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A B S T R A C T 

In the IFMIF-EVEDA accelerator prototype, deuterium is implanted in the components due to beam losses 
and in the beam dump, where the beam is stopped. The interaction of the deuterons with the deuterium 
previously implanted leads to the production of neutrons and tritium, which are important issues for 
radioprotection and safety analysis. A methodology to assess these production pathways in more realistic 
approach has been developed. The new tools and their main achievement are: (i) an "effective diffusivity 
coefficient" (deduced from available experimental data) that enables simulation of the diffusion phase, 
and (ii) the MCUNED code (able to handle deuteron transport libraries) allows to simulate the trans
port-slowdown of deuteron/tritium (to get the concentration profiles) and the neutron/tritium produc
tions from d-Cu and d-D for up to 9 MeV incident deuteron. The results with/without theses tools are 
presented and their effect on the relevance of d-D sources versus d-Cu is evaluated. 

1. Introduction 

The IFMIF-EVEDA accelerator will be a 9 MeV, 125 mA CW deu
teron accelerator, identical to the low energy section of one of the 
IFMIF accelerators. It will be tested to verify the IFMIF design be
fore launching its construction. This paper proposes a methodology 
to assess the neutron and tritium sources for radiation protection 
and safety analysis of this facility. 

The following description of the neutrons and tritium produc
tion phases can be helpful to focus the issue: (i) deuteron losses 
from the beam are implanted in the accelerator components and 
all the remaining deuterons in the beam stop (BS), (ii) the im
planted deuterium is transported by diffusion through the mate
rial, (iii) neutrons and tritium are produced by interactions of 
deuterons from the beam with the deuterium previously im
planted (d-D reaction) and with the copper material of the acceler
ator (d-Cu reaction), and (iv) the tritium is thermalized, then 
transported by diffusion. 

The coupled use of the SRIM2008 [1]/MCNPX [2] and TMAP7 [3] 
codes allows the simulation of these phases. However, some diffi
culties have to be solved for the IFMIF-EVEDA operating conditions, 
including: (i) how to determine the deuterium concentration pro
file inside the copper lattice due to the lack of transport coefficient 
data for diffusion simulation, (ii) the built-in nuclear models in
cluded in MCNPX code (and others as PHITS code [4,5,6]) do not 

allow to predict with reasonable accuracy neither the neutron/ 
tritium production from d-Cu and d-D reactions for incident deu
teron energy up to 9 MeV nor the transport-slowdown until 
implantation of deuterium/tritium (needed to get the concentra
tion profile). 

The methodology proposed to solve these difficulties is dis
cussed in Section 2. This methodology is applied to significant 
zones of the facility and the results are presented and commented 
in Sections 3 and 4 respectively. 

2. Methodology 

2.1. Diffusion transport methodology (thermalized deuterons and 
tritons) 

Traditionally and regardless the irradiation conditions, for d-D 
neutron production assessment in cooper the "deuterium satura
tion density" (Csat = 1.7 x 1028 D/m3) is used as a conservative va
lue for deuterium concentration at 293 K target temperature 
[7,8]. Actually, this value corresponds to the stationary concentra
tion reached in irradiation conditions (60-85 mA/cm2) [9] very dif
ferent from those expected in the IFMIF-EVEDA facility (maximum 
0.0158 mA/cm2) [10]. The overestimated results related to the sys
tematically use of the Csat have been reported by different authors 
[7,8,11]. Even though the assessment of neutron and tritium pro
duction from the d-D reaction using the Csat is a conservative esti
mation useful for radiation protection issues, we consider 
necessary an approach able to predict a more realistic deuterium 
concentration profile for the IFMIF-EVEDA facility design. 



The TMAP7 code is able to simulate the diffusion transport by 
concentration gradient forces towards the front and back faces of 
the structure, including the trapping sites effect (impurities, struc
tural damage, hydrides and bubbles) where the energy required for 
migration is greater than that required for ordinary diffusion. The 
accuracy of the TMAP7 simulation depends on the availability of 
the suitable value for each transport coefficient on specific operation 
conditions: diffusivity, recombination, trap density, trap energy, etc. 

However in the collected data of the literature [12,13] for cop
per material there are not coefficients for traps, and the tempera
ture range (470-1200 K) does not include the lHvllr-t'VL'DA range 
(293-373 K). Therefore, in the simuiation the trap effect is not con
sidered and is performed out of the suitable temperature range. 

Other information sources to get data for the simulation are 
those from the experimental reports of the bibliography. Fukui 
et al. reported that traps and temperature are the main parameters 
determining the stationary hydrogen concentration during irradia
tion of copper (density, size and energy of traps depends on three 
parameters: fluence, energy beam and target temperature) [14]. A 
rise in the energy beam increases the deep of the damage zone and 
the type and the energy of the traps. The damage in the lattice in
creases when the fluence rises and the target temperature de
creases. Panigrahi et al. suggest that the diffusion of deuterium 
in cooper during implantation at room temperature is via vacancy 
mediated migration of deuterium trapped in vacancies (30 keV, 
0.025 mA/cm2,293K, 1.1 x 1019 D/cm2) [15]. Anderl etal. reported 
a trapped-delayed diffusion by beam-induced defects (3 keV, 
LHniA/cra2, 710-785 K, 5.1 x lO^D/cm2) [16]. They proposed 
a new parameter, called "effective diffusivity" (Det(T)). This param
eter includes the trap effects (structural damage, bubbles, etc.) on 
the migration of deuterium. Fig. 1 shows Det{T) versus temperature 
from these experiments (yellow, triangle and square). The trapping 
effect can be noticed by comparing with the coefficients from the 
collected data of Reiteret al. [12], D(T), (discontinuous blue line). 

It is remarkable how the values proposed by Anderl et al. for 
temperatures from 710 to 785 K fit reasonably (by a straight line 
when plotted on a logarithmic scale versus 1000/T(K)) with the val
ues proposed by Panigrahi et al. for 293 K (continuous green line in 
Fig, 1) [15]. The use of this correlation for D^T) for 1FM1F-EVEDA 
operation conditions (1.0 x 10"1" 0.015S mA/cma, 0.1-9.0 MeV, 
293-785 K) allows overcoming the lack of data for the simulations. 
However, it is necessary to analyze the reliability of the simulations 

taking into account that the operation conditions of the original 
experiments are very different than those of the IFMIF-EVEDA. 
Panigrahi et al. [15] proposed a De£0 constant for fluences up to 
1.1 x 1019D/cm2 and Anderl et al. [16] reported on steady-state 
condition for the fluence range of his experience (1.0 x 10 ' 9-
5.1 x 1019D/cm2). For !FM!F-EVEDA operational conditions [10], 
the time needed to reach this fluence is greater than 200 days in 
all zones except in the BS and in the first 250 cm of the RFQ {sec
tions 1 and 2. The RFQ has been divided in 10 sections, of equal 
length for calculation purposes). No problems are expected in the 
BS due to the high temperature [14] but the fluence effect in sec
tions 1 and 2 (ambient temperature, but low energy beam) could 
be underestimated. Regarding the other parameters, both incident 
deuteron energy and angle, can be important variables in determin
ing the energy and spatial distribution of traps. However we have 
no information, so these effects have not been taken into account. 

Then, to check the correlation proposed for DKÍ(T) the deuterium 
spatial concentration has been computed for the experimental con
ditions of Cm (60-85 mA/cm2, 0.08-0.120 MeV, 293 K) [9]. The 
small graph in the Fig. 1 includes information regarding to this 
study. The blue and green lines are the deuterium concentration 
profile for these experiments from TMAP7 simulations using the 
proposed Def and the red line is the Csat value. This work shows that 
the proposed approach allows a reasonable agreement with the 
experiments. 

The work performed in this paper includes the neutron and tri
tium production for the IFMIF-EVEDA facility calculated using the 
three following approaches for the deuterium concentration: (i) 
Csat. (•') collected data with trap effect neglected and not taking 
into account the suitable temperature range and (iii) the correla
tion for the Det{T). 

Finally, an improvement in the TMAP7 code was used to trans
port simultaneously the two species (deuterium and produced tri
tium) in a reliable way, in order to simulate the diffusion transport 
towards the vacuum pump and the cooling water. 

2.2. Monte Carlo transport methodology (energetic deuterons and 
tritons) 

A reliable assessment of the neutron production induced by 
deuterons as well as the simulation of the deuterium/tritium 
implantation phase are not possible due to the poor agreement 
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Fig. 1. Diffusivity coefficient versus temperature: experimental data [15,16], collected data [12,13] and Delr. The suitable temperature range is the indicated in this figure. The 
small figure shows the deuterium concentration (D/m1) for a depth up to 10 urn in copper from DeI approach simuiation by C1X experimental conditions [S.9J. 



between the XS derived from the built-in nuclear models included 
in MCNPX and experimental data for deuteron interactions with 
energies up to 9 MeV [5,6]. An example of the severe underestima
tion when comparing the experimental data with the Incl4, Isabel 
and LAQGSM built-in MCNPX models is showed in Eig. 2 for (d,2n) 
reaction (only for this reaction experimental data is available for 
neutron production from the d-Cu interaction). 

Therefore it was necessary to: i) search for an external deuteron 
double differential XS database for neutron/tritium production 
which agrees reasonably with experimental data in the IFMIF-EVE-
DA operating range, and ii) to develop a transport code able to han
dle those external libraries. 

The details of both tasks have been described elsewhere: Sanz 
et al, [5,17] for the XS libraries validated with experimental data 
for neutron productions from the d-Cu reactions, and Sauvan 
et al. [18] for the new modified MCNPX code named MCUNED. 

The neutron and tritium production rates and the concentration 
profile of implanted tritium were computed using the following 
procedures: i) MCNPX code using default built-in nuclear model 
(Isabel/Dressner), ii) MCUNED code with ENDE-V11 [19] and 
TENDL2008 [20] (Talys based [21]) transport libraries for d-D and 
d-Cu reactions respectively. Fig. 2 shows a reasonable agreement 
for Talys with experiments, slightly conservative, for Cu65(d,2n) 
and a good agreement between ENDE and experimental data for 
D(d,n) reaction. 

The simulation of the deuteron losses along the accelerator line 
was provided by Coniunian (Garcia [6]) and the details of the divi
sion are described in [6,10]. The Eig. 3 includes information relative 
to the simulations (energy of the deuterons losses, the deuteron 
losses, the incident angle respect the normal and the temperature 
of the intercepting material), For all the accelerator elements (RFQ, 
MS, DTL and BS) copper has been considered as intercepting 
material. 

The flow chart (codes, XS libraries and diffusion coefficients) 
proposed to a more realistic approach to the neutron and tritium 
productions is showed in Eig. 4. 

3. Results 

The proposed methodology has been applied to assess the fol
lowing issues for the 1FM1F-EVEDA facility. 

(A) 'lhe deuterium concentration profile obtained using the fol
lowing three approaches: (i) the most conservative approx
imation: C,at (ii) a less conservative approximation: 

assuming trapping is neglected, (iii) the approximation pro
posed in this paper: Def(r) correlation taking into account 
trap effect. The Fig. 3 shows the deuterium concentration 
profile for EVEDA-IFMIF sections by Def approach. The differ
ence between Csat and Det approaches are close to two orders 
of magnitude in sections 4 and 5 of RFQ in the MS and in the 
BS. 

(B) The time needed to achieve a stationary deuterium concen
tration profile (therefore a steady-state in neutron and tri
tium production from d-D reactions). This time will be 
reduced when the temperature or the current density 
increases, In the case of section 1 of the RFQ and in the BS, 
6 h is enough to reach the steady-state but 10 days are 
needed for section 10 (the stationary conditions are reached 
when the deuterium concentration at 20 u.m depth-higher 
than deuterium penetration- is 90% of the value reached 
for 365 days of continuous irradiation). 

(C) The neutron production from d-Cu and from d-D (taking into 
account the three approaches for the deuterium concentra
tion assessment) by MCUNED and MCNPX codes. The results 
for neutron production in sections 1 and 10 of the accelera
tor and in the BS using the different approaches are pre
sented in Table 1. These sections 1 and 10 are the first and 
the last of the REQ (length of each section: 1.25 m) and are 
the more significant for the conclusions of this work 
(Eig. 3). The higher deuterium concentration for low and 
high energies in the accelerator line, respectively (0,1 and 
5 MeV, 158 and 4 mA/m2, incident beam 85° with respect 
to the normal, 293 K) have been obtained, The BS is object 
of high current density and the higher energy of the facility 
(158mA/m2, 9 MeV, incident beam 86,57" with respect to 
the normal, 393 IC). The MCNPX code is not able to compute 
in a reliable way the neutron production in the RFQ.(energy 
up to 5 MeV) and the assessment in BS (energy up to 9 MeV) 
is slightly underestimated. 

(D) The tritium production by d-D and d-Cu reactions (only for 
Def(T) + MCUNED procedure). The tritium produced is 
mainly due to the d-D reaction (95%). The cross sections of 
tritium and neutron production in d-D reaction are similar 
for energies up to 9 MeV. Therefore we assume that the 
effect of the approach used to compute the deuterium con
centration (saturation density, trapping neglected or effec
tive diffusivity) on the tritium production is the same than 
that obsei"ved on the neutron production. The tritium inven
tory in the BS and the amount that reaches the cooling water 
given by TMAP7 simulations for 365 days of continuous 
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Table 1 
Neutron production from d-D and d-Cu reactions for stationary state computed by: (1) MCUNED and external data libraries and (u) MCNPX. 

Hypothesis to compute tile D concentration profile NEUTRON SOURCE SIMULATION APPROACH 

neutron/sec. 

MCUNED 

MCNPX 

MCNPX 

d-D (ENDF-VU) d-Cu (TENDL2008) Total d-D d-Cu (LSABEL/DRESSNER) 

RFQ 
Section 1 
0.1 MeV 
2.9E+16d/s 

RFQ 
Section 10 
5 MeV 
3.9E+lfid/s 

HS 
9 MeV 
7.8E+17d/s 

Trapping included 
Trapping neglected 
Saturation density 

Trapping neglected 
Trapping included 
Saturation density 

Trapping neglected 
Trapping included 
Saturation density 

1.6E+07 
3.7E+05 
2.7E+08 

4.1E+08 
2 7Ef0li 
8-7E+09 

I 1E+11 
3.9E+10 
1.BE+13 

6.4E+01 

4.8E+14 

1.6E+07 
3.7E+05 
2-7E+08 

5.2E+10 
5.2E+10 
S0E+10 

4.8E+14 
4.8E+14 
5.0E+14 
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Fig. 5. Simulation of the lrilium produced within the BS: time evolution or the tritium inventory & tritium concentration in the cooling water (values Tor the maximum beam 
power, 2.1E+11 t/s). 

irradiation are shown in Fig. 5. This figure shows that the tri
tium concentration in the BS cooling water is lower than the 
USNRC limit value in effluents [22], 

4. Conclusions 

A new methodology to assess the neutron and tritium produc
tion using a more realistic approach for application to the 1FM1F-
EVEDA facility has been developed. This methodology solves the 
hard overestimation of the deuterium concentration using the tra
ditional saturation density approach and the lack of a transport 
code able to compute the neutron/tritium production from deu-
teron interaction in cooper for energy up to 5 MeV. 

The "effective diffusivity" correlation for deuterium in copper is 
proposed to overcome the lack of data on trap coefficients needed 
to perform the diffusion simulation, The use of this correlation al
lows a more reliable profile of the deuterium concentration in cop
per compared with the constant value of the "saturation density", 
CMt, traditionally used for neutron production assessment. The 
deuterium concentration in copper using this procedure is up to 
two orders of magnitude lower than those obtained using the tra
ditional tools. 

The coupled use of both tools (Def and MCUNED code) allows a 
more reliable estimation of the neutron/tritium production from d-
D and d-Cu reactions at EVEDA-IFMIF facility. For energy up to 
5 MeV, only MCUNED code allows to compute the neutron produc
tion. For energy range from 5 to 9 MeV the neutron/tritium pro
duction from d-D decreased up to two orders of magnitude 
comparing with the traditional approach. Therefore, the procedure 
proposed in this paper allows a more reasonable evaluation on the 
neutron/tritium production from d-D and from d-Cu in the differ
ent sections of the facility. The results of the simulations show that 
the neutron production from d-D respect to d-Cu reactions varies 
hardly: from 6 orders of magnitude higher in section 1 to 2 orders 
lower in section 10 of the RFQ and 3 orders lower in BS. 

The study about the time needed to reach the steady-state for 
neutron/tritium production rates from d-D reactions concludes 
that this time is reduced when the temperature or the current den
sity is increased. For EVEDA-IFMIF facility this time is in the range 
of few hours to 10 days. This time is very important in those accel
erator sections where the d-D neutron production cannot be ne
glected compared with the neutron produced from d-Cu. 

The tritium (mainly produced by the d-D reaction) that reaches 
the cooling water of the BS has a concentration in water lower than 



the limit value reported by the US Nuclear Regulatory Commission 
for water in effluents. Nevertheless this value must be added to 
other sources of tritium for the final evaluation about the relevance 
of the tritium concentration in this effluent. 

Finally, is important to be mentioned that the availability of 
more accurate XS libraries would be able to get a more reliable re
sults in the neutron/tritium production. Regarding Def(r) more ef
fort is necessary in this way, since it was deduced only from two 
experimental reports for operational range very different than 
the expected in EVEDA-IFMIF facility. Though temperature and flu-
ence effects on traps were taken into account, in sections 1 and 2 of 
the RFQ. where high fluence is aggravated by low temperature, we 
have no enough reliability on the deuterium concentration profiles 
obtained. Moreover the information about the effect of deuteron 
energy and incident angle on the traps is not enough, and it was 
not taken into account. Future experiments for fluence, energy 
and angle data in the range of EVEDA-IFMIF facility, will be helpful 
to get a more realistic value of the Def(r). 
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