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Abstract

The Whole Body Counting facility of CIEMAT is capable of carrying out In-Vivo measurements of
radionuclides emitting X-rays and low energy gamma radiation internally deposited in the body. The system
to use for this purpose consists of four Low Energy Germanium (LE Ge) Canberra detectors working in the
energy range from 10 to 1000 keV. Physical phantoms with a known contamination in the organ of interest
are normally used for the calibration of the LE Ge detection system. In this document we present a calibration
method using the Monte Cario technique (MCNP4C) over a voxel phantom obtained from a computerized
tomography of a real human head. The phantom consists of 104017 (43x59x41 ) cubic voxels, 4 mm on each
side, of specific tissues, but for this simulation only two types are taken into account: adipose tissue and hard
bone. The skull is supposed to be contaminated with :41Am and the trajectories of the photons are simulated
till they reach the germanium detectors. The detectors were also simulated in detail to obtain a good agreement
with the reality.

In order to verify the accuracy of this procedure to reproduce the experiments, the MCNP results are
compared with laboratory measurements of a head phantom simulating an internal contamination of 1000
Bq of241 Am deposited in bone. Different relative positions source-detector were tried to look for the best
counting geometry for measurement of a contaminated skull. Efficiency valúes are obtained and compared,
resulting in the validation of the mathematical method for the assessment of internal contamination of
Americium deposited in skeleton.

Calibración Matemática con Phantoms Tipo Voxel para la Medida In Vivo de
Am-241 en Hueso en el Contador de Radiactividad Corporal del CIEMAT

Moraleda, M.; López, M.A.; Gómez Ros, J.M.; Navarro, T.; Navarro J.F.

35 pp. 9 figs. 16 refs.

Resumen

En el contador de cuerpo entero del CIEMAT se llevan a cabo medidas In-Vivo de radionucleidos que
emiten rayos X y radiación gamma de baja energía, y que se han depositado internamente en el cuerpo. El
equipo necesario consiste en 4 detectores de germanio tipo Low Energy (LE Ge) fabricados por Canberra
y que trabajan en el rango de 10 a 1000 keV. Para la calibración de estos detectores LE Ge se suelen
emplear maniquíes físicos con una contaminación conocida en el órgano de interés. En este documento se
presenta un método de calibración a partir de la aplicación de un código de Monte Cario (MCNP 4C) a un
maniquí obtenido de una tomografía computerizada de una cabeza humana real. El maniquí consta de
104017 (43x59x41) pequeñas celdas cúbicas de 4 mm de lado, cada una rellena de cierto tejido corporal. En
esta simulación, solo se han tenido en cuenta dos tipos: tejido adiposo y hueso. Se supone que el cráneo está
contaminado con241 Am y las trayectorias de los fotones emitidos se simulan hasta que llegan al detector de
germanio. Los detectores fueron descritos también en detalle para conseguir una buena concordancia con
la realidad.

Para verificar la precisión del procedimiento, los resultados de las simulaciones de MCNP se compararon
con medidas experimentales en laboratorio con un maniquí físico contaminado con 1000 Bq de 24lAm
depositado en el hueso. Se probaron diferentes geometrías para conseguir la mejor geometría de contaje
para la medida del cráneo contaminado. Los valores de eficiencia obtenidos y comparados permitieron la
validación del método matemático para evaluar la contaminación interna de Americio depositado en el
esqueleto.
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1. INTRODUCTION

"41Am is a bone-seeking and long-lived radionuclide, whose retention in the body is

assessed by gamma spectrometry in lungs or skeleton. In case of internal exposure to

this radionuclide, when Americium is absorbed to blood the main sites of deposition are

the liver and skeleton. Estimates of the total skeleton content can be obtained by

measuring the Activity deposited in the skull or in the knee.

The in-vivo measurement of bone-seeking radionuclides in skull with LE Ge detectors

has been accepted to be a representative skeletal measurement site and a suitable

technique for the assessment of the total Activity deposited in bone.

Occupational internal exposures to this 241Am are meanly related to tasks of

decontamination and decommissioning procedures of nuclear facilities or handling

radioactive wastes. In-Vivo measurements of either lungs or bone do not have adequate

sensitivity for routine monitoring. The LE Ge Detector system is useful in special

monitoring programmes or in case of incident when the detection of241 Am is required.

In-Vivo measurements of 241Am deposited in skull are performed at the Whole Body

Counter of CIEMAT. This facility counts with four Low Energy Germanium (LE Ge)

detectors manufactured by Canberra Industries for the detection of X rays and low

energy gamma radiation. The calibration of the system is carried out using a physical

head phantom of size and materials similar to a real human one, with a total phantom

activity of 1000 Bq homogeneously distributed through the skull.

Monte Carlo simulations have been demonstrated to be a powerful and useful tool for

calibration purposes [MAL95]. A realistic description of the scenario involved in the

measurements has to be modeled to achieve accurate results of efficiency calibration.

Over the years, human anatomical models have been improved in order to be able to

simulate more realistic organs and tissues (see Annex I). The basis for the simulation in

our study is a phantom produced in the form of voxels and obtained from a series of

computerized tomography images of a real individual. The computerized tomography

provides the information for the construction of the head in terms of small elements,

called voxels, which are filled with a certain tissue. Also the detectors need to be
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modeled in detailed with a careful description of the materials and dimensions of the

relevant parts.

MCNP4C code is used to simulate the bone contamination, to transport the photons

through the tissues and environment and to simulate the detection of the radiation in the

germanium detectors.

2. THE "LE Ge" DETECTION SYSTEM AT THE WBC OF CIEMAT

The Whole Body Counter (WBC) of CIEMAT is the unique laboratory in Spain with

capability for direct measurements of Actinides deposited in the body. The In-Vivo

facility consists of a shielded room of 2.43 m x 2.43 m x 1.97 m, with walls built with

13 cm Steel and lined with 5 mm Pb, 1 mm Cd and 1 mm Cu. The chamber room is

"over-pressure" and counts with a ventilation system and special filters, supplying 30

cycles/hour and constant conditions of humidity and Temperature (21°C).

The LE Ge counting system, [LOP00], consists of four Canberra Low Energy detectors

mounted, two each as arrays in two ACTII cryostats (5 1 each and 72 hours of

autonomy). The active area of each detector is 3800 mm", with a diameter of 70 mm and

thickness of 25 mm; to take full advantage of the low energy response, each LE Ge

device is equipped with a Carbon Epoxy entrance window, 0.5 mm thick. The Canberra

LE Ge detector is fabricated with a Capacitance less than that of a planar detector of

similar size, thus affords lower noise and consequently better resolution at low and

moderate energies than any other detector geometry. These and other features of the LE

Ge system result in improved count rate performance and peak-to-background ratios,

providing an excellent spectral resolution of 0.450 keV and 0.750 keV at 5.9 keV and

122 keV, respectively. A scheme of the germanium detector supplied by Canberra is

shown in figure 1.
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Figure 1. Scheme of the germanium detector supplied by Canberra



The person to be In-Vivo monitored for the detection of low energy gamma emitters in

the body, sits on a reclined dentist-chair, see figure 2. The four LE Ge detectors are

mounted as two arrays on an adjustable support which allows the proper placement of

the devices over the subject, depending on the counting geometry of the study.
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Figure 2. In-Vivo monitoring in the WBC facility of CDSMAT for the detection of low energy

gamma emitters in the body.

The ABACOS2000 is the Gamma Spectrometry software, running through Canberra

Genie2000, providing a complete set of operating procedures to analyse subjects, to

perform calibration functions and quality assurance operations. The LE Ge detection

system is defined by the software as four inputs or individual detectors, being each

device set for 4000 channel acquisition region and amplifier gain of 0.216 keV/channel,

in an analysis energy range of 10-1000 keV. The final result of the measurement can be

analysed from the individual detectors or from the different composed spectra. Energy

and FWHM calibrations are performed using multiline emitters in the source, being

especially useful a mixture of 241Am and l32Eu, covering the energy range of interest.



3. THE CALIBRATION PHANTOM AT THE CIEMAT WBC FACILITY

The Internal Dosimetry Group of CIEMAT contacted New York University Medical

Center (USA) in 1997 and an 241Am skull calibration phantom was prepared under the

supervision of Dr. Norman Cohen, for the In-Vivo assessment of Americium deposited

in skeleton (figure 3). To simulate bone the Cohen skull phantom was constructed of

Plaster-of-Paris, in the form of a human head. To simulate brain, muscle and facial soft-

tissue, tissue-equivalent paraffin was used. 1000 Bq of241 Am was distributed uniformly

over the skull at approximately mid-line depth within the bone surrogate, on interior

mid-bone surface. The facial tissue paraffin had been applied consistently with an

average human head.

The thickness of the Plaster-of-Paris skull is around 6 mm, which is the typical value of

a Western skull. Six layers of Plaster of Paris cast bandage were applied to the foam-

mannequin head. After drying, the foam was removed from the interior and the space

filled with tissue-equivalent beads. The activity was then applied to the outside of the

third layer by placing 0.75" filter paper disks (in sufficient number and as evenly

distributed as possible) over the skull surface, yielding a total phantom activity of 1000

Bq. After the disks had thoroughly dried, the second three of the six layers of Plaster of

Paris were added. Thus, the 241Am activity is in the centre of the simulated bone

material.

The paraffin was then applied in layers of varying thickness depending on the section

(forehead, cheeks, mouth, ears, neck, etc) until a reasonable likeness to an average

human head was obtained.

The ratio of the 16,55 keV (28,4%) 237Np X-Rays to the 59,54 keV (36,3%) 241Am

Gamma Rays varies as a function of overlying bone (Plaster of Paris) thickness above

the centre line deposition. The Counting Efficiency will vary as a function of the type

and size of the detectors and of the geometry used for calibration and measurement.



Figure 3. Cohen Skull Phantom at the CIEMAT Whole Body Counter facility

4. MONTE CARLO APPROACH

The Monte Carlo method is adequate to solve stochastic problems by calculating

random particle histories in certain geometry. Each history is followed until the particle

escapes outside the region of interest. A large number of starting particles is necessary

in order to obtain a reasonable statistics of the result. After repeated sampling, the

expected value of the physical quantity of interest is estimated by the average value of

those events and the corresponding uncertainty is assigned.

MCNP4C, [BRIOO], has been used to simulate the propagation of radiation in the

matter, taking into account the type of radiation, the properties of the materials through

which it passes, the interactions with the atoms, and the deposition of energy in the

detectors. Photon interaction cross sections allow to account for coherent scattering,

annihilation radiation emission following absoiption by pair production, and potential

fluorescent emission following photoelectric absorption.



The scenario is modelled by intersections, unions and complements of regions bounded

by different surfaces. An important capability of MCNP is to make possible to describe

only once the cells that appear more than once in the geometry. One defines that a cell is

to be filled with a certain universe (there should be as many universes as different

materials appear in the phantom). With this repeated structure feature a 3D array of cells

(one per voxel) is formed.

Only photon mode was taking into account but the electrons generated are considered

by the transport of the bremsstrahlung photons.

The pulse height tally gives the counts per second per photon per second, which is

equivalent to the absolute peak efficiency experimentally determined in the detector and

no variance reduction technique was used (only biasing of the source would be possible

but it is not so efficient when using low energies). Thirty energy bins between 0 and 60

keV were used. The photons in the neighboring bins were subtracted from the counts in

the peak.

A number of 5xl06 histories were run in a SGI Origin 3800 computer and the

computation time was about 40 minutes. Relative errors are always less than 0,1, what it

is considered by the author of MCNP to be generally reliable.

5. VOXEL PHANTOM

Voxel (volume pixel) phantoms are base on computed tomography (CT) or magnetic

resonance images (MRI) obtained from high resolution scans of individuals. So they

consist of a large number set of such voxels an'anged to produce a 3-D representation of

the body. Each organ or tissue is represented by those voxels that were identified as

belonging to it from the tomographic images.

Zubal et al. built a phantom of a human body from a series of CT and MRI images

[ZU94]. This data can be downloaded from the website of the Yale University

(http://noodle.med.yale.edu/phantom/phantomindex.htm). The images were taken from



a patient whose height was 175 cm and the weight was 70.2 kg, which corresponds well

to the ICRP Reference Man, [ICRU75].

Only the slices corresponding to the head has been processed. The resulting head

phantom consists of 104017 (43x59x41) cubic voxels of 4 mm' for the 25 organs and

tissues identified, each one related to an index number for the identification of the

organ. Table 1 shows the volume and mass of the organs (as sum of the voxels

belonging to that organ), as well as the elementary compositions ([ICRU75], [ICRU89],

[ICRU92a]). Some slices of the phantom are shown as example in figure 4.

A computer program has been developed to automatically generate the input file for

MCNP starting from the tomographic data. The program is based on the ability of

MCNP to represent complex tridimensional structures as a lattice of individual cubic

cells. This simple element is then repeated and filled with a material with the

composition and density of the corresponding tissue. To simulate the bone

contamination, it is assumed that the source is uniformly distributed in all the voxels

containing bone tissue thus having the same probability of emission.



Figure 4. Different cross-sections of the head phantom.



Organ

Cartilage
Cerebellum
Brain
Spine
Skull
Lens
Teeth
Pharynx
Fat
Tongue
Jaw bone

Spinal cord
Bone marrow
Skeletal muscle
Optic nerve
Eye

Hard palate
Skin

Blood pool

Voxels

840
2468
18872
894

8114
23
260
165
499
588
1183

143
72

11574
93

242
455
9978

238

Volume

(cm3)

53,8
158,0

1207,8
57,2

519,3

1,5
16,6
10,6
31,9
37,6
75,7
9,2
4,6

740,7
6,0

15,5
29,1
638,6
15,2

Mass

(g)

59,1
164,3

1256,1
81,2

836,1
1,6

36,0
11,6
30,3
39,5
127,2

9,5
4,7

111,?,
6,2

16,6
46,9
696,1

16,1

Tissue

cartilage
brain
brain
skeleton (vertebral column)
skeleton (cranium)
eye lens
teeth

cartilage
addipose tissue
muscle (skeletal)

skeleton ( j a w bone)
Drain
red marrow
muscle (skeletal)
srain

tissue equivalent liquid
skeleton (cranium)
skin
Dlood

H

9,6
10,7
10,7
6,3
5,0
9,6

9,6

11,4
10,2
4,6

10,7
10,5
10,2
10,7
10,2
5,0

10,0
10,2

C

9,9
14,5
14,5
26,1
21,2
19,5

9,9
59,8
14,3
19,9
14,5
41,4
14,3
14,5
12,0
21,2
20,4
11,0

N

2,2
2,2
2,2
3,9
4,0
5,7

2,2
0,7
3,4

4,1
2,2
3,4
3,4
2,2

3,5
4,0
4,2

3,3

0

74,4
71,2
71,2
43,6
43,5
64,6

74,4
27,8
71,0
43,5
71,2
43,9
71,0
71,2
74,3
43,5
64,5
74,5

Na

0,5
0,2
0,2

0,1
0,1
0,1

0,5

0,1
0,1
0,1
0,2

0,1
0,1
0,2

0,1
0,2

0,1

Mg

0,1
0,2

0,2

0,1

0,2

P

2,2

o'4
0,4
6,1

8,1
0,1

2,2

0,2
8,6
0,4
6,0
0,2
0,4

8,1

0,1
0,1

S

0,9
0,2
0,2
0,3
0,3
0,3

0,9

0,1
0,3
0,3
0,2
0,3
0,3
0,2

0,3
0,2
0,2

Cl

0,3
0,3
0,3

0,1

0,1

0,3

0,1
0,1

0,3

0,1
0,1
0,3

0,3

0,3

K

0,3
0,3
0,1

0,4

0,3

0,1
0,4
0,3

0,1
0,2

Ca Fe

13,3
17,6

18,7

13,1

17,6

0,1

Table 1. Volume and mass of the organs considered in the tomographic phantom and tissue compositions.



6. MEASUREMENT SIMULATIONS

6.1. Detector description

The detectors are Canberra ACTII LE Ge and were described in section 2. The system

consists of an array of four detectors, where each pair is connected to a cryostat. The

configuration can be changed by rotating each one in two possible directions (angle

between each group of detectors, and angle from the vertical) and by adjusting the

distance source-detector. Each pair of detectors is surrounded by an outer lead shield

(anti-compton shield) of 1,5 cm width.

The detector has been simulated as careful as possible in relation with the materials,

densities and sizes. Most of these features have been provided by Canberra. Different

parts have been taken into account: endcap window, endcap, crystal of germanium,

crystal holder, electrode, superinsulation and outer shield:

- The endcap window is carbon epoxy of 0,6 mm thickness and an estimated density of

2,3 g/cc.

- The endcap is stainless steel of 82,5 mm diameter and 0,062" thickness.

- The crystal is high purity gennanium with cylindrical shape of 70 mm diameter and 25

mm length. The density of the crystal is 5,32 g/cc.

- The outer electrode is a thin layer (4000 Â) of germanium doped with boron. It is a

dead layer not useful for detection but attenuates photons. The inner electrode has a

thickness of 0,5 mm but it has not been simulated because of its location, the same as

the rest of the electronics of the device.

- The crystal holder of the germanium is made of copper.

- The material of the superinsulator is a confidential information but it was said to be

similar to Polyvinylchloride (PVC). Also the density is unknown but it was considered

for the simulation as 1 g/cc.
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- The outer shield introduces no differences in the resulting counts in the germanium so

it is not considered from here on.

The characteristics of the detector are summarized in the following; table.

Structure *

(l)Ge crystal

(2) Outer electrode

(9) Crystal holder

(3) Superinsulator

(6) Vacuum

(5) End cap

(4) Composite

window

Material

High purity

Germanium

Doped germanium

Copper

PVC

Vacuum

Stainless steel

Carbon epoxy

Composition

Ge

Ge

Cu

H (9%), C

(38%), Cl (53%)

-

Fe (72,85%), C

(0.15 %),Mn(2

%), Si(l%), Cr

(17%), Ni (7%)

C (83,4%), H

(7,3%), 0 (9,3%)

Density

5,32 g/cmJ

5,32 g/cmJ

8,96 g/cmJ

1 g/cmJ

0

7,9 g/cmJ

2,3 g/cmJ

Dimension

Cylinder:

7 cm of diameter,

2,5 cm thickness

Layer of 4000 Á

1 mm around the

crystal in lower part.

About 3 mm in the

upper part.

About 2 mm

thickness in the

lower part.

Distance to window:

5 mm

Diameter: 8,25 cm

Thickness: 0,062 "

(partial)

Window: 5 mm

thickness

Table 2. Materials

* The numbers in brackets belong to the cell numbers in the figure 5.
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Figure 5. Simulated detector geometry. The numbers correspond to the structures shown in

table 2.

6.2. Geometry

As a first approach to the parameters used in our Monte Carlo simulations some simple

source-detector geometries were checked and the results compared with experimental

ones. Those geometries were: point sources of Am (59,5 keV) and Eu (121,78 and 444

keV); cylindrical head (BOMAB phantom) filled with a solution of 57Co (122 keV) and
lj7Cs (662 keV); and a simplified head phantom constituted by the union of ellipsoids

for the skull and elliptical cylindrical segments for the facial skeleton with 241Am

homogeneously distributed in the bone.

The final calculations to validate the use of MCNP for efficiency calibration of the

detectors were carried out with the detailed head phantom developed from the

computerized tomography. The voxels that form the skull are supposed to be

contaminated with 241Am. The contamination is homogeneously distributed so the

photons are emitted from each one with the same probability. The photopeak of 59,5

keV (36,3 % of the emission of24! Am) is used for the calibration.

The detectors were located at different distances from the source and in different

relative angles:

- Detectors on the vertical with an angle of 16° between the two pairs of detectors

(referred as vertical geometry). See figure 6.
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- Detectors rotated towards the back 14° from the vertical and still 16° between them

(referred as rotated geometry).

- Detectors rotated 23° towards the back and with an angle of 25° between them

(referred as wrapped geometry).

The distances to the head were in all the cases increased till 30 cm away. The closest

distance detector-head was not the same due to a superposition with cells belonging to

the cube of the voxel phantom.

Figure 6. Section of the head and the Ge detectors in the vertical geometry.
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7. RESULTS OF EFFICIENCIES: COMPARISON OF

EXPERIMENTAL/SIMULATED VALUES

The results for the efficiencies calculated experimentally and the corresponding to the

Monte Carlo simulations are shown in Annex II. Various distances detector-head and

different counting geometries were tried.

For short distances the counts per photon detected follow a linear regression, what

allows us to extrapolate the expected value at distances where it was not possible to

place the detector in the Monte Carlo simulation. Those are the positions of interest

because the counting efficiency is highest.

When comparing the simulated results with the experiments, one finds differences that

are partially due to the theoretical characteristics of the detectors given as inputs. The

entrance window, through which the photons must pass, is an important feature when

describing the detector. Due to diffusion mechanism, there is a transition zone between

the dead layer and detection volume where the photons are absorbed without

contributing to the count rate, [CLO74]. An increase of the inactive layer thickness will

reduce the number of photons that deposit their energy in the detector.

The thickness of the total dead layer can be experimentally determined by comparing

the results with the measured ones for a point source of Am. Different thickness were

tried and a good agreement was found for an inactive Ge layer thickness of 0,01 cm

instead of the 4000 Á given by the manufacturer. The efficiency was recalculated with

this parameter in the different geometries and shown in figures 7-9 together with the

experimental calculations carried out in the WBC.
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Vertical geometry
E Experimental efficiency i

Simulated efficiency I (4000 A)
o Simulated efficiency 2 (1E-2cm) i

Uneal (Experimental efficiency) •

Lineal (Simulated efficiency 1 (4000 A)) ;
Lineal (Simulated efficiency 2 (1E-2cm))|

R" = 0.9616

y = -0.0012X + 0,0244
R2 = 0,9892

5 6 7 8

distance (cm)

10 11

Figure 7. Comparison of simulated and experimental efficiencies in the vertical geometry. Both

simulations are shown, the first one with the theoretical dead layer thickness (4000 À) and the

second one with the adjusted thickness (0.01 cm).

2.20E-02 -

Q- 1.70E-02 -

- - 1,20E-02 -

=j 7.00E-03

2.00E-03

Rotated geometry

Experimental efficiency

Simulated efficiency 1 (4000 Â)

Simulated efficiency 2 (1E-2cm)

Lineal (Simulated efficiency 1 (4000 A))

Lineal (Experimental efficiency)

Lineal (Simulated efficiency 2 (1 E-2cm))

y=-0.0012x- 0,0226
R"' = 0.975

y=-0,001x+0,0215
R2 = 0,9949

1 2 3 4 5 6 7 8 9 10 11 12

distance (cm)

Figure 8. Comparison of simulated and experimental efficiencies in the rotated geometry. Both

simulations are shown, the first one with the theoretical dead layer thickness (4000 Â) and the

second one with the adjusted thickness (0.01 cm).
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Wrapped geometry

2.50E-02 -

2.30E-02 -

3- 2.10E-02 -
O
_O 1.90E-02 -
Q.
]5 1.70E-02 -
ÏZ
o 1.50E-02 -
o

>- 1.30E-02 -

.2 1.10E-02 •

ÙJ 9.00E-03 •

Experimental efficiency ;

Simulated efficiency 1 (4000 A) ;

Simulated efficiency 2 (1E-2cm) ;

Lineal (Simulated efficiency 1 (4000 A)) i

Lineal (Experimental efficiency) \

Lineal (Simulated efficiency 2 (1E-2cm)) i

R-' = 0.9971

7.00E-03 -

5.00E-03 -
1 2 3 4 5 6 7 8

distance (cm)

9 10 11 12

y = -O.OOIX + 0,0233

R2 = 0,9974

Figure 9. Comparison of simulated and experimental efficiencies in the wrapped geometry.

Both simulations are shown, the first one with the theoretical dead layer thickness (4000 Â) and

the second one with the adjusted thickness (0.01 cm).

17



Distance

2

4

5

6

7

8

10

12

MCNP

efficiency

1.97E-02

l,72E-02

1.68E-02

1.47E-02

1.24E-02

1.06E-02

Vertical geometry

Experimental

efficiency

1.81E-02

1.39E-02

1.25E-02

1.22E-02

1.00E-02

8.22E-03

Ratio

MCNP/exp

1,09

1,23

1,34

1,21

1,23

1,29

Bias

(%)

9,0

23,1

33,8

20,5

23,5

28,9

MCNP

efficiency

1.68E-02

1.58E-02

1.35E-02

1.16E-02

1.00E-02

Rotated geometry

Experimental

efficiency

1.65E-02

1.48E-02

1.20E-02

1.02E-02

8,98E-03

Ratio

MCNP/exp

1,02

1,06

1,12

1,14

1,11

Bias

(%)

1,71

6,46

12,32

13,81

11,46

MCNP

efficiency

l,63E-02

Wrapped geometry

Experimental

efficiency

1.54E-02

Ratio

MCNP/exp

1,06

Bias

(%)

5,84

Table 3. Comparison between simulated and experimental efficiencies (counts/photon). The simulated efficiencies correspond to the dead layer adjusted to

0,01 cm.



Table 3 shows the comparison between experimental and simulated results (with the

adjusted thickness of dead layer). One sees that the results are in good concordance to

each other, with highest variation of 30%, in the vertical geometry at 12 cm from the

source, and a minimum of 2%, in the rotated geometry at 5 cm from the source. In all

the situations, the deviation from the experimental efficiency increases with the distance

to the source, with an average value of 23% in the vertical geometry and 9% in the

rotated geometry. In the wrapped geometry there is only one calculation with a variation

of 6% from the experimental result. The discrepancies are supposed to be due to

differences between the mathematical and the physical phantoms.

A tomography of the calibration head was taken in order to check the distribution of the

plaster. Some differences were found in the physical phantom comparing with a real

human skull. The plaster is a uniform layer below the wax surface but the base of the

skull and other inner bones were not modelled.

One looks for the best counting geometry for measurement of a skull. In accordance

with Monte Carlo results, both, the vertical and the wrapped geometry, would result in

similar efficiencies, and the rotated one would be less efficient. In all cases, the closer

the detector locates the better the efficiency is, and for those distances the difference

between the results is only of 9%.

In order to study the influence of the angle between the detectors on the amount of

pulses generated, a series of simulations have been done covering the range 0-32 °. The

results are shown in table 4 and the "relative percentual counts" is also given

(percentage of counts/photon for that geometry relative to the counts/photon with

parallel detectors). The counts in the detector increase with the angle because the frontal

surface is more parallel to the head surface and also because the rotation makes the

distance to decrease. The influence of changing the angle between the detectors is quite

small (12% difference between the two extreme situation considered). This means that

no big mistakes would be introduced if the angle supposed in the simulation does not

exactly agree with the experimental one or when reproducing the calculations.
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Angle

0
4
8
12
16
20
24
28
32

Counts/photon

L68E-02
L71E-02
L74E-02
1J7E-02
1.80E-02
L82E-02
l,84E-02
1.86E-02
1.88E-02

cps/Bq

6,03E-03
6J4E-03
6,25E-03
635E-03
6,44E-03
6,53E-03
6,61E-03
6,68E-03
6.76E-03

Relative percentual

counts (%)

100
102
104
105
107
108
110
111
112

Table 4. Dependence of the detector efficiency on the angle between the pair of detectors in the

vertical geometry at a distance of 7 cm from the source. The relative percentual counts is the

percentage of counts/photon for that geometry relative to the counts/photon with parallel

detectors.

8. CONCLUSIONS

The use of a realistic voxel phantom for the human head together with the Monte Carlo

code MCNP makes possible to detennine the efficiency of the detectors in any selected

geometry. An accurate description of the building materials and dimensions of the

germanium detectors and their structure is required to obtain a good agreement with the

experimental measurements. In particular, a dead layer thicker than the theoretical value

has to be considered in the entrance window due to atomic diffusion. The discrepancies

between the calculated and the experimental values are supposed to be due to the actual

differences between the mathematical (voxel) and the physical phantoms, with bias less

than 10% at short distances.

This calibration method could be used instead of physical phantoms. Computerized

tomographies of heads of various sizes could be obtained and used for different persons

to be monitored.

It is foreseen to apply this method also to the knee and to study the counting efficiency

for Am in this geometry.

20



Each radionuclide of interest could be defined as source of radiation, making possible to

calibrate the detectors in cases where physical phantoms are not available. From a

dosimetric point of view, other bone-seeking isotopes as 210Pb are candidate to be object

of future studies; the Monte Carlo methodology developed for 241Am and described in

this document would be easily applied for this type of natural occurring radionuclides

and also for others coming from artificial sources whose in-vivo detection is carried in

bone geometry
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ANNEX I: HUMAN ANATOMICAL MODELS

The simplest mathematical models representing the human body were based on

homogeneous geometrical figures. The first heterogeneous phantom including detailed

representations of some specific organs was published in 1969 in MIRD Pamphlet No.5

[SNY69] and it is known now as MIRD phantom,. More than 40 organs and tissues

were modeled by cuadric surfaces (ellipsoids, cylinders, planes, etc.) and described

using the corresponding mathematical equations. Further developments resulted in the

ORNL mathematical phantom series, [CRI87], which includes the newborn and

individuals of ages 1, 5, 10, 15, and the adult. Differentiated phantoms for an adult male

and female bodies were also developed [KRA86].

An improvement in the model of the head was introduced in [BOU96] including eight

subregions for the brain as well as the thyroid, eyes and cerebrospinal fluid within the

cranial and spinal regions.

A review of physical phantoms and computational models is presented in [ICRU92b]

For a more realistic description of the body and all the organs and tissues advanced

imaging techniques, such as computed tomography (CT) and magnetic resonance

imaging (MRI), should be used. The phantoms based on such images consists of a large

number of small cubic elements or voxels stored in digital format. Whole body models

based on those techniques (voxel phantoms) are described in [ZUB94], [DIM96],

[PET98] and [XU00], among others.



ANNEX II: RESULTS

1. RESULTS FROM THE LABORATORY MEASUREMENTS

Distance

(cm)

1

?

n
j

4

5

6

7

8

10

12

Vertical geometry

counts/photon

2J0E-02

L81E-02

1.39E-02

1.25E-02

l,22E-02

1.00E-02

8,22E-03

cps/Bq

7,56E-03

6,50E-03

5,O1E-O3

4,49E-03

4,37E-03

3,61E-03

2,95E-03

Rotated geometry

counts/photon

2,1E-O2

1.75E-02

1.65E-02

l,48E-02

l,20E-02

L02E-02

8,98E-03

cps/Bq

7,54E-03

6,27E-03

5,92E-03

5,32E-03

4,32E-03

3,66E-03

3,22E-03

Wrapped geometry

counts/photon

2,29E-02

1.95E-02

1.54E-02

cps/Bq

8.21E-03

7,01E-03

5,53E-03

Table ILL Experimental efficiency obtained in the whole-body counter facility of CEEMAT at

various distances detector-head in different counting geometries.

Linear regressions to fit those values:

Vertical geometry: y=-0,0013x + 0,0227 (R2=0,9616)

Rotated geometry: y=-0,0012x + 0,0226 (R2=0,975)

Wrapped geometry: y=-0,0012x + 0,0243 (R2=0,9971)
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2. RESULTS FROM THE MONTE CARLO SIMULATIONS

Distance

(cm)

3

4

5

6

7

8

9

10

12

15

17

20

25

30

Vertical geometry

counts/photon

2,33E-02

2,26E-02

2.11E-02

1.95E-02

l,80E-02

1.66E-02

1.51E-02

1.39E-02

1.18E-02

9,32E-03

8,06E-03

6,52E-03

3,49E-03

3,53E-03

cps/Bq

8,36E-03

8,10E-03

7,58E-03

7,01E-03

6,44E-03

5,94E-03

5,43E-03

5,00E-03

4,24E-03

3.35E-03

2,89E-03

2,34E-03

L25E-03

l,27E-03

Rotated geometry

counts/photon

L91E-02

1J9E-02

1.64E-02

L48E-02

L41E-02

l,30E-02

1J2E-02

8,95E-03

7,81E-03

6,33E-03

4,62E-03

3,49E-03

cps/Bq

6,86E-03

6,43E-03

5,88E-O3

531E-03

5,O5E-O3

4,67E-03

4,01E-03

3,21E-03

2,80E-03

2,27E-03

l,66E-03

l,25E-03

Wrapped geometry

counts/photon

L84E-02

1J1E-02

L57E-02

1.53E-02

1.20E-02

8,59E-03

8,34E-03

7,19E-03

5J1E-03

3.75E-03

cps/Bq

6,60E-03

6.12E-03

5,63E-03

5,49E-03

4,32E-03

3,08E-03

2,99E-03

2,58E-03

1.83E-03

L35E-03

Table II.2. Simulated efficiency obtained with MCNP code at various distances detector-head

and in different counting geometries. Inactive Ge layer thickness of 4000 A (theoretical

parameter given by the manufacturer).

Linear regressions to fit those values:

Vertical geometry: y=-0,0013x + 0,0276 (R2=0,9943)

Rotated geometry: y=-0,001 lx + 0,0245 (R2=0,9852)

Wrapped geometry: y=-0,0012x + 0,0196 (R2=0,9804)
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Distance

(cm)

ri
j

4

5

6

7

8

9

10

12

Vertical geometry

counts/photon

L97E-02

L72E-02

1.68E-02

1.47E-02

L24E-02

1.06E-02

cps/Bq

7,09E-03

6J6E-03

6,01E-03

5,27E-03

4,46E-03

3,81E-03

Rotated geometry

counts/photon

l,68E-02

L58E-02

l,45E-02

L35E-02

L16E-02

l,00E-02

cps/Bq

6,02E-03

5,67E-03

5,21E-03

4,85E-03

0,00E+00

4,16E-03

3,59E-03

Wrapped geometry

counts/photon

1.63E-02

L50E-02

1.40E-02

1.30E-02

1.10E-02

cps/Bq

5,83E-03

5.39E-03

5,02E-03

4,65E-03

3,96E-03

Table II.3. Simulated efficiency obtained with MCNP code at various distances detector-head

and in different counting geometries. Inactive Ge layer thickness of 0,01cm (value

experimentally determined by comparing with the measurements for a point source of Am ).

Linear regressions to fit those values:

Vertical geometry: y=-0,0012x + 0,0244 (R2=0,9892)

Rotated geometry: y=-0,001x+ 0,0215 (R2=0,9949)

Wrapped geometry: y=-0,00ix + 0,0233 (R2=0,9974)
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