


 
- Rapport CEA-R-6184 - 

 
 
 

CEA Saclay 
Direction de la Recherche Technologique  

Laboratoire d’Intégration des Systèmes et des Technologies 
DEpartement des TEchnologies du Capteur et du Signal 

Laboratoire National Henri Becquerel 
 
 
 
 
 
 
 

THE CONSTRUCTION OF THE GRAPHITE CALORIMETER  
GR9 at LNE-LNHB 

(GEOMETRICAL AND TECHNICAL CONSIDERATIONS) 
 
 
  
 
 

par 
 
 
 
 
 

Aimé OSTROWSKY 
Josiane DAURES 

 
 
 
 
 
 
 
 
 
 
 
 

- Mai 2008 - 



 
 
RAPPORT CEA-R-6184 – Aimé Ostrowsky, Josiane DAURES 
 
«Construction du calorimètre en graphite GR9 au LNE-LNHB (caractéristiques techniques et 
géométriques)» 
 
 
Résumé - La construction d’un calorimètre résulte d’un compromis entre les contraintes 
dosimétriques et les contraintes mécaniques. Les problèmes rencontrés sont examinés et les 
solutions prises pour la réalisation du calorimètre GR9 sont explicitées. Toutes les données 
techniques du calorimètre GR9 sont regroupées dans ce document. Les tests électriques et 
thermiques ont démontré le bon fonctionnement de ce calorimètre, équivalent à celui du 
précédent (GR8).  
 
 
2008 – Commissariat à l’Énergie Atomique – France 
 
 
RAPPORT CEA-R-6184 – Aimé Ostrowsky, Josiane DAURES 
 
 
« The construction of the graphite calorimeter GR9 at LNE-LNHB (geometrical and technical 
considerations» 
 
 
Abstract - The construction of a calorimeter is the result of the compromise between dosimetric 
requirements and mechanical constraints. The difficulties encountered are examined and the 
solutions chosen for the realisation of the GR9 calorimeter are detailed. All technical data are 
gathered in this document. The electrical and thermal tests have shown a good behaviour of the 
GR9 calorimeter, equivalent to that of the previous one (GR8).           

 

2008 – Commissariat à l’Énergie Atomique – France 
 



Titre : Construction du calorimètre en graphite GR9 au LNE-LNHB (caractéristiques 
techniques et géométriques)    

 
 
Résumé : La construction d’un calorimètre résulte d’un compromis entre les contraintes 
dosimétriques et les contraintes mécaniques. Les problèmes rencontrés sont examinés et 
les solutions prises pour la réalisation du calorimètre GR9 sont explicitées. Toutes les 
données techniques du calorimètre GR9 sont regroupées dans ce document. Les tests 
électriques et thermiques ont démontré le bon fonctionnement de ce calorimètre, équivalent 
à celui du précédent (GR8). 
 
 
 
Title:  The construction of the graphite calorimeter GR9 at LNE-LNHB (geometrical and 

technical considerations)           
 
 
Abstract: The construction of a calorimeter is the result of the compromise between 
dosimetric requirements and mechanical constraints. The difficulties encountered are 
examined and the solutions chosen for the realisation of the GR9 calorimeter are detailed. All 
technical data are gathered in this document. The electrical and thermal tests have shown a 
good behaviour of the GR9 calorimeter, equivalent to that of the previous one (GR8).           
 
 
 
 
Auteurs : Ostrowsky Aimé, Daures Josiane.        
 
 
CEA, LIST, Laboratoire National Henri Becquerel, Gif sur Yvette, F-91191, France 
 
 
 
DRT :  Direction de la Recherche Technologique 
LIST :  Laboratoire d'Intégration des Systèmes et des Technologies 
DETECS : DEpartement des TEchnologies du  Capteur et du Signal 
LNHB :  Laboratoire National Henri Becquerel 
         
 
                                    

 1/49



Contents 
 
 
 Foreword                                                                                                                                  3                        
1. Introduction .......................................................................................................................3 
2. Construction specifications ...............................................................................................3 
3. Thermal leakage ...............................................................................................................4 

3.1. Convection.................................................................................................................4 
3.2. Conduction ................................................................................................................4 
3.3. Radiation ...................................................................................................................4 

4. Thermistors .......................................................................................................................5 
4.1. Electrical insulation....................................................................................................5 
4.2. Measurements of electrical and thermal characteristics............................................6 
4.3. Weighing and selection of the thermistors.................................................................7 

5. Assembly of the inner elements of the calorimeter ...........................................................8 
5.1. Core assembly...........................................................................................................8 
5.2. Jacket assembly ......................................................................................................10 
5.3. Shield assembly ......................................................................................................12 
5.4. Block-ring assembly ................................................................................................13 
5.5. Block assembly........................................................................................................13 
5.6. Assembly of external slabs......................................................................................13 

6. Assembly of calorimeter components .............................................................................13 
6.1. Core inside the jacket ..............................................................................................15 
6.2. Core-jacket inside the shield ...................................................................................16 
6.3. Core-jacket-shield inside the block-ring...................................................................18 
6.4. Assembly in the block and the PMMA ring ..............................................................19 

7. Electrical assembly .........................................................................................................19 
8. Electrical power measurement principle .........................................................................21 
9. Electrical power measurement in the core......................................................................22 
10. Aplication of Ohm's law...................................................................................................23 
11. Application to the GR9 calorimeter .................................................................................23 
12. Measurement of wire ohmic resistances for the GR9 calorimeter working in the constant-

temperature mode ..........................................................................................................25 
13. Thermal leakage .............................................................................................................28 

13.1. Radiation heat transfer ............................................................................................28 
13.2. Conduction heat transfer .........................................................................................28 
13.3. Calculated heat leakage ..........................................................................................29 
13.4. Measured heat transfers in the calorimeter .............................................................29 

14. Conclusion ......................................................................................................................31 
References .............................................................................................................................34 

Appendix: Technical drawings ........................................................................................35 

 2/49



Foreword  
The construction of a graphite calorimeter for metrology purpose is a complex 

operation including several critical steps. This report takes profit of the recent construction of 
a new calorimeter at LNHB to give an exhaustive description of all these steps. The aim is to 
provide a practical operative instruction and guidance document, which can help interested 
laboratories in designing and constructing such an instrument. 

 

1. Introduction 
Calorimetry is the most direct dosimetric technique to reach absorbed dose. Indeed, a 

calorimeter gives direct access to the energy imparted to matter by ionizing radiation per 
mass unit by measuring the heat quantity Q produced under irradiation in its sensitive 
element which is thermally insulated, the core of mass m [1]. 

Graphite was chosen as construction material for its zero heat defect (all the energy 
imparted to graphite by ionizing radiation is converted into heat), its atomic number close to 
biological tissues and its good mechanical and thermal properties. 

The response of the calorimeter is independent of the dose rate. It is well suited to 
establish the standard of absorbed dose to graphite in photon and electron beams. 

The GR9 calorimeter is the 9th graphite calorimeter entirely designed, built and tested 
at LNHB. 

  

2. Construction specifications 
Most of the calorimeter components were manufactured in very high purity graphite, 

very fine grain, grade 5890 PT from Carbone Lorraine. The mean mass density measured in 
the laboratory is 1.82 g/cm3, in good agreement with the nominal mass density given by the 
supplier. 

The calorimeter is constituted of three concentric bodies (core, jacket, shield), inside 
the block. These bodies are separated from each other by vacuum gaps in order to provide 
good thermal insulation.   

The core, the sensitive element, is a flat cylinder of 3 mm thickness and 16 mm 
diameter. 

The jacket is a graphite cylindrical box of 9 mm height and 24 mm diameter (external 
dimensions). The jacket thickness is 2 mm so that the gap between core and jacket walls is 1 
mm. Its mass is 4.9 g. For assembling it, the jacket is split into two parts along its mid plan. 

The shield is a graphite cylindrical box of 15 mm height and 32 mm diameter (external 
dimensions). The shield thickness is 2 mm so that the gap between shield and jacket walls is 
1 mm. Its mass is 11 g. For assembling it, the shield is split into four parts. 

These different bodies are maintained by means of 3 silk threads taut in the median 
plan of the core, providing 1 mm gap between the bodies.  

As graphite is porous, airtightness is provided by a Mylar film of 0.10 mm thickness 
added on the front side and rear side of the calorimeter and by a lateral wall of PMMA of 15 

 3/49



mm thickness. The PMMA part ensures the rigidity of the whole calorimeter. The total 
thickness of the calorimeter is 32 mm and the external diameter is 18 cm. 

This calorimeter is specially designed for measurements in a phantom entirely made 
of Carbone Lorraine grade 5890 PT graphite, the same quality as the calorimeter itself. The 
phantom is a right parallelepiped of 30 cm side and 20 cm depth. A cavity of 18 cm diameter 
was drilled along the beam axis in order to receive the calorimeter. The measurement depth 
in the phantom is achieved by adding graphite slabs of different thicknesses in front of and 
behind the calorimeter. The external PMMA ring of the calorimeter is 7.5 cm distant from the 
beam axis, i. e. outside the direct beam in reference conditions so that the irradiation comes 
only from scattered radiation. The minimum depth of the core from the entrance surface of 
the beam is a limitation, especially for low-energy electron beams. 

The reference point of the calorimeter is the geometrical centre of the core, which is 
also the geometrical centre of the block. 

Thermistors are used for temperature measurements as well as for electrical heating 
of the different bodies. Their size must be small in order to limit the mass of impurities and 
their sensitivity has to be high enough to allow precise measurements.  

 

3. Thermal leakage 
Heat transfer between two bodies at different temperatures occurs through 

convection, conduction and radiation.  

3.1. Convection 
Differences of temperature within a fluid involve density gradients which lead to mass 

movements named convection movements. In order to minimize the convection transfer, the 
internal part of the calorimeter is evacuated. The vacuum system is constituted by a dry 
scroll pump and a magnetic turbo pump. Thus no oil contamination can reach the 
calorimeter. The estimation of the pressure inside the calorimeter is uneasy because the 
holes drilled in its central part for vacuum connections are small and not on a straight line. 
Moreover the gases adsorbed in graphite are progressively released during the pumping 
period. Nevertheless, while the convective heat transfer is preponderant at atmospheric 
pressure, it becomes acceptable in the obtained conditions (<10-3 Pa at the level of the 
pump).    

3.2. Conduction 
Thermal conduction occurs within a material or between two materials in contact 

when temperature gradients exist. In the calorimeter thermal conduction occurs trough the 
thermistor wires and the silk fixing threads. The thermistor wires are made of platinum-iridium 
(10 %) of 0.025 mm diameter. The diameter of the silk threads is 0.3 mm. 

3.3. Radiation 
Thermal radiation is electromagnetic and is emitted by a body as a function of its 

temperature. No medium is necessary for radiation transport. Absorption is the phenomenon 
reverse to emission. When radiant energy strikes a material surface, a fraction is absorbed, a 
fraction is reflected and a fraction is transmitted. In order to reduce these thermal transfers, 
the surfaces of the jacket and the shield, as well as the inner surface of the block, were 
covered with a very thin layer of aluminised Mylar. The core was not coated for not adding 
impurities. 
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4. Thermistors  
The thermistors BR14KA802G used in this calorimeter were supplied by 

Thermometrics. They have a negative temperature coefficient. The semiconductor is made 
from metallic oxides, pressed and sintered into a small bead and coated with glass. Their 
external diameter is 0.35 mm. The lead wires are made of platinum-iridium (low thermal 
conductivity) of 0.025 mm diameter. The value of their ohmic resistance is about 8 kΩ at 298 
K. The relative sensitivity is close to 3.8 % K-1 at 298 K. Several measurements were 
performed using broken thermistors (picture 1) to estimate some characteristics: 

- the mass of a thermistor is 0.9 mg, 
- the mass of a thermistor without lead wires is 0.17 ± 0.009 mg, 
- the linear mass of the platinum wires is 0.0128 ± 0.0004 mg/mm, 
- the linear ohmic resistance of the platinum wires is 0.367 Ω/mm, 
- the total volume of the thermistor without wires is 0.054 mm3, 
- the volume of the metallic oxide bead is 0.016 mm3, 
- the volume of glass is 0.038 mm3, 
- assuming the mass density of glass is 2.4, the mass density of the bead is 4. 

 
The value of the thermistor ohmic resistance decreases with increasing temperature 

according to the law: 
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with  :  T0, the reference temperature  (298,15 K), 
 R0, thermistor ohmic resistance at reference temperature T0, 
 B, thermal sensitivity index. 
 

 
Picture 1. Thermistor beads. 

 

4.1. Electrical insulation 
During a calorimetric measurement, the resistance variation of the thermistor is about 

0.3 Ω for an 8 kΩ resistance. Therefore, it is absolutely necessary to electrically insulate the 
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lead wires. The wires were coated with a polymer (Parylene). Parylene vacuum surface 
treatment gives a high-performance coating in a very thin, homogeneous and non porous 
layer. It is chemically inert and presents a high dielectric resistance (25 µm insulates up to 
5600 V). The company Comelec SA, in Switzerland, deposited a 7 µm layer of Parylene on 
about one hundred thermistors. This layer covers the entire thermistor except 3 mm at the 
end of the lead wires for welding purposes. Nevertheless, when the thermistor is embedded 
in the tiny hole drilled in graphite, it is important to avoid the contact between the wires or the 
wires and graphite. A visual check is performed with binocular magnifying glasses and the 
electrical insulation between the thermistor and the graphite body is measured. At the 
junction of the two half bodies (jacket or shield), slots (0.1 mm deep, 2 mm long) are 
machined for the thermistor lead wires crossing from an internal body to an external one. A 
3 µm thick Mylar film is glued at the bottom of each slot with an epoxy resin. A good electrical 
insulation can thus be achieved. 

4.2. Measurements of electrical and thermal characteristics  
The characteristics of the whole set of thermistors were evaluated by measuring their 

resistance at three different temperatures. An experimental setup (picture 2) was then 
realised to supply three constant temperatures.  

 

 
Picture 2. Experimental set-up with three blocks at 15, 20 and 25 °C.  

 
A copper plate of 300 x 200 x 2 mm3 was kept at 20 °C by circulating (in copper tubes 

soldered to the bottom part) a fluid thermally regulated at 20 °C ± 0.01 °C. To obtain 20 °C, a 
first cylinder made of copper (30 mm diameter, 50 mm height) is directly put on the copper 
plate. To obtain 15 °C and 25 °C, two similar cylinders of copper are used. A hole (5 mm 
diameter, 5 mm height) is made at the centre of the upper face of each cylinder. Peltier 
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modules are interposed between the cylinder and the plate. By choosing the direction and 
the intensity of the current flowing through Peltier modules, the above mentioned cylinder is 
cooled or heated to the suited temperature. The whole system is thermally insulated with 
polyurethane layers to reduce the influence of the variations of ambient temperature. 

The thermistors to be checked are inserted successively in the holes of the three 
regulated copper cylinders. The holes are filled with alcohol for ensuring thermal contact. A 
calibrated thermistor is also used to measure the temperature at the same time in each 
position. Then the linear variation representing the natural logarithm of thermistor resistance 
versus inverse of temperature can be established. The thermal sensitivity index B of the 
thermistor is the slope of the line; its value is close to 3400 K. The thermistor resistance R0 at 
reference temperature T0 is determined from the ordinate at the origin. Its value is about 
8.1 kΩ at 298.15 K. 

4.3. Weighing and selection of the thermistors 
A set of 26 thermistors was selected for the construction of the calorimeter. The 

choice is based on the thermal sensitivity index B and the R0 resistance values. For the sake 
of temperature homogeneity during electrical heating and temperature measurements, it is 
important to select thermistors having very similar characteristics in a body. Measuring 
thermistors must also be very similar to heating ones in a body, so that in case of failure of 
one of them, it could be replaced by a heating thermistor, only by changing the external 
electrical connection without dismantling the calorimeter. 

The list of the 26 thermistors included in the GR9 calorimeter is presented below. 
Their location (body and angular position), function (heating or measurement), characteristics 
(R0. T0), mass and the exit positions of the lead wires are reported in table 1. 

 
Table 1. Thermistors for GR9 calorimeter. 

Position Thermistor 
N° R0 (Ω) 298.15 K B Mass (mg) Position and angle Exit position 

Th N°22 8074.28 3356.94 0.90 Core 315° P1 Bottom 276° 
Th N°69 8081.18 3372.61 0.92 Core 225° P1 Bottom 192° 
Th N°45 8087.20 3342.76 0.93 Core 135° P1 Bottom 96° 

Core heating 

Th N°72 8079.39 3370.33 0.91 Core 45° P1 Bottom 12° 
Th N°107 8091.26 3417.33 0.90 Core 270° P2 Top 228° Core 

measurement  Th N°65 8094.30 3366.81 0.91 Core 90° P2 Top 60° 
Th N°30 8114.36 3404.45 0.87 Jack1 Bottom 348° P2 Top 348° 
Th N°51 8131.89 3393.41 0.89 Jack1 Bottom 264° P2 Top 264° 
Th N°62 8109.68 3384.63 0.84 Jack1 Bottom 180° P2 Top 180° 
Th N°66 8119.15 3371.49 0.83 Jack1 Bottom 84° P2 Top  84° 
Th N°89 8103.87 3394.48 0.83 Jack2 Top 312° P1 Bottom 312° 

Th N°102 8124.47 3385.74 0.87 Jack2 Top 216° P1 Bottom 216° 
Th N°98 8114.24 3383.48 0.89 Jack2 Top 132° P1 Bottom 132° 

Jacket 
heating 

Th N°84 8109.48 3370.37 0.89 Jack2 Top 48° P1 Bottom 48° 
Th N°96 8093.56 3390.52 0.88 Jack1 Bottom 36° P2 Top 36° Jacket 

measurement  Th N°64 8104.27 3377.42 0.92 Jack2 Top 168° P1 Bottom 168° 
Th N°35 8144.49 3370.75 0.90 Sh1 Bottom 300° P2 Top 300° 
Th N°36 8138.12 3404.79 0.70 Sh1 Bottom 204° P2 Top 204° 
Th N°59 8129.86 3381.93 0.88 Sh1 Bottom 108° P2 Top 108° 
Th N°49 8126.04 3390.04 0.89 Sh1 Bottom 24° P2 Top 24° 
Th N°71 8130.04 3391.32 0.87 Sh2 Top 336° P1 Bottom  336° 
Th N°80 8140.84 3360.04 0.88 Sh2 Top 252° P1 Bottom 252° 

Th N°104 8128.33 3380.29 0.86 Sh2 Top 156° P1 Bottom 156° 

Shield 
heating 

Th N°108 8133.11 3378.07 0.90 Sh2 Top 72° P1 Bottom 72° 
Th N°46 8139.28 3387.12 0.87 Sh1 Bottom 324° P2 Top 324° Shield 

measurement Th N°73 8119.44 3451.35 0.86 Sh2 Top 288° P1 Bottom 288° 
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5. Assembly of the inner elements of the calorimeter  
The technical drawings for the graphite elements are given in appendix. The holes for 

the thermistors and the silk threads are coloured in red. Their diameter is 0.4 mm and their 
depth is 2 mm. 

5.1. Core assembly 
The core is a flat cylinder, of 3 mm diameter and 16 mm thick. Its mass and those of 

all the elements inserted inside it must be known with the highest possible precision. The 
mass of the core is about 1 g.  Due to the mass of the thermistors, it is difficult to reduce the 
core dimensions without increasing too much the proportion of impurities. Every step of the 
assembling must be realised with great care. 

a) Polishing and cleaning the graphite piece. 

b) Dimensional measurements. 

Diameter: 15.963 ± 0.003 mm, thickness: 2.923 ± 0.009 mm. 

c) Core mass measurement.  

Every mass measurement is performed with a microbalance (10 µg sensitivity) by 
comparison to a certified mass standard of 1 g, applying buoyancy correction. At 
that step, the value of the mass corresponds to the mass of graphite of the core. 

d) Inclusion of the thermistors (picture 3).  

After their selection (table 1), the thermistors are inserted one at a time in the 
corresponding hole. A two-component epoxy resin E-501 from Epotecny was used 
to fix the thermistors in theirs holes. The mixture in the ratio 4/1 in mass gives a 
very fluid resin, which looks like water. To prevent the formation of bubbles and to 
improve the adherence, the epoxy resin is put in a vacuum system for 10 min. 
Hardening is completed after 1 hour at 65 °C or 12 hours at 25 °C. Metallic 
tweezers hold the thermistor wires by the non insulated part. A PMMA support 
keeps the tweezers tightened and a lead wire (red colour in picture 3) allows the 
electrical connection to the thermistor through the tweezers. The core is pressed 
between two graphite pieces on a metallic supply, connected to the green colour 
wire (picture 3). First, the tweezers height is adjusted to ensure that the thermistor 
bead has reached the bottom of the hole (2 mm depth). After this adjustment, the 
thermistor is removed and the hole is filled with the epoxy resin, checking carefully 
that no bubbles are created. Finally, the thermistor is sunk in the resin. Under 
binocular magnifying glasses the position of the thermistor wires is checked. There 
must be no contact between them and the graphite part. A Keithley 617 
electrometer is used to measure the insulation ohmic resistance between the 
thermistor and the graphite. It must be greater than 200 GΩ. The heat of an 
incandescent lamp on top of the device allows a rapid polymerisation of the resin. 
Since the mass and the composition of the core have a major importance, the mass 
of the different elements introduced and the mass of the core are carefully 
measured after each insertion of thermistor. 

e) Silk threads gluing.  

Three silk threads are used to maintain the bodies inside one another. To 
strengthen the attachment of these threads to the graphite core, a knot is made at 
the extremity and fixed on the bottom of the hole by the epoxy resin. The procedure 
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is similar to the one applied for the thermistor. However, the epoxy resin has to be 
inserted in several steps with intermediate period of polymerisation. Because of the 
capillarity of the silk thread, the hole has to be refilled to compensate the amount of 
resin going through the thread up to about 1 cm from the knot. Mass measurements 
have to be performed. The mass of resin going outside the body has to be 
evaluated.   

 

 
Picture 3. Inclusion of a thermistor in the core. 

 

 

Three silk threads

12 wires of platinum-iridium 

Picture 4. Core with its 6 thermistors ant its 3 silk threads. 
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The different steps of mass measurement are reported in table 2. The total amount of 
resin used for the inclusion of the thermistors inside the core is 0.00315 g. Regarding the silk 
threads, they are rigid over 7 to 9 mm, proving the capillarity motion of the resin along the silk 
threads. To estimate the resin amount incorporated in the core, some additional experiment 
is needed. A 4 cm long silk thread is attached in a piece of graphite alike the core, following 
the same protocol. After the measurement of the total mass, the silk thread is cut at 1 mm 
from the graphite part (1 mm represents half the distance to the next body, the jacket) and 
the mass of the piece is measured again. This experiment was repeated three times. The 
linear mass of resin in the silk thread is estimated to 0.000029 ± 0.000003 g/mm. The 
minimum length of the silk thread is 10 cm including the 3 mm attached to the core. Using 
the mass of the silk threads and the linear mass to determine the thread mass attached to 
the core would involve a large uncertainty. The mean mass of 3 mm of silk, with a knot, was 
used, i. e. 0.000131 ± 0.000016 g. The mass of a thermistor to be counted as part of the core 
is derived from the linear mass of the platinum wires and an evaluation of the part of the 
wires assigned to the core. The specific fraction of the sensitive bead, glass coating and 
platinum wires has less importance and will be examined with the data reported in section 4. 
The mass of the different components of the core and their relative uncertainties are reported 
in table 3.  

 
 

Table 2. Mass of the core, in grams. 

Stages Incorporated 
mass 

Certified 
standard 

mass  
Core 
mass Resin mass Graphite piece 

test mass 

Polishing  and cleaning 0.00000 1.00003 1.05743   1.05526 
Thermistor N° 22 0.00090 1.00002 1.05887 0.00054   
Thermistor N° 107 0.00090 1.00005 1.06030 0.00053   
Thermistor N° 69 0.00092 1.00002 1.06167 0.00045   
Thermistor N° 45 0.00093 1.00002 1.06321 0.00061 1.05528 
Thermistor N° 65 0.00091 1.00002 1.06466 0.00053 1.05527 
Thermistor N° 72 0.00091 1.00003 1.06605 0.00048 1.05526 
On ESR balance 0.000000 1.000000 1.066020  1.055250 
Silk thread 0° 0.00288 1.00005 1.06928 0.00035 1.05527 
Silk thread 240° 0.00288 1.00002 1.07270 0.00054 1.05527 
Silk thread 120° + 2g th 5 0.00288 1.00004 1.07618 0.00060 1.05527 

 
 

Table 3. Components and mass of the core in grams. 
Distribution of masses in the core n° 3 Density 

 Measured  ∉ core Sigma  ∈ core Fraction ρ 
Graphite mass 1.05743   ± 0.00002 1.05743 99.41% 1.82 
Mass of the 6 thermistors in total 0.00546 0.00358 ± 0.00016       
Platinum wires      0.00090 0.08% 21.50 
Glass      0.00058 0.05% 2.40 
Sensitive bead       0.00040 0.04% 3.95 
Mass of resin for the 6 thermistors 0.00315   ± 0.00006 0.00315 0.30% 1.10 
Mass of resin for the 3 silk threads 0.00150 0.00061 ± 0.00013 0.00089 0.08% 1.10 
Mass of the 3 silk threads total 0.00863 0.00824 ± 0.00004 0.00039 0.04%   
Mass of graphite 1.05743   ± 0.00002 1.05743 99.41% 1.82 

Total mass of the core ± 0.00021 1.06374 100.00%  
 
 

5.2. Jacket assembly 
The jacket is made of two flat cylinders, of 24 mm diameter, 4.5 mm high, hollowed 

out in the centre (18 mm in diameter, 2.5 mm depth). The inner and outer surfaces of these 
graphite pieces are coated with a film of aluminised Mylar. The thickness of the film is 7 µm, 
i. e. 0.00079 g/cm². 
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The steps for jacket assembling are the following. 

a) Polishing and cleaning the graphite pieces. 

b) Dimensional measurement.  

The axial thickness of the half-jacket must be precisely known in order to determine 
the real mass depth of the calorimeter. The thickness is 1.989 mm for the top half-
jacket (face 1) and 1.992 mm for the bottom half-jacket (face 2). 

c) Half-jackets mass measurement.  

The knowledge of the jacket mass is necessary for the thermal control but has no 
direct influence on the measurement. During electrical calibrations, the electrical 
power dissipated in the jacket and in the core must be in the ratio of their masses in 
order to obtain a homogeneous heating like in irradiation conditions. Every mass 
measurement is performed with a microbalance (10 µg sensitivity) by comparison to 
a certified weight of 1 g, applying buoyancy correction. At this step, the value of the 
measured mass corresponds to the mass of graphite of the jacket. 

d) Coating the surfaces of the jacket with a film of aluminised Mylar. To reduce the 
radiation heat transfer (section 3.3), the surfaces facing the core and the surfaces 
facing the shield are coated with a thin (7 µm) film of aluminised Mylar. A two 
component epoxy resin E-505 from Epotecny was used. The mixture in the ratio 
10/1 in mass results in a fluid resin. To prevent the formation of bubbles and to 
improve the adherence, the piece is put in a vacuum system for 10 min. Hardening 
is completed after 90 min at 60 °C or 30 min at 80 °C. The Mylar film is stretched 
onto the surface, without any fold for good adhesion. The mass of resin must be 
small and has to be measured. Better results were obtained using E-505 rather than 
E-501. An excessively fluid resin spreads too much in graphite before 
polymerisation; the amount of resin is too high for a weak adhesion. Picture 6 
illustrates a good adhesion after several unsuccessful trials (picture 5). To know the 
mass of resin and to obtain the axial mass depth of the jacket towards the beam, 
mass measurements must be performed at each step. A mean resin quantity was 
evaluated during the coating of 6 half-jackets. A 0.0094 g/cm2 thickness of resin on 
each side was determined. 

e) Dimensional measurements of the axial thickness of the half-jackets after sticking 
the Mylar film.  

The values are 1.998 mm for the top half-jacket (face 1) and 2.011 mm for the 
bottom half-jacket (face 2). These values are not compatible with the 14 µm 
thickness of Mylar films. It was deduced that the uncertainty is 0.01 mm. 

f) Inclusion of the thermistors. 

5 thermistors are fixed in each half-jacket. For the whole jacket, 8 thermistors are 
assigned for electrical heating, one for temperature measurements or control and 
one for replacement in case of failure. The protocol is the same as for the core. 
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Picture 5. Weak adhesion.                 Picture 6. Correct adhesion. 

 

5.3. Shield assembly 
The shield is made of two flat cylinders, of 32 mm diameter, 4.5 mm height, hollowed 

out in the centre (18 mm diameter and 2.5 mm depth) and two rings (inner diameter of 
26 mm ; outer diameter of 32 mm; thickness of 3 mm). The assembly process is the same as 
for the jacket. The values are  

- axial thickness of graphite: 1.970 mm for the top half-shield (face 1) and 1.985 mm for the 
bottom half-shield (face 2); 

- resin thickness for each face: 0.00098 g/cm²; 

- total axial thickness after sticking the Mylar film: 1.989 mm for the top half-shield (face 1) 
and 1.998 mm for the bottom half-shield (face 2). 

5 thermistors are fixed in each half-shield. For the whole shield 8 thermistors are 
assigned for electrical heating, one for temperature measurements or control and one for 
replacement in case of problem. The protocol is the same as for the core. 

 
Picture 7. Core, jacket and shield before assembly. 
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5.4. Block-ring assembly 
The block-ring is made of two flat cylinders (120 mm outer diameter, 34 mm inner 

diameter, 4 mm thick) entirely hollowed out in the centre (34 mm diameter). A printed circuit 
board (PCB) on Kapton is glued on the external part of the block-rings. The thickness of 
Kapton is 50 µm. Thirty 35 µm thick gilded copper pathways were printed. These signal 
tracks allow electrical connection between the inner and the outer plated through holes. The 
mass of each printed circuit board is 0.966 g and the mass of resin to stick it is 0.277 g. 

5.5. Block assembly 
The block consists of two flat cylinders (150 mm diameter, 6.9 mm thickness). They 

are designed to include the shield and the block-ring. The surfaces facing the shield are 
covered with Mylar film. The surfaces, which might be in contact with the printed circuit 
board, are isolated using a 6 µm Mylar film. The axial thickness for the calculation of the 
measurement depth is 2.54 mm of graphite for face 1 and face 2. 

5.6. Assembly of external slabs  
External-slab n°1  - thickness: 4.95 mm, 
   - graphite mass density: 1.836 g/cm3, 
   - thickness: 0.908 g/cm2. 

External-slab n°2  - thickness: 4.92 mm, 
   - graphite mass density: 1.817 g/cm3, 
   - thickness: 0.894 g/cm2. 

The external slabs are aimed at pressing the Mylar films (100 µm) against the O-rings 
so that the calorimeter is airtight. They could have been thinner, or even being reduced to a 
ring of 150 mm of internal diameter, to allow measurements with small depths. 

 

6. Assembly of calorimeter components  
The position of each heating thermistor inside the different bodies was set to produce 

the most uniform heating. The thermistors used for temperature measurement were 
positioned to give information representative of the mean temperature in the body. The paths 
of the platinum wires from one body to the next one are long enough to limit the heat 
transfers by conduction. All the details are given in figure 1. Shades of blue are relative to the 
medium plan. Shades of red are relative to the higher plan. Shades of green are relative to 
the lower plan. 

Labels and positions of the components of the calorimeter are reported in figure 2. 
The group "core + jacket + shield + block-ring" is permanently fixed; it cannot be open 
anymore. Inside the block, ducts for wires and vacuum are represented in white colour. Two 
Mylar films (0.1 mm thick) are inserted between the external slabs and the vacuum PMMA 
ring and the block. The groove for the O-ring and the holes for the screws are represented in 
white colour in the vacuum PMMA ring. 

 

 

 

 13/49



 

 

 

   
 
 

Top signal traces

Bottom signal traces

Heating thermistors
for the core

Measurment 
thermistors for the core

Core

Jacket 1

Jacket 2

Shield 2

Shield 1

Top signal traces

Bottom signal traces

 

4 holes Ø 1 mm for 
each half body for 
vacuum connection 

 

Thermistors for
the jacket 1

Top signal traces Top signal traces

Bottom signal traces Bottom signal traces

Core

Jacket 1

Jacket 2

Shield 2

Shield 1 Thermistors for
the jacket 1  

 

Thermistors for
the shield 2

Thermistors for
the shield 1

Top signal traces Top signal traces

Bottom signal traces Bottom signal traces

Core

Jacket 1

Jacket 2

Shield 2

Shield 1
 

 
 

Figure 1. Position of the thermistors. 
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Figure 2. Overall view of the calorimeter. 

6.1. Core inside the jacket 
The core is supported in the jacket by three silk threads fixed to the core. A 

mechanical setup maintains the lower half-jacket centred at the point of intersection of three 
cables terminated by a hook for ensuring the tension of the silk threads. Centring is made 
possible by screws at the other extremity of the cable, where it is fixed to the mechanical 
support. The core and the jacket must be concentric. It is checked by means of powerful 
binocular magnifying glasses. The height of the lower half-jacket and the height of the core 
are checked using a micrometer. The lead wires of the thermistors pass round the core going 
over a circular arc of about 30° to 42° before going through the jacket at the level of the 
isolated grooves. Although platinum wires are electrically isolated, mutual contacts must be 
avoided (picture 8). The wires and the jacket must be in good thermal contact. When all the 
elements are positioned, the upper half-jacket is glued. During the polymerisation, a pressure 
is brought onto the jacket by means of a screw and an intermediate graphite piece (picture 
10). The height of the jacket is then measured using a micrometer. Its value is 8.85 mm. 
Assuming the core is centred in the jacket, the size of the gap is 0.959 mm.   

 
Picture 8. Path of the thermistor wires between the core and the jacket. 
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Picture 9. Core centring.                Picture 10. Polymerisation under pressure. 

 

6.2. Core-jacket inside the shield 
The shield is composed of 4 pieces. The assembling is done following three steps. 

a) Holding the jacket-core in position between the two block-rings. It is difficult to 
position the thermistor wires above or below the block-rings according to the 
plans explained in section 6 (figure 1; picture 11). A suitable holder allows gluing 
the rings while a sufficient space is kept for the wires (pictures 12 and 13). 

 

  
Picture 11. Pre-positioning.                  Picture 12. Wires above and below rings. 

 

 
Picture 13. Gluing the two rings. 
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b) Fixing the upper part of the shield and crossing of the wires in the isolated 
grooves (picture 14). 

 

 
Picture 14. Keeping the wires in good position before gluing. 

 
 

c) Fixing the lower part of the shield and crossing of the wires in the isolated 
grooves. 

The procedure is the same as the one applied for fixing the core inside the jacket. 
The height of the stick shield measured by a micrometer is 14.855 mm. Assuming that the 
jacket is centred in the shield, the size of the gap is 1.009 mm. On the radiographies made 
using the LNHB mammography equipment (pictures 16, 17), one can see the bodies properly 
centred, the thermistors adequately embedded and the path of the thermistor wires. The path 
length of the wires from the core to the jacket can be estimated by comparison to the 
diameter of the core (16 mm). Picture 15 shows the outward appearance of the shield at this 
stage. The dimensions, expressed in millimetres, are reported in figure 3.  

 

    
Picture 15. Outward appearance.                    Picture 16. Radiography (face). 
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Picture-17. Radiography (profile). 

 
 

 
 

Figure 3. Dimensions in mm. 
 

6.3. Core-jacket-shield inside the block-ring 
The group "core-jacket-shield" which is the active part of the calorimeter is held on 

the centre of the block ring by the three silk threads coming from the core. Centring and 
gluing the pieces are performed as previously. The position of the shield compared with the 
ring-block is checked (picture 18). The path of the thermistor wires are showed in the 
scheme given in figure 1. Each wire is soldered to an inner plated through hole with the 
minimum amount of solder. Enamelled copper wires (18/100 mm diameter, 40 cm length) are 
soldered on the external part of the printed circuit board (picture 19). The ohmic resistance of 
each of these wires is 0.253 Ω. 

 

 
Picture 18. Jacket position control              Picture 19. Enamelled copper wires 
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6.4. Assembly in the block and the PMMA ring 
This assembly presents no special difficulties (picture 20). Nothing is glued, therefore 

this step is reversible. Graphite fins are used to maintain the angular position and the 
tolerances (0.05 mm) insure the position of the previous assembly in the block and the 
PMMA ring. In order to evacuate air from the central part of the calorimeter, ducts of 32 mm² 
and 120 mm² have been hollowed out in the block-ring and the block respectively. A printed 
circuit board is used as connection device (picture 21). The wiring harness (52 wires for the 
thermistors plus 6 wires for short-circuit) could be modified later if necessary. 

 

 
Picture 20. Block and PMMA-ring assembly. 

 

  
Picure 21. Wiring on rigid PCB.                      Picture 22. Vacuum pipe. 

 

 

7. Electrical assembly 
The wiring options are implemented at the level of the connection PCB. As this 

connection is situated inside the vacuum pipe (picture 22), any modification implies to break 
the vacuum. The wiring of the heating thermistors of the core is done according to the 

 19/49



scheme of figure 4-a. In this case, the value of the equivalent resistance for heating is equal 
to the value of one resistance (8 kΩ) and the power dissipated through the four thermistors is 
equally distributed. The use of two wires for power supply (wires 3 and 11) and two others 
(wires 6 and 12) for measurement makes the influence of the wire resistances after the 
connection PCB negligible. The heating thermistors of the jacket (figure 4-b) and of the shield 
(figure 4-c) are wired in a similar manner. The eight (8 kΩ) thermistors in the shield are 
equivalent to 4 kΩ. The wires are connected to two Jaeger tight connectors (12 contacts 
each) fixed at the extremity of the vacuum pipe. The red numbers correspond to the number 
of pins for the heating plug.  

 

Th 22

Th 72Th 45

Th 69

   

Th 51

Th 66Th 89

Th 84

Th 30

Th 62Th 98

Th 102

    

Th 35

Th 59Th 104

Th 108

Th 36

Th 80Th 71

Th 49

3 et 611 et 12

9 et 104 et 5 1 et 82 et 7

 
 

                -a- Core                           -b- Jacket                             -c- Shield 
 

Figure 4. Wiring of heating thermistors. 
 

Three Wheatstone bridges are used for calorimetric measurements. Each one needs 
a compensation wire corresponding to a short circuit achieved between two pathways on the 
PCB by a platinum wire equivalent to the thermistor wires.  

Three circuits electrically insulated, for the core, the jacket and the shield are used in 
a different manner depending on the mode (quasi-adiabatic [2] or constant-temperature [3]). 

Figure 5-a is relative to the measurement of the temperature in the core in the 
quasi-adiabatic mode or to the assigned temperature control of the core in the constant-
temperature mode. 

Identical wiring for the two modes: 
- wire 5, common for the bridge, 
- wire 12, core thermistor on one arm of the bridge, 
- wire 11, compensation wire on the other arm of the bridge. 

Figure 5-b is relative to the thermal feedback between the core and the jacket in the 
quasi-adiabatic mode or to the assigned temperature control of the jacket in the constant-
temperature mode. 

Specific wiring for the quasi-adiabatic mode: 
- wire 8, common for the bridge, 
- wire 6, jacket thermistor on one arm of the bridge, 
- wire 7, core thermistor on the other arm of the bridge. 

Specific wiring for the constant-temperature mode: 
- wire 8, common for the bridge, 
- wire 6, jacket thermistor on one arm of the bridge, 
- wire 9, compensation wire on the other arm of the bridge. 

Figure 5-c is relative to the assigned temperature control of the shield in both modes. 
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Identical wiring for both modes: 
- wire 3, common for the bridge, 
- wire 10 or 4, shield thermistor on one arm of the bridge, 
- wire 1, compensation wire on the other arm of the bridge. 
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          -a- Bridge N°1                     -b- Bridge N°2                         -c- Bridge N°3 
 

Figure 5. Wiring of measuring thermistors. 
 

 

8. Electrical power measurement principle 
The principle of the measurement of electrical power is illustrated in figure 6. A 

voltage U is applied to the extremities of an arm constituted of a standard resistor Rétal (like 
“étalonnage”) connected in series to the equivalent resistance of the heating thermistor Rchauf 
(like “chauffage”). The power dissipated in the heating thermistors is calculated from the 
measurement of the voltage V1 across the standard resistor and the voltage V2 across the 
heating resistance. The standard resistor is inserted in a tight box and connected with four 
wires, so that the measurement of voltage V1 gives directly the current intensity across the 
arm. However voltage V2 is not directly measured across the heating resistance. The 
resistance of the wires Rfil (like “fil”) has to be taken into account. The best accuracy for the 
measurement of the power occurs when V1 and V2 have close values. Consequently, for the 
measurement of the electrical power in the core of the GR9 calorimeter, the chosen value of 
Rétal is 8 kΩ. It is very important to use voltmeters with input impedance high enough not to 
perturb the measurement. The voltmeters employed present an input impedance of 10 GΩ, 
leading to a perturbation less than 10-6. 

 

 

V1

V2

U 

Rétal

Rchauf

Rfil

Rfil

I étalR
VI 1=

2
2 2 IRIVP fil ⋅⋅−⋅=  

Figure 6. Diagram for the measurement of electric power. 

 21/49



 

9. Electrical power measurement in the core 
The electrical power really dissipated in the core is the power dissipated in the 

thermistor beads (99.9 %) plus the one dissipated in a part of the platinum wires (0.1 %). The 
measurement of the electrical power is relative to the power dissipated beyond the wiring on 
the rigid PCB (thermistor beads Rth, platinum wires Rpt and copper wires RCu). Because two 
wires are used for the current supply and two other for the measurement of V2, the resistance 
of the flexible wires Rsou (like souple) and the resistance of the long cable (15 m) Rcab 
(figure 7) can be neglected. The wiring in the electronic bay gathers the standard resistor, the 
measurement of V1 and V2 and the voltage supply. The final wiring is given in figure 7. 

- the linear resistance of the platinum wire is 0.367 Ω/mm, 
- the resistance of the copper wire is 0.253 Ω, 
- the resistance of the flexible wires is not used for the electrical power calculation, 
- the resistance of the long cable is not used for the electrical power calculation. 

 

 
 

Figure 7. Wiring of the thermistors for core heating. 
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10. Aplication of Ohm's law 
The diagram of the connection series/parallel of the heating thermistors in the core of 

the GR9 calorimeter is given in figure 8. The current crossing the arms in derivation is equal 
to half the current crossing the principal arm. As the impedance of the voltmeter used for the 
measurement of V2 is very high (20 GΩ), the measurement of V2 corresponds to the voltage 
V'2 (see figure 8). Assuming that the resistances of all copper wires have the same value RCu, 
the resistance of all the platinum wires have the same value RPt and the resistance of the 
thermistors have the same value Rth, the power lost in the wires Pfils can be estimated using 
the following relation: 

( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+××⎟

⎠
⎞

⎜
⎝
⎛= cuptfils RRIP 8

2

2
  (11) 

( )( cuptfils RRIP +××= 22 )  (12) 

The equivalent resistance of the wires Rfils is denoted:  

( )( )cuptfils RRR +×= 2  (13) 

The power dissipated in the thermistors can be calculated using the following relation: 

filsth RIIVP ×−×= 2
2  

 

 
 

Figure 8. Equivalent diagram for the measurement of V2. 
 

 

11. Application to the GR9 calorimeter 
The total length of the wires of the thermistors (in red in figure 9) is 29 ± 1 mm. The 

first two millimetres are embedded in the core (point 1). It is estimated that the wires cover 
one tenth of the circle before joining the jacket for thermal contact (point 2). Afterwards they 
cross the shield (with thermal contact at point 5) then they are soldered on the Kapton 
printed circuit board. The energy produced by Joule effect in those wires is shared between 
the core, the jacket and the shield.   
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Figure 9. Details of the implantation of a thermistor in the core. 

The length of the wire up to point 2 can be estimated from the radiographies. 
Assuming that the thermal contact at point 2 is good, the energy produced by Joule effect 
from point 1 to point 2 is shared uniformly between the core and the jacket. The length of the 
wires taken into account in the core is then half the distance between the two points. Its 
value is 5.34 ± 0.64 mm. The length of the wire which does not participate in the core heating 
is then 23.6 ± 1.4 mm. The linear resistance of the platinum wire is 0.367 ± 0.14 Ω/mm, thus 
the resistance of a platinum wire for the calculation of Rfil is 8.65 ± 0.60 Ω. 

 

Table 4. Length in mm of the wire to be accounted for in the core (mass in grams).  

thermistor 
N°  Rotation Mass of the 

thermistor 

Length of 
wire ∈ core 
(theoretical) 

Length of wire 
1 ∈ core 

(measured) 

Length of wire 
2 ∈ core 

(measured) 
Th N°22 39° 0.00896 6.063 5.12 5.36 
Th N°69 33° 0.00920 5.592 5.28 5.52 
Th N°45 39° 0.00934 6.063 5.92 6.08 
Th N°72 33° 0.00905 5.592 4.96 5.52 

Th N°107 42° 0.00895 6.299 5.60 5.92 
Th N°65 30° 0.00912 5.356 4.80 5.12 

Mean length of the wire  ∈ core 5.43 
 

 

With  

Rpt = 8.65 ± 0.60 Ω, 

Rcu = 0.253 ± 0.010 Ω, 

the equivalent resistance of the wires Rfils can be estimated using relation 13: 

 Rfils =17.8 ± 1.3 Ω . 
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12. Measurement of wire ohmic resistances for the GR9 
calorimeter working in the constant-temperature mode 
Measurements were done with the GR9 calorimeter in the constant-temperature 

mode [4] in a 60Co beam at three different temperatures (4 °C, 21 °C and 43 °C). The 
calorimeter positioned inside the phantom made of 5890 PT graphite, at 5 g/cm² depth (slab 
11 mm thick in front of the calorimeter). The phantom is put on the copper plate, described in 
section 4.2. The fluid circulating at the bottom of the plate is controlled in temperature. The 
distance between the centre of the calorimeter and the source was 1m. The electrical 
conditions are summarised in table 5. The temperature in the core, the jacket and the shield 
are controlled. Consequently, the resistance of heating and measurement thermistors does 
not vary. Therefore there is no variation of electric power in the measurement thermistors, 
hence the heating thermistors are not perturbed as shown in table 6.  

 
Table 5. Measurement parameters in the constant-temperature mode 

at 4 °C, 21 °C and 43 °C. 

Assigned temperature of the fluid 4 °C 21 °C 43 °C 

Bridge resistor for assigned 
temperature of the shield 15500 Ω 8700 Ω 4100 Ω 

Bridge resistor for assigned 
temperature of the jacket 15280 Ω 8600 Ω 4120 Ω 

Bridge resistor for assigned 
temperature of the core 15120 Ω 8540 Ω 4075 Ω 

Fixed resistor of the bridge 8000 Ω 8000 Ω 8000 Ω 
Input voltage of bridges 0.6 V 0.6 V 0.6 V 
Standard resistor for electrical 
power measurement 8000 Ω 8000 Ω 8000 Ω 

Themistor variation during a 
measurement  No variation No variation No variation 

Bridge sensitivity   7.7 µV/mK 7.7 µV/mK 6.0 µV/mK 
Power in the measurement 
thermistors in the core, jacket and 
shield  

10.0 µW 11.2 µW 10.0 µW 

Power absorbed in the core from 
ionising radiation in 60Co beam at 
the time of measurement 

7.98 µW 7.98 µW 7.98 µW 

Electrical power dissipated in the 
core to maintain its assigned 
temperature 

22.0 µW 17.6 µW 19.3 µW 

Electrical power in the jacket to 
maintain its assigned temperature 180 µW 143 µW 143 µW 

 

The measurements reported in table 6 are corrected for radioactive decay and given 
at the 1st of January, 2007. The type A experimental standard uncertainty is denoted sd. In a 
first step, no correction for the heat lost in the wires outside the core is applied (table 6, 
columns 4 and 5, Rfils=0). These uncorrected values of dose rates vary with calorimeter 
temperature. Then the correction must be applied according to the following formula, 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−×=

chauf

fils
mes R

R
1DD &&  . 
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From the uncorrected dose rate, , (y axis for the fitting), given versus the 
heating resistance, R

mesD&

chauf , (x axis for the fitting), a fit is performed with Origin software. The 
fitting result is given in figure 10, where P1 is the corrected dose rate, D , and P&

2 is the value 
Rfils. The uncertainties are given for 1σ. In table 6, columns 6 and 7, the corrected values of 
the dose rate are reported for Rfils=15.00 Ω. Non corrected measurements are reported in 
figure 11. Corrected measurements are reported in figure 12. The value of Rfils is 
15.00 ± 0.79 Ω. 

 

Table 6. Constant-temperature mode at three different temperatures.  

Measurements in constant-temperature mode 
Without  Rfils correction With  Rfils correction  Measurement parameters 

Rfils = 0 Ω Rfils =  15.00 Ω 
Phantom 

temperature 
(°C) 

Rchauf (Ω) Number of 
measurements

Dose rate 

mesD&  (Gy/h) sd (%) 
Dose rate 
D&  (Gy/h) 

sd (%) 

21.5 8616.9 23 28.296 0.04 28.247 0.04 
43.0 4068.4 34 28.356 0.09 28.251 0.09 

4.0 15676.8 26 28.279 0.03 28.252 0.03 
21.5 8608.1 20 28.305 0.04 28.256 0.04 

  

 
Figure 10. Result of the fit with Origin software (constant-temperature mode) calculated from 

the uncorrected values of Rfils. 
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Figure 11. Values not corrected for Rfils (constant-temperature mode). 
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Figure 12. Values corrected for Rfils =15.00 Ω (constant-temperature mode). 
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13. Thermal leakage 

13.1. Radiation heat transfer 
A convex surface S1 at temperature T1 and a surface S2 at temperature T2, entirely 

surrounding S1, exchange energy. The heat transfer rate is given by the following equation:  

( )
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⎜⎜
⎝

⎛
−×+

−××
=

111

22

1

1

4
2
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εε

σ
ϕ

S
S

TTS
,  

where 

ε1 is the emissivity of surface S1, 

ε2 is the emissivity of surface S2, 

σ is the Stephan-Boltzmann constant (5.675 10-8 W m-2 K-4). 

 

For a temperature difference of 0.1 K, a core emissivity of 0.95 (graphite) and a jacket 
emissivity of 0.09 (aluminised Mylar), the heat transfer rate between the core and the jacket 
is 4.5 10-5 W. Then, the thermal leakage is 4.5 10-4 W K-1. 

For a difference of temperature of 0.1 K, a jacket and shield emissivity of 0.09 
(aluminised Mylar), the heat transfer rate between the jacket and the shield is 4.9 10-5 W. 
Then, the thermal leakage is 4.9 10-4 W K-1. 

13.2. Conduction heat transfer 
Fourier showed that the heat transfer rate is proportional to the temperature gradient 

and inversely proportional to the surface area: 

( )
d

TTS 21 −××
=

λ
ϕ  

where 

λ is the thermal conductivity, 

S is the surface area, 

d is the length of the conductor. 

The core-jacket transfer occurs through 12 platinum wires (0.025 mm diameter and 
10 mm length) with a conductivity of 31 W m-1 K-1. The corresponding thermal leakage is 
1.9 10-5 W K-1. The jacket-shield transfer occurs through 12 wires (4 mm long each) and 20 
wires (8 mm long each). The corresponding thermal leakage is 8.6 10-5 W K-1. As the silk 
threads are impregnated with resin, the value of the resin conductivity (0.1 W K-1) was taken, 
giving a thermal leakage of 10-5 W K-1. 
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13.3. Calculated heat leakage 
When the calorimeter is evacuated, convection heat transfers can be neglected. The 

overall heat leakage is then the sum of the radiation and conduction heat transfers. Its value 
is 4.8 10-4 W K-1 between the core and the jacket and 5.9 10-4 W K-1 between the jacket and 
the shield. 

13.4. Measured heat transfers in the calorimeter 
The jacket surrounds the core and the shield surrounds the jacket. It is assumed that 

there are no direct transfers from the core to the shield or from the jacket to the block. That 
means that the thermal contacts through each body are good enough. Therefore, the thermal 
transfers can be schematised as shown in the following diagram. If temperatures θ2, θ3 and 
θ4 are constant and θ2 < θ3 < θ4, electrical powers P1 and P2 are stable and depend on the 
temperature difference between the bodies.  

 

Core 
θ4

Jacket 
θ3

Shield 
θ2

Block
θ1

Electrical power 
dissipated in the 
core  

Electrical power 
dissipated in the 
jacket 

Electrical power 
dissipated in the 
shield 

Heat transfer rate 
between the core and 
the jacket 

Heat transfer rate 
between the jacket 
and the shield 

Heat transfer rate 
between the shield 
and the block 

P1

P2

P’1 =  P1

P’2 = P’1 + P2

P3

P’3 = P’2 + P3

 

The accuracy of the temperature difference between two bodies is not sufficient 
because two different thermistors are involved. It is more precise to vary the assigned 
temperature of one body, while keeping the other assigned temperatures unchanged, and 
recording the electric powers dissipated in the different bodies. We decided to change the 
assigned temperature of the jacket (figure 13). The total variation of 0.15 K was performed by 
0.03 K steps. After each change, the electrical powers dissipated in the core, jacket and 
shield were automatically adjusted (by means of precise PID controllers) to reach a new 
balance. These powers were recorded when the equilibrium was achieved. The heat transfer 
rate between the core and the jacket P'1 and the one between the jacket and the shield P'2 
are calculated, and reported in figure 14 where the abscissa is the temperature difference 
between the body and the jacket. The zero abscissa corresponds to the usual assigned 
temperature of the jacket, drawn in blue dotted line in the upper part of figure 13. An increase 
of the jacket temperature produces a rise of the temperature difference between the jacket 
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and the shield and a decrease of the temperature difference between the core and the 
jacket. The slopes of the lines are the heat transfer rates, i. e. 4.9 10-4 W K-1 between the 
core and the jacket, and 6.4 10-4 W K-1 between the jacket and the shield. These values are 
close to the values calculated in section 13.3. 
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Figure 13. Electrical power in the core and the jacket when the assigned temperatur of the e 

jacket is changed as shown in the upper part of the figure. 
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Figure 14. Heat transfer rate between the bodies. 

 

 

14. Conclusion 
The internal part of the calorimeter (core + shield + shield + block) is permanently 

glued with epoxy resin. Moreover it is quite difficult and long to build it. Consequently, every 
stage of the construction must be carried out with a strict methodology, meticulousness and 
precision. The right mass of the core, its composition and its position are crucial points 
because they cannot be determined again. The position of the different elements was 
controlled by means of radiographies. The measurement of the heat transfer rate is a check 
of the good behaviour of the GR9 calorimeter. The essential data are reported in tables 7 
and 8, for a beam penetrating through face 1 or face 2. The ohmic resistance of the wires 
which do not participate in the core heating was not calculated by Ohm's law because it 
would suppose a very good thermal contact between the thermistor wires and the jacket. 
Instead, this was measured in a 60Co beam at three different temperatures. 

The performances of GR9 and GR8 graphite calorimeters are very similar. The 
results of the comparison were presented at the Workshop on Absorbed Dose and Air Kerma 
Primary Standards held in Paris in 2007 [6]. 
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Table 7. Configuration, face 1. 

GR9 calorimeter  
graphite 5890PT Face 1 

Core   1.06374 g 
Jacket   4.94639 g Mass  
Shield 11.0091 g 

     1.604 cm 
Thickness between the centre of the core and the 
front face (1) of the calorimeter 
= 0.74275 + 0.10525 + 0.254 + 0.01 + 0.492 

      0.74275 cm half of the thickness of the closed shield; measured 
      0.10525 cm thickness estimation of the vacuum gap 
      0.254 cm thickness estimation of the block 
      0.01 cm thickness of the Mylar foil; measured 
      0.492 cm thickness of the external-slab 1; measured 

    2.3795 g cm-2
Real thickness, vacuum gaps really empty 
= (0.14615 + 0.1989 + 0.197 + 0.254) x 1.826 + 
0.0138 + 0.903312 

      0.14615 cm thickness of half the core 
      0.1989 cm thickness of the jacket 
      0.001588 g cm-2 thickness of aluminized Mylar 
      0.00188 g cm-2 thickness of the resin 
      0.1970 cm thickness of the shield 
      0.001588 g cm-2 thickness of aluminized Mylar 
      0.00196 g cm-2 thickness of the resin 
      0.254 cm thickness of the block 
      0.000794 g cm-2 thickness of aluminized Mylar 
      0.00096 g cm-2 thickness of the resin 
      1.826 g cm-3 mass density of graphite 
      0.0138 g cm-2 thickness of Mylar foil 
      0.90331 g cm-2 thickness of the external-slab 1; measured 

    2.9294 g cm-2

Thickness, considering the vacuum gaps filled 
with graphite 1.826 g cm-3; real mass thickness of 
the external-slab 1 and Mylar foil 
= (1.604 - 0.01 - 0.492) x 1.826 + 0.0138 + 
0.903312 

      1.604 cm thickness between the centre of the core and the front 
face (1) of the calorimeter 

      0.01 cm thickness of the Mylar foil; measured  
      0.492 cm thickness of the front face (1); measured 
      1.826 g cm-3 mass density of graphite 
      0.0138 g cm-2 of Mylar foil 
      0.90331 g cm-2 thickness of the external-slab 1; measured 
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Table 8. Configuration, face 2. 

GR9 calorimeter  
graphite 5890PT Face 2 

Core   1.06374 g 
Jacket   4.94639 g Mass  
Shield 11.0091 g 

     1.607 cm 
Linear thickness between the centre of the core 
and the front face (2) of the calorimeter 
= 0.74275 + 0.10525 + 0.254 + 0.01 + 0.495 

      0.74275 cm half of the thickness of the closed shield; measured 
      0.10525 cm thickness estimation of the vacuum gap 
      0.254 cm thickness estimation of the block 
      0.01 cm thickness of the Mylar foil; measured 
      0.495 cm thickness of the external-slab 2; measured 

    2.3779 g cm-2
Real mass thickness, vacuum gaps really empty 
= (0.14615 + 0.1992 + 0.1985 + 0.254) x 1.826 + 
0.0138 + 0.89991 

      0.14615 cm thickness of half the core 
      0.1992 cm thickness of the jacket 
      0.001588 g cm-2 thickness of aluminized Mylar 
      0.00188 g cm-2 thickness of the resin 
      0.1985 cm thickness of the shield 
      0.001588 g cm-2 thickness of aluminized Mylar 
      0.00196 g cm-2 thickness of the resin 
      0.254 cm thickness of the block 
      0.000794 g cm-2 thickness of aluminized Mylar 
      0.00096 g cm-2 thickness of the resin 
      1.826 g cm-3 mass density of graphite 
      0.0138 g cm-2 thickness of Mylar foil 
      0.89991 g cm-2 thickness of the external-slab 2; measured 

    2.9259 g cm-2

Thickness, considering the vacuum gaps filled 
with graphite 1.826 g cm-3; real mass thickness of 
the external-slab 2 and Mylar foil 
= (1.607 - 0.01 - 0.495) x 1.826 + 0.0138 + 
0.89991 

      1.607 cm thickness between the centre of the core and the front 
face (2) of the calorimeter 

      0.01 cm thickness of the Mylar foil; measured  
      0.495 cm thickness of the front face (2); measured 
      1.826 g cm-3 mass density of graphite 
      0.0138 g cm-2 thickness of Mylar foil 
      0.89991 g cm-2 thickness of the external-slab 2; measured 
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Appendix: Technical drawings 
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