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UT-S&E-LASER/DEC 

Task Title: LASER HEATING OF COMPLEX GRAPHITE SURFA CES BY 
HIGH REPETITION RATE NANOSECOND PULSES

INTRODUCTION 

 
The excessive trapping of tritium in tokamak plasma-facing 
components is seen as a severe problem for the efficient 
operation of thermonuclear fusion reactors. A completely 
optical method of surface detritiation by laser ablation or 
laser heating can be offered for decontamination and 
internal surface cleaning of prospective International 
Thermonuclear Experimental Reactor (ITER). The 
commercially available powerful high repetition rate pulsed 
Nd-YAG lasers with laser radiation transported to the 
contaminated surface by the optical fiber are seen as good 
candidates for detritiation of all plasma-facing surfaces in 
tokamaks. The possibility to transport the laser beam to 
processed zone by the optical fiber allows to remove the 
laser system away from the contaminated zone and to carry 
out remote detritiation. The absence of the direct contact 
with the contaminated surfaces that ensures the personnel 
safety, the reduced waste volume, the accessibility of the 
laser beam to the shadowed areas, and a possible complete 
automation of the process are the most attractive features of 
laser decontamination. 
 
To characterize the properties of the co-deposited carbon 
layer and of the native surface of manufactured graphite 
tiles, the thorough laser heating measurements with the 
pyrometer were performed. A specially developed infra-red 
pyrometer system was used for the surface heating 
measurements to study high repetition rate laser heating. A 
theoretical model of laser heating of complex surfaces with 
the boundary layer by periodically repeating nanosecond 
laser pulses was developed. The model allows to make 3D 
simulations of laser heating on large scales both in time and 
space. To obtain the detailed comparison of the 
experimental and calculation results, the theoretical model 
was extended to the case of intermediate heat contact 
between the layer and the substrate.  

2005 ACTIVITIES 

 
The experiments on laser heating of graphite tiles with a co-
deposited carbon layer were made for Tore Supra tile and 
Textor tile. In the latter case, the experiments were made in 
different places on the tile with apparent different co-
deposited layer properties (friability, contact with the 
substrate). Some results of the pyrometer measurements are 
shown in figure 1(a − f). The temperature traces in panels 
(a) and (b) are quite similar. It testifies to the fact that the 
Tore Supra co-deposit is rather thin (similar to the case (b) 
of Textor tile) or even thinner (because the minimal 
temperature in figure 1a seems lower than the one on figure 
1b). Both temperature traces show a slow increase in the 
minimal temperature, which, however, does not exceed the 
minimal threshold of the pyrometer (at least, during laser 
heating). This impedes an effective comparison of the 
results of these measurements with the calculations. The 
case of figure 1c is more informative, because minimal 
heating temperatures are above the minimal threshold 
temperature of the pyrometer and very stable from ~10th 
laser pulse. Such minimal temperature behavior indicates 
that ablation is already in progress. For this reason, the 
experimental results in panels (d), (e) and (f) seem the most 
suitable for the modelling. From figure 1d, these results 
look very reproducible where two different measurements 
with different heating time in the same place on the tile are 
superimposed. For the case of figure 1d, similar to the one 
of figure 1c, the ablation seems to be in progress beginning 
from ~30th laser pulse. This conclusion can be made on the 
basis of saturation of the minimal heating temperature in 
this time range. The cutting the experimental results for the 
heating temperature from the top corresponds to the 
maximal threshold of the pyrometer. Thus, further on, the 
main attention is paid to the modelling of the experimental 
results in panels (e) and (f). These results were obtained 
with laser heating of neighboring but different places on 
plasma-facing surface of Textor graphite tile with a thick 
co-deposited layer (10-50 µm) being weakly adhered to the 
substrate. 
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Figure 1: Panels (a) − (f) present the results of the pyrometer measurements on laser heating of plasma-facing surface of 
graphite tiles from Tore Supra (a) and from Textor (b) – (f). In the latter case, the different panels correspond to different 

places on the tile. The qualitatively indicated thickness of the co-deposited carbon layer was estimated only visually. 
 
 
Figures 2 and 3 present the modelling of experimental 
temperatures obtained with a pyrometer (figure 1e and 1f, 
respectively). Figure 2a shows the best fit for the 
experimental temperature trace presented in figure 1e. The 
four parameters of the fit are as follows: the layer porosity 
pL = 0.25, the layer thermoconductivity kL = 0.12 W/(m⋅K), 
the layer thickness d = 16 µm, and the heat transfer 
coefficient of the layer/substrate interface h = 2.5 ×103 
W/(m2⋅K). This set of the adjusting parameters seems 
unique (within both the fit and model accuracy). 
 
The curvature of the minimal temperatures profile is 
defined mainly by porosity pL of the layer. The slope of the 
relaxation curve tail (after the laser is switched off) is 
defined mainly by the heat transfer coefficient h. The 
heating temperature scale is defined by the layer 
thermoconductivity kL. The global profile of the 
temperature trace (the coupling of the heating and 
relaxation parts of the global profile) depends on the layer 
thickness d. 
The ablation seems to take place by the end of the heating. 
This conclusion can be made because the maximal 
calculated heating temperature reaches the sublimation 
temperature of graphite and it prevents to fit perfectly the  
final heating stage. Thus, the reliability of the adjusting 
parameters may be partially lost and, in particular, might be 
the reason that the calculated cooling curve does not 
perfectly correspond to the experimental one (figure 2b). 
 
 

 

 
Figure 2: The modelling of the experimental temperature 

trace presented in Fig. 1e (plasma-facing surface of Textor 
tile with a co-deposited layer). The layer parameters 

resulting in the best fit are as follows: pL = 0.25, kL = 0.12 
W/(m⋅K), h = 2.5×103 W/(m2⋅K), d = 16 µm. Panel (a) 
presents the global temperature profile, and panel (b) 

shows the cooling curve between two adjacent laser pulses. 
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The similar situation takes place in the case of figure 3, 
where modelling of the experimental temperature profile 
presented in figure 1f is shown. The experimental results of 
figure 1e and 1f were obtained in different but neighboring 
places on plasma-facing surface of Textor tile. Thus, the 
layer thickness d was close to 15 µm for both cases. On the 
other hand, the porosities (or, equivalently, the densities) of 
the carbon layer in two places seem different. The best fit 
for the case of figure 3 corresponds to pL = 0. In other 
words, in the second case the layer is more compact than 
the manufactured porous graphite. In the second case, the 
heat transfer coefficient is significantly lower and is h = 0.9 
×103 W/(m2⋅K). It means that in this case, the layer is 
poorly adhered to the substrate. And again, the ablation 
apparently takes place by the end of the heating, which may 
be even more effective if compared with the case of figure 
2. This correlates with the lower heat transfer coefficient h. 
For both cases, thermoconductivity of the carbon layer is 
very low if compared with the thermoconductivity of 
graphite substrate. The explanation of this specific behavior 
can be the subject of a special study. 
 
 

 
 

Figure 3: The modelling of the experimental temperature 
trace presented infigure 9f. The layer parameters resulting 
in the best fit are as follows: pL = 0, kL = 0.05 W/(m⋅K), h = 
0.9×103 W/(m2⋅K), d = 15 µm. Panel (a) presents the global 
temperature profile, and panel (b) shows the cooling curve 

between two adjacent laser pulses. 
 
 
 
 
 
 

 
CONCLUSIONS 

 
The theoretical model of laser heating of complex surfaces 
(graphite or metal substrate with a co-deposited boundary 
layer intermediately adhered to the substrate) by repeating 
laser pulses is developed. The previousely developed laser 
heating model with only two limiting cases of adhesion 
(completely perfect and completely imperfect heat contact 
between the layer and the substrate) was extended to the 
case of intermediate adhesion. It was also used to interpret 
and simulate the experimental results obtained in CEA 
Saclay (LILM) on laser heating of the graphite surfaces 
without and with a co-deposit layer from different 
tokamaks, and also to adjust some optical and thermo-
physical parameters of manufactured graphite. The main 
results are as follows: 
 
- 1. The characterization of the graphite parameters 

was made. On the basis of the experimental ablation 
thresholds, the laser absorption coefficient of 
manufactured graphite was estimated surprisingly 
low as 3.75×106 m-1. 

 
- 2. The simulations of laser heating of both the 

backside surface and the plasma-facing surface of 
graphite tiles from different tokamak installations 
were performed. The experimental results on laser 
heating of the backside surface of graphite tiles were 
simulated with a good agreement not only for the 
surface preprocessed by laser ablation, but also for 
the original (non-preprocessed) surface with 
unexpected boundary layer with the properties being 
different from those of the bulk. The specific 
unexpected features of laser heating of backside 
surface of Tore Supra graphite tiles were modeled 
and interpreted. The fit of laser heating experiments 
on TexTor tiles with a co-deposited layer is made 
with a rather good agreement. 

 
- 3. It was ascertained that modelling of the 

experimental temperature profiles obtained with 
pyrometer measurements can allow to adjust all the 
unknown parameters of the co-deposited layer. It 
was established that four adjusting parameters (h, d, 
pL, kL) can be determined, in principle, from the fit of 
the simulated results to the experimental ones, 
providing full characterization of the boundary (co-
deposited) layer. 

 
- 4. The laser heating model was also validated by 

simulations of the laser heating of paint and cement. 
 
On the basis of the simulation results, new experiments can 
be proposed to obtain detailed characterization of both 
graphite and a co-deposited layer. 
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UT-S&E-LiPbwater 

Task Title: ANALYSIS OF THE CONSEQUENCES OF A COMMO N FAILURE 
OF THE TEST BLANKET MODULE AND WATER BLANKET IN 
ITER 

INTRODUCTION 

 
Roughly, 500 water blankets are surrounding the vacuum 
vessel of the ITER reactor in order to remove the heat by a 
water circulation. The water temperature enters at a 
temperature of 100°C and is heated up to 150°C under a 
pressure of 30 bar. The water is in the liquid phase. 
Furthermore, a Test Blanket Module (TBM) is surrounding 
the vacuum vessel in order to allow the tritium production 
by a neutronic reaction with the metal liquid Pb/Li present 
in the TBM. This liquid occupies a volume of 0.324 m3, at 
a temperature of 550°C and a relatively low pressure 
comprised between 2 to 5 bar. The TBM is cooled down 
by a helium circulation, whose inlet temperature is 300°C 
and the outlet temperature 500°C under a pressure of 80 
bar. The TBM total volume is 0.7 m3. 
In the framework of the safety analysis of ITER, the 
consequences of a common failure of the TBM and a few 
water blankets have to be investigated. It would result a 
hypothetical thermal interaction between the liquid metal 
Pb/Li and the liquid water in the vacuum vessel. The 
contact between these two liquids at relatively high 
temperature could yield a thermal interaction between 
them. The water will vaporize and thus pressurize the 
vacuum vessel, designed to withstand a maximum pressure 
of 2 bar. If such pressure were reached, the integrity of the 
vessel would be challenged. The purpose of the study is to 
investigate the phenomenology of this scenario. 
 
 
2005 ACTIVITIES 

 
The objective of the 2005 work was to analyze the 
consequences of such an interaction and to specify a 
method to calculate it. 
 
CHEMICAL REACTION 
 
It is useful to recall what will result from the contact 
between water and Pb/Li. 
The contact between water and Pb/Li at which temperature 
in a low-pressure vessel will make the water vaporize. 
Two types of accidents will also occur in the blanket 
module of a fusion reactor : a small leakage or a large 
leakage. In both cases, the chemical reaction that takes 
place is [1]: 
 
Reaction in the presence of excess water: 

CatLikgMJHHLiOHOHLi °−−=∆+→+ 25/29222 22
 

Reaction in the presence of excess lithium: 
CatLikgMJHHOLiOHLi °−−=∆+→+ 25/222 222

 

 
 

These chemical reactions are exothermic, inducing an 
increase of the pressure in the module blanket and 
threatening its integrity. 
 
FIRST STUDY 
 
The first study consists in analyzing the consequences of a 
simultaneous failure in the TBM and a few blankets with 
an excess of Pb/Li or water. This could yield a strong 
interaction between Pb/Li and water in the vacuum vessel. 
The thermal effect will be studied, not the consequences of 
hydrogen formation, which takes place later. 
 
Excess of Pb/Li 
 
Assuming that a pre-existing pool of Pb/Li is already 
present in the vacuum vessel (the initial pressure being 
close to 0), the contact results in water vaporization, 
followed by the production of solid lithium oxide and 
hydrogen. The situation is plotted figure 1. 
 
The question is to determine the amount of water 
necessary to produce a resultant pressure of 2 bar due to 
the water vaporization. This preliminary work is based on 
a thermodynamic approach, namely a thermal equilibrium 
between water and Pb/Li. 

Vacuum vessel
3800 m3

Pb/Li
0.324 m3, 550°C

Water
100-150°C

30 bar

 
Figure 1: Vacuum vessel (excess Lithium) 

 
Excess of water 
 
If a pre-existing pool of water is present in the vacuum 
vessel with a lithium leak in the pool, aqueous lithium 
hydroxide and hydrogen gas will be produced. This second 
case is represented figure 2. 
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Vacuum vessel
3800 m3

Water
1 m3, 150°C

Pb/Li
550°C
5 bar

 
Figure 2: Vacuum vessel (excess water) 

 
SECOND STUDY 
 
The second study is similar to the previous one, except that 
helium is taken into account. The impact on the water 
amount to reach the maximum allowable pressure is 
investigated in these conditions.  
The conditions are recalled figure 3. 

Vacuum vessel
3800 m3

Pb/Li
0.324 m3, 550°C

Water
100-150°C

30 bar

Helium
0.3 m3, 500°C

80 bar

Figure 3: Vacuum vessel with helium 
 
2006 FORESEEN STUDY 
 
These two studies were estimated on a thermodynamic 
viewpoint in 2005 in order to give a first evaluation on the 
consequences of the Pb/Li and water interaction. Only 
stationary conditions were studied. 
 
In 2006, it is proposed to follow this analysis by a refined 
modeling of the system with the SIMMER code [2]. The 
kinetics aspects of the mixing between the two liquids will 
be taken into account. The initial phase after the contact of 
the two liquids, which is subjected to the apparition of 
pressure peaks, will be investigated and the results will be 
compared to the present ones. 
 
These kinds of Interaction between Pb/Li and water have 
already been calculated with the SIMMER code in the 
past. In particular, the interpretation of the LIFUS program 
was performed with this code [3]. The 2006 work will be 
an adaptation of these previous studies. 
 
 

2005 THERMODYNAMIC STUDY 
 
The main results of the 2005 work are presented hereafter. 
 
VESSEL PRESSURIZATION WITHOUT HELIUM 
 
The Pb/Li liquid metal is supposed to be initially under a 
pressure of 1 bar and a temperature of 550°C, the water 
being at 30 bar and 150°C. 
 
Previous study 
 
In the framework of the initial ITER project, the study was 
already performed with the two codes LINT and 
MELCOR [1] for similar conditions. At that time, water 
and not helium was chosen to cool down the TBM, so that 
the risk of a Pb/Li and water interaction was much higher. 
Furthermore, the vessel size was smaller; temperature and 
pressure were also different. In case of water excess in the 
vacuum vessel, a lithium leak with a 38 kg/s flowrate leads 
to a linear pressurization of the vessel up to the water 
boiling, obtained 125 seconds after onset. The design 
pressure of the vessel was reached in 50 s and the initial 
Pb/Li pressure of 5 bar was obtained after 125 s. 
 
In case of a Pb/Li excess, the vessel failure is also reached 
within a matter of minutes. According to the initial Pb/Li 
mass, the failure time can decrease from 900 s to 100 s. 
Considering these large flowrates, the vessel pressurization 
was extremely rapid. The present configuration is different 
since such large flowrates cannot be encountered. 
 
The water vaporization 
 
Considering the mixture of the two liquids, the possibility 
of complete water vaporization is checked with the present 
configuration. 
 
If a complete mixing of the two fluids at a constant 
pressure were assumed, taking into account the water 
vaporization, the final temperature would be given by the 
equality of the heat exchanges. 
 
The thermo-dynamical characteristics of water and Pb/Li 
and initial conditions are summarized Table 1. 
 

Table 1: Properties of the two liquids/ initial conditions 
 

 Water Pb/Li 
Volume 1000 m3 0.324 m3 

Density (standard P, T) 1000 kg/m3 9321 kg/m3 

Initial temperature 150°C 550°C 

Initial pressure 30 bar 2-5 bar 

Cp liquid 4180 J/K/kg 190 J/K/kg 

Vaporization  (5 bar) 151.11°C 978°C 
Initial temperature 150°C 550°C 
Initial pressure 30 bar 2-5 bar 
 
Two cases mentioned above; are investigated. 
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Water initially present in the vacuum vessel 
 
Initially, 1 m3 of water at a temperature of 150°C is present 
in the vacuum vessel. The Pb/Li liquid is injected at a 
temperature of 550°C. 
As the water volume is very limited, the only way to 
increase the pressure in the vessel is to completely 
vaporize the water, then increase the water vapor. Using 
the perfect gas law, the temperature necessary to pressurize 

the vessel is of the order of K
Rn

VP
T 6102⋅≈

⋅
⋅= , 

which is unrealistic, since the Pb/Li temperature is 550°C. 
There is therefore no risk of vessel pressurization if the 
water volume is limited. Since the vapor vaporization is 
unlikely, the probability of some pressure peaks is also 
low. Therefore, this case will not be investigated by 
detailed calculations. 
 
Pb/Li initially present in the vacuum vessel 
 
In case of a water injection in the vacuum vessel, initially 
filled with a mass of 0.324 m3 of Pb/Li and a temperature 
of 550°C, the situation is different from the previous one. 
When water is injected in the vessel; the heat from Pb/Li 
will be transferred to the water. 
Initially the vessel is not pressurized, so that water will be 
totally vaporized until the saturation temperature that 
corresponds to a pressure of 2 bar, namely 120°C. Then, 
this vapor will be heated until 150°C. If the water vapor is 
assumed to remain at the saturation pressure, a pressure of 
5 bar will be reached. 
The thermo-dynamical properties of water under 2 and 5 
bar are given table 2. 
 

Table 2: Water properties under 2 and 5 bar 
 

Water 2 bar 5 bar 
Temperature (°C) 120 °C 150°C  120 °C 150°C  
Density (kg/m3) 1.1 1.02 944 918 
Enthalpy (kJ/Kg) 2706 2770 505 633 
 
The perfect gas law gives the amount of water necessary to 
reach the water saturation pressure at 150°C: 

TRnVP ⋅⋅=⋅  
Hence: 

nPsat ⋅= 93.0  with n the number of H20 moles. 

For this temperature of 150°C under the saturation 
pressure of 5 bar, the water mass that can be vaporized is 
therefore around 9700 kg.  
This calculated mass of 9700 kg corresponds to a volume 
of 10 m3 of water under a pressure of 30 bar and a 
temperature of 150°C. 
This value is coherent with the LINT and MELCOR 
calculations in the case of a water injection in the Pb/Li 
liquid [1, page 12]. The mass necessary to cause an initial 
pressurization was evaluated in this report to 8000 kg.  
In the present calculation, the vessel failure is not 
considered. Since the water will be pressurized as long as 
it is coming into the vessel, it means that the vessel could 
fail even without any lithium interaction [1, page 10]. 
The design pressure of 2 bar would be reached with the 2/5 
of the 9700 kg water mass, namely 3880 kg. 

Although this water amount is quite large, further 
investigation would be needed to study the transient effects 
that will develop during the process of water vaporization. 
Indeed, pressure peaks are expected to occur during the 
mixing phase that could damage the vessel structure. 
 
 
CONCLUSIONS 

 
This specification report was aimed at presenting the 
question raised by a possible interaction between Pb/Li 
and water and recalling previous evaluations made in 
another context. Then, the water mass necessary to 
endanger to vacuum vessel integrity was estimated. 
Although this approach yields rapid results, it only 
corresponds to steady-state conditions that take into 
account -neither the transient mixture process -nor the 
system geometry where the mixture occurs. Consequently, 
it is proposed to pursue this study in 2006 by a complete 
modeling of the control volume of the vacuum vessel. The 
thermal interaction could be more precisely estimated and 
the pressures exercised on the vessel better calculated. 
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UT-S&E-Tritium-Impact 

Task Title: IMPACT OF CONTAMINATION WITH TRITIUM AT  CELL 
LEVEL

INTRODUCTION 

 
Ionizing radiation produces different kinds of damages on 
DNA among them oxidative stress and double strand breaks 
(DSB). DNA damages may lead to genetic alterations 
which could result in severe pathologies. DSB are the most 
toxic lesions, which can also be induced by DNA 
replication arrest. Accumulation of these lesions can trigger 
cell cycle checkpoints and programmed cell death but non-
accurate repair of DSB can lead to genetic rearrangements. 
Homologous recombination (HR) and non-homologous 
end-joining (NHEJ) are the main processes for DSB repair.  
 
To produce DNA damages, external irradiation requires 
sufficient energy to reach the nucleus. In such conditions, 
tritium radiation cannot reach the DNA. However, 
organically bound (OBT) tritium can be incorporated into 
the cell resulting in an in situ chronic irradiation, which is 
now able to reach the biological target. Because of the low 
disintegration energy of Tritium, its biological effects 
cannot come from external exposure but from integration 
into tissue resulting in auto-irradiation. Consequently, the 
energy deposition is concentrated in the sub-cellular 
compartment, and may amplify the biological 
consequences. In this situation, the low penetration of the 
beam becomes an amplification factor: indeed, when tritium 
is incorporated into the nuclear DNA (with tritiated 
nucleotides), due to the short course of the rays, 70 % of the 
energy is deposited into the nucleus. The impact of Tritium 
on DNA integrity directly derives from the deposited 
energy and not from any chemical poisoning since tritium 
only generates water. However association with another 
contaminant, which affects cell response, can produce 
synergistic effects. Moreover, it is also possible that tritium 
incorporation engages cells in a response that could be 
inappropriate for a concomitant associated stress. 
 
Our project aimed to study the impact of contamination 
with tritium on cell survival, cell cycle, mutagenesis, HR 
and NHEJ. Moreover our project will study the impact of 
tritium contamination on the cell response to an additional 
independent and well controlled DSB.  
 
In 2005, we evaluate the impact of sub-lethal doses of 
contamination by 3H-thymidine on cell survival, cell cycle, 
DNA double-strand breaks (DSB), homologous 
recombination (HR) and mutagenesis, in hamster CHO 
cells. 
 

2005 ACTIVITIES 

 
Cells were cultured in the presence of different specific 
activities of labeled thymidine. After 20 hours, when 
incorporation reached a plateau and over 95% of cells 
contained labeled nucleotides, radioactivity incorporated 
into the DNA was counted in trichloroacetic acid (TCA) 
precipitates. In parallel cultures, cell cycle analysis, 
viability (cloning efficiency), γ-H2AX or Rad51 foci 
(immuno-fluorescence), mutagenesis and recombination 
frequency were measured (figure 1). 
 

Figure 1 
 
Contamination with 3H-nucleotides and measure of cell 
cycle, survival, mutagenesis and HR. Impact of 
mutation in DSB repair pathways. 
 
Measure of survival and HR 
 
Incorporation of 3H-thymidine did not significantly affect 
viability for doses lower than 105 dpm/106 cells. Higher 
incorporation resulted in a slight reduction of viability to 60 
% (figure 2A). 
In previous studies, we and other have shown that ionizing 
radiation and DSBs stimulate HR in p53- cells (Lambert 
and Lopez, 2000; Liang et al., 1998; Saintigny et al., 1999; 
Wang et al., 1988) but at highly toxic doses (compare 
figures 3A and 3B). Indeed, γ-rays significantly induce HR 
but at doses leading 20 to 10% survival (figure 3B). In 
contrast, at poorly cytotoxic doses, strong HR induction 
was recorded for 3H-thymidine incorporation (figure 3C). 
Importantly, the HR plateau induction was reached for 
doses lower than 3.105 dpm/106 cells, i.e. for exposure 
allowing 80 % to 100 % survival (compare figures 3C and 
2A). For doses allowing comparable levels of viability (80 
to 100 %), no γ-rays-induced HR was recorded. Moreover, 
the maximum HR stimulation with highly cytotoxic γ-rays 
(6 Gy) was extremely low compared with the HR level 
induced by non-lethal contamination; such levels of HR 
induction cannot be reached with γ-rays since the 
extrapolated calculated doses would be too toxic (45 to 80 
Gy). 

Hot Thymidine (3H) Cold Thymidine

Incubation in culture medium (20h00)

Cells harvest and count

Incorporated activity in DNA (TCA)

Immunofluorescence (Rad51, γ-H2AX)

Homologous Recombination

Colony Forming Efficiency (survival )

Cell cycle analysis (FACS)

Mutagenesis
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Figure 2 
 
 
Measure of cell cycle 
 
Cell cycle repartition was measured by classical methods. 
We showed that there is no effect on the cell cycle 
repartition of 3H-thymidine incorporation until 1.106 
dpm/106 cells. From that dose and upper, we measured a 
G2/M phase arrest. The G2/M checkpoint is generally 
under control of ATM or ATR signaling pathways.  
Caffeine incubation is able to inhibited G2/M arrest induced 
by either ATR or ATM. The G2/M block induced by of 3H-
thymidine incorporation was reversed by caffeine. 
Moreover, ATR signaling pathway inhibitor UCN-01 was 
able to inhibited G2/M arrest induced by 3H-thymidine. 
Theses results were also confirmed by using a ATM 
defective mutant cell line. Taken together, theses data show 
that the incorporation of high doses of 3H-thymidine 
(>1.106 dpm/106 cells) lead the cell to a G2/M arrest 
mediated by the ATR signaling pathway. 
 
Mutagenesis 
 
Mutagenesis was measured on two different loci: Na+/K+ 
pump ATPase, which monitors only point mutations, and 
HPRT which monitors both point mutations and long extent 
rearrangements. We measured a peak of point mutations for 
doses allowing 90 to 100 % of viability (≤ to 105 dpm/106 
cells).  Surprisingly, no mutations by long extent 
rearrangements were scored in our assay. Taken together, 
these results suggest that oxidative stress may be 
responsible for mutagenesis induced by low incorporation 
of 3H-thymidine. 
 
Impact of DSB repair mutants 
 
Since NHEJ mutants are highly sensitive to ionizing 
radiation, we measured the impact of labeled-thymidine  

 
incorporation on viability of an NHEJ-defective cell line 
(XD17) mutated in the xrcc4 gene (figure 2B). Whereas the 
CHO-DRA10 and the X4V (XD17, complemented with the 
XRCC4 cDNA) exhibited similar viability, xrcc4- cells 
show significantly higher sensitivity to 3H-thymidine 
incorporation (figure 2B). At a dose of 2.105 dpm/106 cells, 
the viability of the xrcc4- cells was only 10 %, whereas it 
was 51 % and 82 % for XV4 and CHO-DRA10, 
respectively. The LD50 (Lethal Dose 50 %) dose was 7.104 
dpm/106 cells for XD17 (xrcc4-) whereas it was 1.106 
dpm/106 cells for XV4 or CHO-DRA10 (figure 2A and B). 
Thus xrcc4- cells are more than 14-fold more sensitive to 
the incorporation of 3H-thymidine, than control cells. Taken 
together, these data show that cells defective in DSB repair 
by NHEJ are more sensitive to labelled nucleotide 
incorporation. However, these results are highly consistent 
with the fact that 70 % of the tritium energy was deposited 
into the nucleus 
 
Effect of 3H-nucleotides contamination on gamma-H2Ax 
and Rad51 assembly (nuclear foci) 
 
γ-H2AX foci induction 
 
After radiation, histone H2AX is phosphorylated and 
assemble into nuclear foci at the DSB sites ((Aten et al., 
2004) and for review (Redon et al., 2002)). The γ-H2AX 
foci formation may be monitored by immunological 
staining then scored. Since the results above suggested that 
3H-thymidine induce DSBs, we thus analyzed the formation 
of γ-H2AX foci after incorporation of 3H-thymidine, at 
non-lethal doses (figure 4A). The percentage of cells with 
γ-H2AX foci increased as a function of incorporated 3H-
thymidine but required more than 105 dpm/106 cells for 
detection (figure 4B). We then measured the mean number 
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of γ-H2AX foci per cell, after 3H-thymidine contamination. 
Indeed, with γ-rays, a linear  
relationship exists between the number of γ-H2AX and the 
estimated number of DSBs (Rothkamm and Lobrich, 2003). 
This value will give us an extrapolated estimation of 3H-
thymidine-induced DSBs. 

In CHO-DRA10 cells line the mean number of foci/cell 
evolved from 5 to 12 for incorporated doses comprised 
between 1.104 to 5.105 dpm/106 cells (figure 4C).  
 

 
 

 
 

Figure 3 

 

 
 

Figure 4 
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Figure 5 
 
RAD51 foci induction 
 
After genotoxic stress, the pivotal HR protein Rad51 
assembles into nuclear foci at DNA damage sites, 
associated with γ -H2AX irradiated chromosome domains, 
which are thus thought to represent recombination/repair 
centers (Haaf et al., 1995). Rad51 foci assembly seems to 
represent a pre-requisite since until now, no HR events are 
recorded when Rad51 assembly is impaired. 
 
 
We show here that 3H-thymidine contamination induced 
Rad51 foci assembly (figure 4). Rad51 foci began to be 
detectable at a dose of 3.104 dpm/106 cells, then reached a 
plateau with 50 % of cells containing Rad51 foci at 1.105 
dpm/106. Importantly, the dose response of Rad51 foci 
assembly was highly consistent with those of HR induction 
(compare figure 4B and 2C). 
 
 
 
CONCLUSIONS 

 
We have analyzed the impact of 3H-thymidine 
contamination at a molecular level. A precise subcellular 
compartment was targeted (the DNA molecule) and we 
identified some metabolic pathways responding to 
radioactive contamination, i.e. XRCC4 and RAD51 
pathways. In addition, and very importantly, we show here 
that contamination by 3H-thymidine induced a tremendous 
stimulation of HR, even in the absence of cell mortality. 
Such a HR stimulation level cannot be reached with γ-rays, 
which mainly kill the cells. At the incorporated dose used 
here, strong genetic effects (mutagenesis or HR) were 
recorded but no toxicity was observed in CHO cells. The 
fact that NHEJ mutant cells show increased sensitivity and 
that HR is stimulated in CHO-DRA10 cells supports the 
result that incorporated 3H-thymidine produces DSB in the 

DNA as scored by γ -H2AX foci induction. On the basis of 
these considerations, the results presented here show that 
cell contamination with non-toxic doses of tritium may be 
hazardous for genetic stability. Thus, the remarkable 
survival of these contaminated cells associated to genetics 
alterations may increase the risk of: 1 - transmission of 
genetic modifications to the next generation and 2 - 
increase the risk of cancer (cancer cell should accumulated 
mutations and be viable to generate a tumour). Our work 
emphasizes the strong differences between an external 
ionizing radiation exposure and an internal radioactive 
contamination on biological consequences. The concept of 
dose of internal contamination in radiation protection may 
be re-evaluted. 
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