.7 % allowing for decay of the

source. The first period was used to develop and test the ISOT programme and

to compare it with other methods. In the second period the final doserates

were determined, followed by a series of exposures of the Fricke dosemeter.

The equilibrations of the calorimeter were generally very successful,

—8

and thermal drifts on the core and jacket signals were in the range 10 to

5 10 K s , and below 1O Ks for the shield. This excellent behaviour

is ascribed to the good temperature stability in the large cellar in wv - i

we worked, within a few tenths of a degree per day. This permitted to perform

measurements in the quasiadiabatic mode, though the temperature rise upon

irradiation is as small as 4 10 Ks (Fig.l). The experimental heat loss

corrections were found by extrapolation of the initial slope of the after-

drift curve over a time interval t that is a calculated fraction of the

ex
irradiation time t. The ratio t /t depends on the rati" of the absorbed beam

ex ^
given

powers in the different bodies. In table 1 calculated values are together with

the corresponding theoretical heat loss correction.

In view of the uncertainty on the exact set of powers, a ratio t /t=O.4

has been assumed for all time periods. The experimental heat loss corrections

agree better with the last column : the mean of three runs of 8OO s is 0.86% +

0.12%.

In the preceding year numerous electrical calibration runs were performed,

yielding a mean value of 8.452 ± 0.012 Gy/V. The calibration was repeated once
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Table 1 : Extrapolation time ratio t /t and theoretical heat loss correction
ex

KHL< for two series of power dissipations in core, jacket and shield

respectively.

irradiation

time

8OO s

4OO s

2OO s

t

0.

0.

0.

powers

l,O.99, 53

ex/fc

4O8

410

426

KH

1.

0.

0.

L

13 %

41 %

16 %

powers

1, 1, 53

t /t
ex

0.385

O.376

0.382

KHL

O.97 %

O.31 %

0.10 %

in the optimal conditions : t = 100 s, P = 1 mW, yielding a factor 8.429 Gy/V.

Because of the fact t-bat a new digital voltmeter was used both for the bridge

output and for the determination of electrical voltages, the latter value was

applied. Later a second run was performed, yielding 8.415 Gy/V. No further runs

to improve the statistics were performed, since the calibration factor is not

important for the isothermal mode.

The results of the quasi-adiabatic irradiation runs are given in

Table 2, using either the theoretical heat loss correction or the experimental

value. The reproducibility of the latter results is excellent, whereas the

theoretical heat loss correction seems to be somewhat to large.

2.2 Isothermal mode

Once the programme ISOT was operating without errors, it was found to

perform very well. After an initialequilibration with the programme TRACO

in about one hour, ISOT leads to a matched set of electrical powers in two

or three cycles using drift measuring times of 100 s. which takes again

about one hour. Further trimming of the electrical powers was not possible be-
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cause the helipots used to set the voltages have a crude graduation. Then

the drift measuring time was extended to 200 s in order to obtain more

exact data for the doserate. In Table 2 the mean of three such runs is re-

ported, a fourth being omitted because it fell far out of range. As we said

in chapter II. 1, such deviations are due to the inclusion of the term con-

taining AT, which is small for the core, but which can be very uncertain

for the jacket since the signal must be extrapolated over long time periods.

Indeed omitting the AT term yields a much better reproducibility.

After the matching of electrical and irradiation powers through ISOT,

two runs were performed where the core temperature during irradiation is re-

corded for a long time interval, once for 4OO s and once for 800 s. This leads

to a doserate that is a little smaller than predicted by ISOT, but in excellent

agreement with the results of the quasi-adiabatic runs. The agreement is sur-

prising because the two methods are almost fully independent. In fact the nume-

rous corrections involved in the quasi-adiabatic mode do not appear in the iso-

thermal mode. The largest uncertainty on the results with the isothermal mode

is due to the remaining heat loss correction. The extrapolation point of time

could lie anywhere in the irradiation time period, depending on which body is

receiving to much or to little electrical power. In fact the heat loss correc-

tion is found to be of the order of magnitude of the residual signal itself.

In the two measurements an extrapolation to the mid of the time interval was

done, assuming an uncertainty equal to half the correction, or 0.15 %.

In the second measuring period we could start immediately with the elec-

trical powers obtained from the first period. However the doserate seemed to be

about 1% lower than before. The measurements were adversely affected by a much

larger noise on the jacket and shield signals, disappearing in the course of the

day. Such a noise has a periodicity of about one minute, and is probably due to

bad contacts in the switches . After five ISOT runs a core doserate of 3.354 mGys

was found. The jacket power equals 0.995 time the core power, which is within

-1
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Figure 2: Relation between calorimetric measurements and

fricke measurements.
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Table 2: Dose rate measured in the first period, with different calori-

metric methods.

Mode

Quasi-adiabatic,with
theoretical heat loss
corr.

Quasi-adiabatic(same
as above)with exp.
corr.

Isothermal(ISOT)

-including AT

-without AT

Isothermal,recording
of the core temperature

t

8OOs

8OOs

2OOs

2OOs

2OOs

4OOs

8OOs

number

3

3

1

3

4

1

1

mean value mGys

3.404

3.388

3.393

3.445

3.371

3.380

s.e.o.m.

0.14 %

0.05 %

1.0 %

0.6 %

_

-

the uncertainty equal to unity. The shield power is about 53 times larger,

corresponding to an absorbed dose ratio of 82%, allowing for the attenuation of

the beam in the shield body.

Consequently four runs were performed where the core signal was recorded

(800-400s). It is not visible on the recorder plot where the switching from

irradiation to electrical powers occurs. The slowly varying core drift is essen-

tially due to drifts in the temperature of the medium, in response to room tem-

perature changes, despite the PID-thermorégulation in the back of the medium.

During the four measurements the electrical powers in fore and afterdrift were

kept constant. The power in the core was 5.O45 VW, corresponding to a doserate

of 3.357 mGys (mass of the core is 1.503 g). In Table 3 are given the diffe-

rent signals (difference between the signal at the end of the Irradiation

period and the extrapolation of the foredrift with a second degree polynomial),

the signals corrected for heat loss (extrapolation over O.4 t), the totale dose-

rate derived from the measurement, the relative magnitude of the corrected

signal and. of the heat loss correction.
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Table 3: Results of the isothermal measurements in the second period.

run+

1

2

3

4

signal
(mV)

1.56

-0.55

-0.82

0.54

+runs 1 and 2:
3 and 4:

corrected
heat loss

-0.28

-1.09

0.08

0.06

800s
400s

for dose rate
(mGy s"1

3.354

3.339

3.338

3.332

mean : 3.341

s.e.o.m: 0.14%

rel

-O.

-0.

+o.

+o

.sign.

O9%

30%

O5%

O4%

rel h

O.

-O.

+O.

-O.

.I.e.

6%

2%

6%

3%

It appears that the heat loss correction is fluctuating, so that it is pro-

bably less related to actual heat losses but rather to the slowly varying

core drift. The heat loss correction then compensates for the fact that the

second degree polynomial used for the foredrift does not fully match the

actual drift.

The standard deviation of the mean result is about 0.1%, which is an

excellent figure. One must also consider that there is virtually no systema-

tic uncertainty involved in the isothermal method.

III.FR1CKE IRRADIATIONS

1. Irradiation geometry

The Fricke irradiation cells are made from the same graphite as the

calorimeter and the phantom. They are cylindrical with an inner diameter of

20 mm and a width of 9 mm. The corresponding volume to surface ratio is

2.37 mm. The inner surfaces are coated with a thin layer of polystyrene,

showing very little effect of wall impurities. The front faces of the phantoms

used for the Fricke and for the calorimeter are at exactly the same distance

from the collimator (within O.I mm), and the lateral positioning is controlled

optically. The midplane of the Fricke cell is at a depth of 34.5 mm, which is

the sum of 3O mm graphite and 4.5 mm Fricke solution. In front of the midplane



- 51 -

of the calorimeter core we have 33.1 mm graphite, and the depth including

the vacuumgaps is 36.15 mm. The difference in geometrical depth of 36.15-

34.5 = 1.65 mm leads to a square distance correction of O.3% in the transfer

_2
from calorimeter to Fricke dose. The depths expressed in gem are nearly

matched. The Fricke cell is at a 0.5 mm graphite equivalent smaller depth.

However the attenuationcoefficient in water is somewhat larger (11%) than

in graphite, so that the attenuation correction for the transfer to Fricke

dose is + O.2%. The total correction is thus + 0.5%.

The transfer to Fricke dose further involves the stopping-power-ratio.

Because the cavity is fairly large (average chordlength = 4 V/S = 9.47 mm),

as compared to the electron range of about 1.5 mm), the stopping-power-ratio

essentially reduces to the ratio of energy absorption coefficients. For the

low-Z materials water and graphite there is no difference between the bound-

electron cross-section and the free-electron (Klein-Nishina)cross-section,

so that the energy absorption coefficient ratio is identical to the ratio of

electron densities Z/A = 0.5533 for the Fricke solution and 0.4995 for carbon.

There is a small correction for the stopping number differences, according to

the formula (Janssens, 1981) :

(S/p) /Z/A)

(Z/A)
-1)}. (9)

From the collision stopping powers listed in (ICRU,1984) for Fricke solution

and for graphite (p = 2.265 gem for the density correction), we find for the

difference in stopping numbers, that is the expression between ( ) in Eq.(9),

a value 0.019. The weighting factor q is of the order of 0.5 because the stop-

ping number difference is essentially due to the density effect, the mean ex-

citation energies being almost the same(78 eV for C, 76.4 eV for liquid water).

The expression(g/2R) is an estimate of the contribution of wall electrons, and

equals about O.O8. The correction factor between { }:.s thus as small as 0.1%,

and the stopping power ratio equals f =1.114. Further the Co source has
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decayed by 0.1% in the time between the calorimeter and Fricke runs. The dose

rate in the Fricke solution thus equals :

3.341 m Gy s~l x 1.005 x 1.114 x 0.999 = 3.737 m Gy s"1 ¡IQ)

2. Absorbance measurements

6O
The Fricke cells have been exposed to the Co beam for 2, 4 and 16h,

on three consecutive days. The optical absorbance in the 1 cm cell is thus

in the range 0.2 - 0.76, where the absorbance measurements are most accurate.

No observable difference was found with the irradiation time period. The in-

crease with time of the optical density of an unirradiated solution was mea-

sured for the same time periods and up to 66 h. The increase is proportional

with time, is the same for the two irradiation cells used, anc equals on

average O.OOO3 for a reference period of 8h.

The reproducibility of the measurements is good. One measurement was

in excess of the mean by 3%, probably because of inadvertent pollution of

the solution with organic material, though the greatest possible care was

taken in the preparation, filling and read-out of the cells. The large

volume of the irradiation cell permitted to take 3 samples for measuring the

absorbance. After scaling to the reference period of 8h, the overall mean ab-

sorbance is 0.3813, with a standard deviation of the mean (8 measurements)

of O.12%.

3. G-value

The conversion of the results to a yield or G-value involves the diffe-

rence in molar extinction coefficients of Fe and Fe . The values reported

in our earlier work are adopted, as there is no reason why it would have

changed. The absorbance calibration with a SRM bichromate solution has been con-

firmed within 0.1% . The conversion factor used is thus again:

N

E F e 2 + ) l p

= 43.424 Gy/eV. (11)
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The G-value thus equals :

43.424 x (0.3813 - 0.0003)/(3.737 lo~ x 8 x 36OO)=O.1537 ev" 1. (12)

The uncertainty on this value is of the order of 0.2%, allowing for some

error in positioning and on the stopping power ratio correction. The result

may be reconsidered in the near future as soon as the absorbance scale of the

spectrophotometer is entirely recalibrated. A further small corrección involves

linearity with absorbed dose, attributed to oxigen depletion. Application of

the linearity correction scaled to an absorbance 0.8 as derived from the high

energy electron experiments, would yield a mean absorbance that is 0.2% smaller,

and a two times smaller standard deviation. This indicates that the correction

also applies to Co, but the number of data is to small to be sure. The long

irradiation time may cause a smaller oxygen depletion.

The largest difference between the G-value for high energy electrons and

Co is the temperature during irradiation. For high energy electrons a tempera-
ba 60

ture coefficient of + 0.12% + 0.01% per K was found. Scaling the Co G-value,

determined for a temperature of 19°C on average, to the reference temperature

of 25°C, involves a correction of + 0.7%.

The scaled G-value would equal :

-1
O.1H37 x 0.998 x 1.007 = 0.1545 eV (13)

This value is in striking good agreement with the G-value for high energy

electron beams. The systematic uncertainty on the latter value is however of

the order of 1.5% (stopping power ratio correction), so that the exact agreement

is merely a coincidence. Application of the new stopping power tables (ICRU,1984)

would modify the electron G-values only very little however :

Table 4

G xlOO eV

old

new

value

value

3.5

15

15

MeV

.41

.36

7 - 14

15.

15.

.5

49

50

MeV
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Thus the lower value for 3.5 MeV would be even lower, whereas this down-

ward trend is not found for Co. This is in excellent agreement with the

expectation on theoretical grounds (Nahum, 1975) :

Table 5

Electron
beams

60Co

E (MeV)
o

5

10

20

30

depth(cm)

1

2

3

3

G(empirical)
x 100 eV

15.43

15.49

15.53

15.55

15.52

It will be very interesting to examine whether the downward trend

is confirmed for lower energy electrons, as will be possible with the new

low-energy, high intensity linac installed in our laboratory.
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The second term, in which terms containing K have been neglected, is very small
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or three cycles using drift measuring times of 100 s, which takes again

about one hour. Further trimming of the electrical powers was not possible be-

- 61 -

P A R T III

CALIBRATION OF THIMBLE IONISATION

CHAMBERS



core power, which is within
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CHAPTER V :

RECOMBINATION EFFECT AMD CALIBRATION OF FARMER-BALDWIN IONIZATION

CHAMBERS IN ELECTROH BEAMS WITH INITIAL ENERGIES UP TO 14 MeV.

1. Introduction.

Two different Farmer-Baldwin ionization chambers in conjunction with the

Farmer 2570 A electrometer were tested. Both 0.6 cm and 0.1 cm thimble

chamber were to be fully invesigated, but the latter apparently showed

unpredictable effects that may well be explained from its X-ray photograph,

(fig.l). The mechanic construction fault of the inner electrode could not

be repaired, so no further measurements were carried out with this chamber.

The 0.6 cm chamber was tested for its recombination effect,

perturbation, effective point of measurement, leak factors and calibration

factors. Tho major characteristics of the 0.6 cm thimble are summarized in

table 1.

Table. 1 : Maior characteristics

ionization chamber.

Configuration - composition :

* inner electrode :

* outer electrode :

Active dimensions :

* sensitive volume :

* length of volume :

* outer electrode,
inner diameter :

* inner electrode,
outer diameter :

* length inner electrode :

* thimble thickness :

* build-up cap thickness :

Outer dimensions :

* thimble outer diameter :

* stem outer diameter :

* build-up cap diameter :

of the Farmer 0.6 cm3

cylindrical thimble,
99.99 % pure graphite

cylindrical wire concentric with
central electrode,
99.99 % pure Al

0.69 cm3

24.1 mm

6.3 mm

1.0 mm

20.6 mm

0.36 mm

3.87 mm

6.99 ± 0.04 mm

8.62 ± 0.04 mm

15.14 mm



signal and of the heat loss correction.

Fig. 1.: X-Ray photograph of the 0.1 cm ionization chamber.



rfoM Ciië Cölluuator (within o.l min), ana tne lateral positioning is controlled

optically. The midplane of the Fricke cell is at a (iepth of 34.5 mm, which is

the sum of 30 mm graphite and 4.5 mm Fricke solution. In front of the midplane
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2. Recombination In the Fanner 0.6 cm3 ion chamber.

2.1. Irradiations - geometry - experimental set up.

As the general recombination in pulsed accelerator beams depends on the

dose each pulse delivers, different repetition frequencies, initial

energies, bunch lenghts and peak currents were used, dependent upon the

distance of the 30x30x30 cm water phantom used and the place of the chamber

within, in order to receive prescribed dose rates in the chamber's sensitive

volume.

The irradiation geometry is shown in fig.2. A purely iron collimator is

placed 15 cm from the exit window, giving a beam diameter of approximately

10 cm at the phantom's surface.

The central collector has a polarizing voltage of -250 V' applied. No

pulse overlap is expected (according to [1]) even for the highest repitition

frequencies of 2000 Hz and a maximum pulse length of 10 /is.

Dose calibration runs were made with Fricke measurements for the same

relative integrated dose, with beam transmission monitor referencing.

Corrections for temperature (to 20°C) and pressure (to 760 mm Hg) were made

as well.

2.2. Results.

The collection efficiency, f, (- measured ionization / true ionization)

is shown for dose rates between 10"5 and 3 10"^ Gy/pulse (fig. 3).

The values given by the manufacturer are well within these observed

ranges as a 99 % efficiency can be assured even for doses up to 10 Gy/puls

whereas this limit is guaranteed for 0.025 R/pulse (= 2.2 10"4 Gy/pulse).

2.3. Interpretation.

Total experimental errors (Fricke read out, monitor, temperature,

pressure measurements, voltage determination) are 0.5 % (95% confidence

limit).

A comparison with the cavity theory developed by W.Boag was made,
10 1

applying the ICRU approved value for n of 3.02 10" w V.m.C'1 :

mber.



equals about O.O8. The correction factor between { };.s thus as small as 0.1%,

and the stopping power ratio equals f ^ = 1.114. Further the 6 0 C o source has

- 65 ¿Ocm

30cm

transmission
chamber

collimator

Fig. 2.: Experimental set up for the determination of the calibration

characteristics of the Farmer ionization chamber. Relevant

páremeters are indicated.

80

a d = 220 mm

A : d = 2.65 mm

x . measured

10i 5 10"- 10ï2 10 Gy/puls

Fig. 3.: Collection efficiency versus dose per pulse as measured, and for

the real internal diameter (2.65 mm) and the best fitted effective

diameter (2.20 m m ) .
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43.424 Gy/eV. (11)
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In (1+u)

a/e

where u is a dimensionless variable, r is the initial charge density of

each sign, a inner radius of the outer electrode, b the radius of the inner

electrode, V the applied voltage, a the recombination coefficient, and k^and

k2 are the mobilities of the positive and negative ions. K j_ is the field

distortion factor for a cylindrical type of chamber, and depends only on a

and on b.

iy/puls

or

tive

The efficiency was also calculated for d - 2.65 mm and a parameter fit

for an effective inner diameter was made; the results are shown in fig. 3 as

well. For the fit of the effective diameter, the inner electrode radius was

kept constant at its value, 0.5 mm.

The difference beween the real value of d — 2.65 mm and the effective

interelectrode spacing d = 2.20 nun, can be described to the deviation of an

ideal infinite cylindrical volume, as this approximation is rather poor,

seen the ratio of volume of the cylindrical part and the conical part of the

thimble chamber.

3. Effective point of measurement, perturbation correction factor and

calibration.

3.1. Introduction.

The absorbed dose in the water phantom on the effective point of

measurement is given by the Bragg-Gray equation

Da-Sw,a-Pw,a

where

* D is the average dose in air, and is indirectly measured by the

exposure R for which correction factors have to be determined :



G xlOO eV
old value

new value

15.41

15.36

15.49

15.50
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= R.C.CTp.CE

6Orwith C = the calibration factor for C0-7 radiation,

Cj,p= temperature an pressure correction factor,

C E = Roentgen to dose conversion factor for electron radiation,

* p w a is the perturbation correction factor,

* s w a is the ratio of the stopping powers (Spencer-Attix, Bragg-Gray or

Harder)

Based upon a method prescribed in ICRU Report 34 [2] firstly the

effective point of measurement and the perturbation factor can be

determined. Both simultaneously occuring effects can be separated by first

measuring at the relatively rather broad depth-dose maximuia with a reference

method (in our case : Fricke-dosimetry).

It is doubted by several authors that the perturbation factor is

independent of the fact of measuring at a certain depth 1 (with average

energy E) for an initial energy E Q ^ or at a depth 2 with the same average

energy E for an initial energy E o • But we will show that no discrepancies

in the results are fourd with this assumption, i.e. by taking the

perturbation factor only depending on the average energy at the place of

measurement (for different initial energies on the top or in the declining

part of the depth-dose distribution. To do this, we also assume that a

displacement correction of 0.5 r is to be taken as well.

3.2. Experimental.

The same water phantom and experimental set up as in fig.2 is applied.

Again attenuation of the beam through transmission chamber losses and air

are neglected. Dose calibration is performed with Fricke dosemeters where a

0.5 r (r = ± 3 mm) displacement as mentioned in literature [2] is reckoned

with.

To reduce experimental errors below 0.5 %, for each-measurement, 10

ionization chamber determinations were made with 2 Fricke determinations.

3.3. Results and conclusions.
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I 1 1 1 1 1 1

3 5 7
Energy /MeV

4.: perturbation correction factor in function of the average energy

for initial energies between 8 and 14 MeV. The straight line is

the fitted equation, normalized on the highest energy.

Initial energies :

A = 8 MeV,

| - 10 MeV,

X = 12 MeV,

O - 14 MeV.
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Assuming a value of 0.5 r for the effective measuring point for the ion

chamber as well, a consistent unit is found (fig.4), as values varying more

than even 1% would give obvious discrepancies.

A theoretical fit (normalised on the highest energy) is found to be

unsatisfactory as too many parameter influence its cor'c-tness (explicit

building cap, phantom material, beam geometry). The fit is based upon an

equation obtained by Harder (1980, [2]) :

Pmg - 1 - °-096

We can indeed conclude that the perturbation correction factor is - be

it dependent on the average energy - independent of the initial energy

combined with the depth in the dose distribution.

The effective point of measurement also may indeed be taken at 0.5 r

towards the beam.

3.4. Final calibration factors.

As the effective point of measurement, the perturbation factor and the

recombination effect are already determined, and the stem and hysteresis

effects were found to be neglegible, only the two conversion factors C and

Cg still have to be measured with calibration standards :

The Co calibration factor C was found to be

C = 1.000 Roentgen/Coulomb.

values are calculated from Fricke calibrations out of

water
water

sFricke

JFricke

The values from the manufacturer for Cg are found to be not valid for

the circumstances used. Table 2 gives the experimentally derived conversion

values.
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Table. 2. Experimental values for the electron conversion
coefficient. '

Energy

(MeV)

CE x lu"
3

(Gy(water)/R)

8.59
8.58
8.56
8.52
8.49
8.44
8.35
8.23

4. Summary.

The test of a Farmer-Baldwin 0.6 cm thimble ionization chamber was

performed. Recombination was found to be less then 1 % for dose rates below

3.10 Gy/pulse. Due to the assumptions made, theoretical interpretation

can be done only rather poorly.

The effective point of measurement was found 0.5 r towards the electron

beam and perturbation correction factors were determined for effective

energies between 1 and 9 MeV. The roentgen to dose conversion factor of

1.000 enabled determination of the electron conversion coefficient, whose

values significantly differed from the manufacturer's data.
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CHAPTER VI :

SPECTROPHOTOMETRIC READOUT METHOD FOR ALANINE DOSIMETRY PSING

A FERRO-XYLENOL-ORANGE COMPLEX.

1• Introduction.

As the ESR detection of free radicals produced in irradiated alanine

[1-3] has the disadvantage of being very expensive for common use in

dosimetric practice, other methods of using the physical phenomen of a

very stable predominant CHgCHCOOH radical for dosimetric purposes have

been investigated. One of them is the spectrophotometric method tried

out by Gupta et al. [4-5], principally consisting of the dissolution of

the irradiated amino acid powder in a ferrous ionic solution containing

a dye, xylenol orange . In this way the Fe concentration, produced

upon oxidation of Fe by the dissolved radicals, can be measured by a

colorimetric determination and be used as an absorbed dose indication.

In his publications, Gupta reports a useful dose range up to 4 kGy for

alanine, which is a factor 50 lower than with conventional ESR

techniques. Our aim has thus been to investigate the response of this

system for doses up to 100 kGy, delivered with our 14 MeV electron

linear irradiation facility, to see whether any dosimetric useful

procedure can be found, covering a major part of the high-dose

processing application range.

2. Experimental procedure.

2.a. Irradiations.
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All irradiations were carried out with 12 MeV electrons using an

extrapolation of Fricke measurements with beam monitor referencing to

carry out dose calibrations. Irradiation geometry was kept constant by

taking the same position for each approximately 1 g containing amino

acid sample, kept in glass tubes of 1.2 cm i.d. and 4 cm height.

Delivered average dose-rates were of the order of 200 Gy/s (7.105

Gy/hr). This rate is expected not to affect the number of radicals

formed as the dose-rate independence for this formation from 10 to over

10 Gy/hour has been proven [1].

2,b. Reagents.

DL-Alanine for biochemical purposes, l^SO^ suprapur as well as

Fe(NH4)2(SO4)2.6H2O (Mohr's salt) of Analytical Grade were obtained from

Merck; purissimum CHR L-Glutamine from Koch-Light.

Tripply distilled water was used for all measurements. Xylenol orange

was purchased from two different trade-marks : Koch-Light and XO Na-salt

from Riedel-de Haën.

2c. Measurements.

Two solutions using 0.2 mM Fe(NH4)2(SO^)2, 0.2 mM xylenol orange and

0.05 N respectively 0.10 N I^SOA w e r e prepared. Unless otherwise

stated, 50 mg alanine was dissolved in 10 ml of this solution. An

identical procedure was followed for glutamine powder, but with 0.1 mM

xylenol orange and only 20 mg glutamine.

Colorimetric measurements were carried out on a Gary 118 C spectro-

photometer, using 1 cm quartz optical cells, that were kept in a thermo-

stated compartiment at 23 °C. The absorbance of all irradiated

alanlne/glutamine solutions is measured against a similar unirradiated

blank.

3. Results and discussion.

3.a. Absorption Spectra.
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¿00 500 600 \ I n m l

Fig. l.a.: Absorption spectrum of 50 mg irradiated alanine (5 kGy)

against an unirradiated blank. (FX solution 0.05 N)

abso rba ne e

\ /

\ I nm i

300 600 70C

Fig. l.b.: Absorption spectrum of 50 mg irradiated alanine (5 kGy)

against an unirradiated blank. (FX solution 0.1 N)
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Measurements of the absorption spectrum of alanine in a ferro-xylenol

orange (FX) solution against a similar unirradiated blank with both 0.05

N and 0.1 N H2SO4 solutions (fig. l.a.+ l.b.), as well as for

glutamine, show a substantial difference in peak wavelength with Gupta's

results [4-5], as for 0.05 N (alanine) a maximum at 541 nm is found.

The peak wavelength for the 0.1 N solution (alanine), as well as for

glutamine is situated at 547 nm. Accordingly, at their respective

maximum wavelength, absorbance measurements were carried out.

At different acidities, absorption spectral maxima shifts were

observed. Determinations at 0.1 N give best response characteristics,

as the influence of mass of the added irradiated amino acid does not

alter the maximum peak wavelenght for the 0.10 N FX solution for alanine

(fig. 2.a.), nor for glutamine; whereas for the 0.05 N FX solution

(alanine) there was a large influence (fig. 2.b.).

Further experiments upon the pH influences are needed and will be

carried out.

3.b. Time effect and effect of mixing and adding rate.

Irradiated alanine powder was dissolved and measured at 547 nm for

about 20 minutes. Four different methods of adding the solution to the

irradiated powder were tried out :

1. adding the FX solution as such, leaving the product standing for

2 minutes and afterwards shaking manually;

2. solving the alanine in the FX solution while shaking manually;

3. after dissolution of the alanine, applying a magnetic stirrer

'Stiromatic', stirring for 45 seconds at approx. 600 rpm;

4. solving the alanine in 2 ml of water, leaving it for 2 minutes

and afterwards add^-ig the FX solution while stirring

automatically.

The results are shown in fig. 3. Apparently, a non-homogeneous

distribution of the irradiated powder in the solution (method 4) causes

a local Fe 2 + depletion enabling non-productive side reactions to

diminish total ferric ion yields. No significant difference is observed

between the manual and automatic stirring methods, so other measurements

were taken following the third method and waiting 15 minutes after

dissolution.
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Fig. 2. : Mass influence upon the spectrum of irradiated alanine (5 kGy)

for 20, 50 and 100 mg. (a. FX solution 0.1 N, b. FX solution

0.05 N)



Fig. 1.: X-Ray photograph of the 0.1 cm3 ionization chamber.
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Absorbance

X= 5¿7nm
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0.25

0.20

015
10 15 (min)

Fig. 3. : Time effect after dissolution of irradiated alanine (5 kGy)

for different methods of adding :

1. manual shaking immediately after dissolution,

2. automatic stirring (approximately 600 rpm),

3. first dissolution in 1^0, afterwards manual shaking,

4. 2 minutes standing, afterwards ma.iual shaking.
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Dissolution of the radical species in water firstly (fig. 3, (4))

causes an oxidation almost at least as large as when the FX solution is

added directly. The absolute value shown in figure 3 has to be

corrected for the fact that (a) alanine is dissolved in a total of 12 ml

solution that (b) has been diluted with respect to the xylenol orange

and the ferrous ion concentration.

3.C. Glutamine/alanine dose-effect curve.

The test results of glutamine and alanine , irradiated at doses

between 10 and 50 kGy resp. 0.4 and 4 kGy, show agreement with Gupta's

results, except for a difference in absolute absorbance value (fig. 4),

which is due to the different measurement wavelength A 547 nm (0.1 N

^ S O ^ in the FX solution), compared to 525 resp. 540 nm.

Also the use of a different xylenol orange dye may contribute, as

impurities and origin of fabrication influence its molar absorption

coefficient e^ [6], The latter effect is also shown by the use of two

different XO dyes (Riedel-de Haën, X0 Na-salt and Koch-Light X0) giving

slight differences as well (fig. 4).

3.d. Reproducibility.

With alanine irradiated to 5 kGy, the method's reproducibility has

been tested both foi magnetic stirring and for 2 minutes standing before

stirring. Results are shown in table 1, obtaining a reproducibility of

2% in the case of the first method, 3% for the latter.

Table. 1 : Reoroducibilitv of the

Absorbance measured

magnetic stirring

0.3320
0.3206
0.3270
0.3231
0.3105

p = 0.3232

a/fi = 2.1%

at

2

Xvlenol-Oranee Method.

547 nm.

min. waiting, manual stirring

o
o

o
o

o

2814
2812
2701
2808
2653

= 0.2757

x = 2.7%

3,e. Extension.
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Fig. 4. : Dose response for alanine and for glutamine compared to the

original author's results. Absorbances were measured at
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Fig. 5. : Dose-response curve for alanine irradiated up to 100 kGy.

A : X — 301 run (without xylenol orange),

• : A = 547 run (with xylenol orange).
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An attempt to investigate an extension of the useful dose-range for

alanine was made for irraditation doses up to 100 kGy, applying the same

readout procedure and using Koch-Light X0. The dose-response curve

(fig. 5) shows saturation at 10 kGy and a decline above this value,

therefore retaining the usefullness of the system at higher doses.

3.f. Discussion.

The fact that, when first water is added to the irradiated alanine

products, still almost all oxidizing capacity remains in the solution as

an almost as large absorbance is observed, is unlikely to be due to a

long lifetime of the radical in aqueous solution. In view of the high

reactivity of this radical, probably oxidizing agc.its must be formed out

of the reaction of the radical with water. The second possibility is

preferable. The observed difference in absolute absorbance value

between method (1) and (2) shows that a diminished yield of Fe is thus

obtained, due to side reactions.

A possible explanation for the dose-response relationship could L.

provided by a ferrous ion depletion giving a saturation effect at a

certain initial radical concentration, but, as an increase of ferrous

ion concentration does not give a higher ferric ion formation, as was

shown by measurements carried out with a 20 iH Fe solution, a certain
2+competition between oxidation of Fe -ions by the radical and another

reaction involving the ferrous ions must play an important role as well.

The continuous decrease which was observed for doses above 10 kGy,

should then be interpreted by an excess ferrous ion capture of the

non-Fe forming radical products, but is not due to the inverse

reduction reaction. This inverse reaction, the reduction of ferric to

ferrous ions, which could also be indirectly caused by the radicals, was

investigated by adding 50 mg of irradiated alanine to a solution

contaning 60 /JM Fe3+, 0.10 N H-jSÔ  and 0.2 mM XO (Koch-Light) and

measuring at a wavelength of 445 nm (where a minimum is observed, the

spectra overlap above 540 nm), against similar unirradiated blanks.

This showed only a very small effect (fig. 6), indicating the limited

role of this reaction in a radiation chemical theory of the system.
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\

50

Fig. 6. Reverse reduction reaction Fe -» Fe by radical formed

products (relative absorbance differences).
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In a possible ferrous ion depletion model, the role of the rate of

adding and mixing the irradiated alanine and the FX solution should be

expected to be significant, as was investigated (see paragraph 3.b.).

Inhomogenous alanine-ferrous ions-water distributions could cause local

competition between ferric ion production and other non-oxidizing

product results in the solution.

Further studies are needed to investigate the radiation chemical

background of this system, not only for pure scientific purposes, but

also with the aim of optimizing the system as a useful alternative

dosemeter for its range.

3.p. Measurements without xylenol orange.

Since the use of xylenol orange was only introduced as a dye to allow

colorimetric measurements (i.e. at wavelengths in the visible region),

we tried out - analogous to the Fricke system - to measure the

absorbance at a wavelength of 302 nm, where the system Fe /irradiated

alanine shows an absorption maximum as well. An identical procedure was

followed, i.e. 50 mg irradiated alanine dissolved in 10 ml solution

containing 0.2 mM Fe(NH4)2(SO4)2 in 0.1 N H2SO4. A very similar

dose-response relationship was found (fig. 8), eliminating a major role

of the XO in an explanation of the system's chemistry for doses above 10

kGy indicating that a dosimetric applicance for alanine is also possible

without the use of a XO dye up to 5 kGy, as well.

4. Conclusions.

Thus far, it has been found impossible to extend the useful range of

the ferrous-xylenol orange dosimeter system above 10 kGy for alanine.

Both for the alanine and for the glutamine system, a similar

dose-response was found compared with the results obtained by the

original author, but a significant difference in absorption spectrum.

Until a better understanding of the chemical reactions underlying the

system has been obtained to possibly eliminate or remedy the factors

responsible for the saturation behaviour, no extension of useful range

for this type of dosimeter seems to be in reach.

Further investigations on X0 effects, measurements without this dye,

acidity effects, reproducibility, fading etc. are yet to be planned.
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5. Summary.

An investigation of the spectrophotometric readout procedure for

alanine and glutamine dosimeters as proposed by Gupta et al. has been

carried out. Similar results were obtained in the dose ranges described

(0.1-4 kGy resp. 1-100 kGy), but an extension of this range for alanine

dosimeters showed to be impossible as saturation effects deteriorate the

system's response. Radiation chemical studies show a complex underlying

reaction behaviour that has not yet been understood. Another method,

leaving out the xylenol orange dye and taking UV spectrophotometric

measurements at 302 run with alanine, showed the same problem at doses

above 10 kGy.
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CHAPTER VII :

ALANINE DOSIMETRY USING SPECTROPHOTOMETRIC AMMONIA DETERMINATION

1. Introduction•

The detection of trapped free radicals, predominantly of the form

CH2CHCOOH, in irradiated alanine, by means of ESR tecnniques, has proven to

be a useful but rather complex and very expensive method in high-level

dosimetry [1-4]. An indirect chemical method using the spectrophotometric

determination of radicals produced on irradiation of glutamine and alanine,

has been investigated [5]. On dissolving the irradiated amino acid in a

ferrous ionic solution, oxidation of the Fe ions is caused by the

radicals. Our investigations of this method, with the aim to possibly

extend the dose range, showed a saturation-like dose-response relationship

as well as a rather limited high-dose range in the case of alanine (max. 10

kGy) in respect to the ESR detection [6],

As reported by several authors [7-8], a relatively high yield of ammonia

(G - 5) is found upon irradiation of alanine. Dissolution of the irradiated

amino acid powder in water thus results in a chemical means of measuring the

absorbed dose in the irradiated specimen :

irradiation

alanine -» NHj(aq)

H20

This phenomenon proves to lead to an alternative, simple and cheaper

spectrophotometric method by determination of the ammonia produced with

Nessler reagens [9], a very well known and intensly studied method in

analytical chemistry. Applying some precautions in analytical techniques

and physical circumstances, this method shows a very good linear

dose-response relationship up to doses of 300 kGy, and a supralinear

response up to 600 kGy, thereby significantly extending previous

alanine-based dosimeter ranges. These are limited by the fact that free
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radicals are destroyed at doses above 300 kGy [10] and saturation behaviour

shows [11], whereas such an effect does not show for the torn-off amino

group of the deaminated radical.

2. Experimental procedure.

2.a. Chemicals.

DL-alanine for biochemical purposes (99.7 % pure) was obtained by Merck.

Four times distilled water was made free of ammonia using potassium-

permanganate and potassiumbichromate. All other chemicals used in the

preparation of the Nessler reagens (HgC^, KI, NaOH) were of labaratory

grade and purchased from Merck as well.

2.b. Irradiations.

Glass tubes (12 mm i.d., height 4 cm) containing approximately 1 g of

the amino acid powder were irradiated in air with 12 MeV electrons, using

our 14 MeV linear accelerator facility. Ferrous sulphate (Fricke)

calibration runs with beam monitor referencing were made for dose

standardization. Irradiation geometry was kept constant by taking the same

position for each glass sample.

Average dose rates of approximately 150 Gy/s were delivered. This rate

does not influence the number of radicals produced at this rate level [3],

so accordingly no effect in the splitted amino group may be expected.

2.c. Measurements.

A concentrated stock Nessler solution is made in the following way [12]:

4.375 g KI is dissolved in 50 ml HjC, then 50 ml of a HgCl2 solution

containing 1.806 g is added and 8.02 -¿ NaOH in 100 ml H20 as well,

whereafter HgClg is added until p. red precipitation is formed. The red

solution is decantated and kept in dark thermostatically at 20 °C.

50 mg of irradiated alanine powder, put in a dry stoppered erlenmeyer,

was dissolved in 25 ml of a 20 times diluted Nessler reagens ("5% solution",

resulting in 0.04 M NaOH, pH ± 12.6). Colorimetric recordings were made on

a Cary-118 C UV-visible spectrophotometer against similar unirradiated

blanks, using 1 cm quartz cells.
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3. Results and discussion.

3.a. Absorption spectrum.

The absorption spectrum of a 50 mg alanine sample, irradiated to 100

kGy, in 25 ml of the 5% Nessler solution, measured against a similar

unirradiated blank, is shown in fig. 1. A peak is found at A=367 run, so at

this wavelength all absorbance measurements will be taken. Below 350 nm the

complex absorbs very strongly, meaning that slight Nessler concentration

variations may introduce too large an error to be useful for iLaasurements in

this wavelength region.

3.b. Time dependence.

As the absorbance of the system Nessler-NH3 increases continuously in

time all measurements were made after a fixed amount of time, 15 minutes.

The reaction upon which the system is based ,

2 K2[HgI4] + 2 NH3 -• NH2Hg2I3 + 4 KI + NH^I

proceeds at a relatively slow rate at the used pH area. The alkanity of the

solution however has to be preserved, as the equillibrium NH3 » NHJ has to

be shifted to the left, and the Hg-I complex is not stable at low pH [13].

3.c. Alanine interferences.

Interferences of the amino acid with Nessler do occur. The extend of

this phenomen is measured by dissolving different amounts of irradiated

alanine in the Nessler solution (fig. 2).

An increase in hydroxide concentration lowers the plateau obtained,

whereas a higher Kg-I complex concentration does so as well.

A possible reaction equillibrium explaining these observed

characteristics (including NaOH dependence, K2[HgI^] dependence) is :

O" + OH" 5 CH3CH(NH2)COO" •*- H,0 p Q H- - 8.62 [14]

CH3CH(NH2)COO" + K2[H¿I4] $ CH3CH(NH[Hg2I3] )C00" + KI + CH3CH(NH3I)COO'



- 87 -

Absorption spectrum of 50 mg alanine in 25 ml Nessler

reagent, between 330 and 420 tun.

A absorbunce

Fis. 2. Mass dependence of th= absorbance of irradiated alanine

dissolved in 25 ml Nessler reagent (5%).



Fig. l.b.: Absorption spectrum of 50 mg irradiated alanine (5 kGy)

against an unirradiated blank. (FX solution 0.1 N)

In order to reduce possible errors due to chis interference, when the

alanine mass is not exactly the same (e.g. when tablets are used),

measurements should be made at a level where slight variations do no play a

significant rol (i.e. for alanine concentrations greater than 5.10 mol/1

(± 50 mg/10 ml)). Investigations on this are to be carried out in the near

future.

3.d. Chemical processing - reprodueibilitv.

In determining small amounts of ammonia with the Nessler method, one has

to take care of its high dependence on the speed of adding the solution and

the rate of mixing after adding [13]. This is also shown in table 1 where

discrepancies of almost 20% are found following two different procedures

(though keeping the rate of addition the same by use of the same pipet) :

manual shaking of the mixture immediately when adding versus no shaking but

after two minutes.

Table. 1 : Reproducibilltv dependence on

the added Nessler Solution.

Irradiation dose - 300 kGy.

Absorbance measured at 367 nm

immediate shaking

0.5408
0.5466
0.5254
0.5250
0.5219

"imm = °- 5 3 1 9

a/p - 2.1%

^2min " ''irnm IQ ̂

^2min

2 min.

different

•

standing,

0.6567
0.6604
0.6839
0.6567
0.6538

'i2min " °-

rates of mixing

manual shaking

6623

9%

Reproducibility between values obtained by the same manner of adding is

thus within 2% accurate. The observed difference of 20 % between the mixing

methods remains constant in time for it least three hours.

3.e. Dose-response curve.



dissolution.

Irradiations were performed from 30 up to 600 kGy at a dose rate of 200

Gy/s. Chemical processing was performed in 3 different ways. In order to

attain a highest possible reproducibility, a magnetic stirring apparatus was

used having the advantage of a constant and high rate of stirring, thus

optimizing the chemical processing technique. The rate of stirring was

approximately 600 rpm. and was kept on for 45 seconds. Also measurements

with manual shaking and without any mixing instantaneously after adding were

carried out.

The rate of adding the Nessler solution was kept constant in all three

methods by using the same 25 ml Finn-pipet.

Fig. 3 and 4 show the results thus obtained. Except for the magnetic

stirring the other two methods do show a great uncertainty in response for

doses over 300 kGy.

For the first method (automatic stirring), a linear dose-absorbance

characteristic is seen up to 350 kGy, for which the fitted equation is :

A - 1.8483x10"3 D + 0.00044 (D in kGy, D < 350 kGy)

whereas for higher doses, a slight tendancy towards supralinearity is much

better fitted by the quadratic :

A - 8.O21xlO"7 D2 + 0.001606 D + 0.00960 (D in kGy, D > 350 kGy)

3.f. Discussion.

The increase in linearity for the dose-absorbance curve shows that where

normally a saturation effect in radical production, attributed to radical

destruction [11], for the irradiated alanine is observed even at doses of

200 to 300 kGy , this is not the case for the torn off amino group. Ammonia

production remains to be increased with absorbed dose, though supralinearity

can be due to several reasons, not automatically implying any ammonia

production dépendance upon internal processes that are directly

dose-related. The temperature rise at this high level of absorbed dose can

play a role -as will be investigated-, the Nessler method itself can cause

this higher response for increased ammonia concentrations [13], the air
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15

Fig. 3. Dose response curve for Che alanine-Nessüer method using

a magnetic stirrer at about 600 rpm.

05

Absorbance

100 200 300 400

Fig. 4. Dose response curve for the alanine-Nessler method using

(a) second method : manual shaking : ©

(b) third method : 2 minutes waiting, manual

shaking afterwards : EJ



- 91 -

present at the irradiation may cause a complex response behaviour etc.

These hypotheses request further investigation which will be carried out, as

well as an extension of the up till now investigated range limits.

4. Conclusions.

Taking some precautions in experimental circumstances (time of

measurement, chemical processing techniques), the Nessler-alanine system

provides a linear chemical dosemeter for doses up to 300 kGy and is able of

covering the entire high-dose range up to at least 600 kGy. Further

investigations of experimental factors (temperature - , dose rate -,

concentration dependence, etc. ) are in progress. Other colorimetric or

spectrophotometric methods are known [6], of which an indirect UV NHj

determination using a hypobromite solution seems to be best suited for the

concentration range and purposes involved. Investigations on this method

are planned.

5• Summary•

The spectrophotometric detection of ammonia produced upon dissolving

irradiated alanine, using the analytical Nessler method, provides a simple,

cheap and adequate dosimetric system for doses investigatd between 30 and

600 kGy. It has the advantage of not showing a saturation, whereas this is

the case for other alanine dosemeters based on the stable radical that is

produced.

The absorbance relates to the dose absorbed i.n the system in the

following way :

A = 1.8483xlO"3 D + 0.00044 (D in kGy, D < 350 kGy)

A = 8.021x10'7 D2 + 0.001606 D + 0.00960 (D in kGy, D > 350 kGy)
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Summary

In order to obtain precise results on the possible energy dependence of the ferrous sulphate (Fricke)

dosemeter for electrons accurate measurements have been performed. A graphite NBS-type calorimeter was

used as standard dosimetry system against which the Fricke dosimeter has been calibrated.

It is generally recognised that one of the major sources of uncertainty in calorimetric calibrations in

electron beams is the primary electron fluence perturbation due to the presence of vacuum gaps in the

calorimeter. In order to take these effects into account a Monte-Carlo computer programme was developed by

us. We found indeed that corrections of the order of 0.5 to 1 % must be carried out. These corrections are

large compared with the accuracy that is often attributed to calorimeter calibrations.

Using the electron irradiation facility at the 14 MeV linear electron accelerator ferric ion yields were

determined. From these measurements no evidence was revealed of an energy dependence for the GFe3+ yield

for electron energies between 2 and 10 MeV. A mean value of 1.594 lO^mol/J was obtained, when no vacuum

gaps perturbation is taken into account. This value corresponds exactly with the ICRU mean value. However if

the perturbation is taken into account, this value is lowered by 0.6 %.

During the period covered by the research project the electron and photon irradiation facilities at the

newly installed 14 MeV linear electron accelerator have been developed.
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Taking into account the high dose rates that can be delivered with this new accelerator facility, attention

has been focussed during the last research year of the contract on the dosimetry for high dose applications.

The ESR-alanine dosimeter is by now generally recognised as a promissing system for the high dose

range. Since the ESR-technique is very expensive, other alternative readout systems for the alanine dosimeter

were investigated by us.

A colorimetric method, based on the Fe + oxidation by the irradiation induced free radicals has been

suggested and tested by us. This system however has as a major drawback the rather limited dose range

compared with the ESR-system.

Therefore a completely new colorimetric system was developed by us, based on the colorimetric

determination of ammonium, produced upon irradiation of alanine. Irradiations in electron beams of 12 MeV

electrons have been carried out for doses up to 600 kGy. Where the ESR system already shows appreciable

saturation for these doses, the ammonium system gives a linear dose-relation up to the highest doses.

We believe that this new system will offer a valuable alternative for the ESR system, especially for

dosimetry laboratories who already have long years experience in spectrophotometrical systems. Research wili

be continued in the future to improve the system.
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