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Abstract

An analysis has been made of the IFMIF lithium loop activation using the time-dependent, activation, transport and deposition
code, TRACT (TRansport ofACTivation). Corresponding operator dose rates have also been derived using the neutron and
photon transport Monte Carlo code MCNP-4C, enabling an assessment of operator exposure, both during IFMIF operation and
for times up to 1 year after operation has halted. The dose rates were obtained for specific configurations of loop geometry.
Where comparisons can be made, these results agree very well with those of an earlier preliminary investigation.
© 2005 W.E. Han. Published by Elsevier B.V. All rights reserved.
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. Introduction

IFMIF operator doses could arise from activation of
he liquid lithium (which is categorised as ‘coolant’ in
he context of the modelling system employed) and any
orrosion products deriving from wetted surfaces of the
oop. Corrosion and coolant-carried corrosion products
n the target area are activated by the deuteron beam and
y the induced neutrons from the nuclear reactions. In
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this study, using the code TRACT[1], only the neutro
activation is treated.

Following these calculations, resulting activat
data are used to perform calculations of operator
using the neutron and photon transport Monte C
code MCNP-4C.

2. Activation model: the code TRACT and data

2.1. The model

The code TRACT has been written from first pr
ciples in order to handle any gaseous or liquid coo
encountered in fusion devices and has the capa
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to treat an unrestricted number of stable and active
species. TRACT allows for direct generation of active
species in both the bulk wall material and in the
coolant, and models the behaviour of the channel wall
deposits as well as material carried in the coolant in the
form of both solute and insoluble (crud) atoms/ions.
This allows prediction of activity and its distribution
throughout the loop for bothin-flux and out-of-flux
positions, possible occupational radiation exposure, the
behaviour during normal operation, and the determina-
tion of the source term in hypothetical accidents that
might involve coolant releases.

The code models the time-dependent behaviour of
the coolant as it flows through the loop circuit and cal-
culates the number density distribution of both active
and non-active species, solving the time-dependent
coupled coolant transport and bulk-solid diffusion mass
transfer equations. Coolant soluble species produc-
tion mechanisms include neutron activation, bulk-solid
material corrosion product release and, in the case
of crud deposits, release of these deposits by re-
dissolution and erosion (not treated here). The rate of
dissolution of deposited material is proportional to the
deposited layer thickness and the concentration gradi-
ent between the surface (solubility) and the coolant.

Coolant species loss mechanisms include radioac-
tive decay (active species), deposition onto surfaces
and convective transport around the loop. Deposition
is driven by a gradient between the bulk coolant and
channel surface concentrations, but also depends on
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2.2. Initial data

The Li coolant used in IFMIF is assumed to have
the natural isotopic ratio, with no impurities. The back-
plate, piping and other loop components are assumed
to be of SS316; the composition with impurities was
taken from the SEAFP study[2].

Although7Be, which will be produced by thed-Li
reactions, is not accounted for, it is intended that filter-
ing will remove most, but not all, of this nuclide, leaving
a residual7Be content of about 1 appb[3]. TRACT has
the capability to include filtering, but this option was
not used in this study.

A number of other parameters relevant to the IFMIF
Li loop were obtained from the IFMIF Comprehensive
Design Report (CDR)[4], and the loop geometry was
obtained from information provided by EFDA CSU,
Garching.

The value of the corrosion rate (kg/m2 s) of stainless
steel by lithium, used in this study, is given by:

GC = 1.433× 10−7 t−0.3 (1)

where t is elapsed time since the start of IFMIF
operation in seconds. The adopted rate reflects the
specification given in the IFMIF CDR[4], which does
not distinguish betweencorrosion anddissolution, but
gives the ‘corrosion/release’ rate as 50�m over 30
years. This value was taken as the corrosion rate for
the purposes of the present study, although data in Ref.
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The release rate of corrosion products is assu
roportional to the amount of corroded material,

o the concentration gradient between the surface
he bulk fluid. Initially, there is no bulk fluid concentr
ion, no deposit layer, and the rate of release of corro
aterial is expected to be high. As the soluble ion c

entration in the coolant gradually builds up, conditi
n some parts of the loop will be such that the lo
olubility concentration value is exceeded, leadin
he formation of precipitate, i.e., “crud” particles. On
ormed, precipitate will, on the average, continue to
ulate in the system for some characteristic resid
ime, but any particles impacting the wall, and rem
ng there, will build up a deposit layer. The deposit
ate varies along the loop, according to local mass tr
er conditions.
5] reveal experimental values of SS316 corrosio
owing lithium as high as 100�m/year. However, th
ime exponent suggested by the latter reference i
ne we have employed.

Solubility of SS316 in lithium dictates the local d
olution and crud-formation rates. The lithium-SS
hemistry is not known and, in this study, it is assum
hat the solubility of iron, the major constituent
S316, controls the entire process. The remaining
tituents are assumed to co-dissolve at a rate pr
ional to their fraction in the material. After fitting th
elevant data for IFMIF conditions, given in Ref.[6] as
function of temperature,T, in Kelvin, the solubility
(mol%), of iron in lithium can be expressed as

og10S = −2.485− 247.1/T (2)

t should be recalled that TRACT is modellingflowing
ithium, and that the only region assumed to unde
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neutron irradiation is the target region. Thus any fluid
element of lithium is subjected to irradiation only dur-
ing passage across the deuteron beam, a very short
time duration compared to the time for one circuit
of the loop. The neutron spectrum, provided by FZK,
Karlsruhe, in 211 energy groups up to 60 MeV, corre-
sponding to IFMIF full operation conditions of 40 MeV
at 250 mA, was averaged over the region of Li falling
within the deuteron beam footprint. This spectrum was
combined with cross section data with the aid of the
neutron activation code, FISPACT, using the European
Activation System, EASY-2004[7], and the results
were formatted for use as a TRACT input file. The
2004 version of EASY has new nuclear data libraries
extended to 60 MeV neutron energy, to enable IFMIF
modelling. Some cross sections in this first version
of the high-energy library have been re-evaluated for
the later, published version, EASY-2005, and, in most
cases, the changes are in the downward direction.

Thirteen nuclides were selected for inclusion in the
activation calculations. These were chosen on the basis
of importance for dose consequences, derived from
previous FISPACT calculations of IFMIF Li loop acti-
vation[8].

3. Activation calculations

The data were compiled as outlined in the previous
section, enabling TRACT to be configured to model
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Variation in activation along the loop is negligible
for all of the coolant nuclides because of their long
half-lives compared to the loop transit time (about 80 s)
of the Li fluid. The insignificance of surface activity,
compared to coolant activity, also applies in the rest of
the circuit, indicating that we are able to neglect surface
activity when assessing operator dose rates.

The reported results should remain valid for periods
of IFMIF operation ranging from about 1–10 years. It
is worth noting that, in terms of the overall quantities
of individual nuclides present when their levels have
reached a plateau, the activation results presented above
agree very well with those obtained in an earlier study
on IFMIF activation[8].

4. Dose calculations

4.1. Dose rates at shutdown (t = 0)

The photon source was evaluated for the activation
inventory contained in the coolant only, since sur-
face activation is negligible. This inventory (as given
by Table 1) remains constant throughout the loop, as
we have noted. It was therefore used in a calculation
with FISPACT to obtain the corresponding gamma-
spectrum in 24 energy groups. The neutron and photon
transport Monte Carlo code, MCNP-4C, was then used
with this spectrum, and dose rate conversion factors
derived from Ref.[9], to calculate operator dose rate
f try.
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he IFMIF lithium loop, and a calculation was then p
ormed to evaluate, for the instant that IFMIF is halt
he activation resulting from a period of operation
.5 years.

Table 1shows results from the middle of the he
xchanger (the largest component in the loop), w
re very similar to global averages for the system
hole. The quantities reported for each nuclide are
ctivities in the deposit, base and coolant. These

o atoms that have deposited, migrated into the m
f the wall, or reside in the coolant, respectively. T
oolant atoms comprise solubles and crud.

These results show that, for all nuclides, the act
n the base is negligible compared to that in the dep
lthough it is not clear from the table (since surface
olume activity are in different units), it should also
oted that the deposit activity is, in turn, negligi
ompared to the coolant activity.
or two different cases relating to the Li loop geome

able 1
ctivities at the mid heat-exchanger position of the IFMIF Li lo
t t = 0 (shutdown)

uclide Deposit (Bq/m2) Base (Bq/m2) Coolant (Bq/m3)

b 95 6.78× 102 3.61× 10−3 2.68× 106

n 56 3.92× 104 3.05× 10−2 4.81× 108

o 58 8.51× 104 7.58× 101 3.17× 108

n 54 1.02× 105 3.65× 102 3.02× 108

52 2.82× 102 9.86× 10−8 9.70× 107

l 28 3.32× 101 1.43× 10−8 2.17× 107

o 56 5.86× 103 5.73 2.16× 107

i 57 5.40× 103 1.42× 10−2 2.56× 107

o 57 6.91× 104 2.99× 102 2.10× 108

b 95m 1.26× 102 6.19× 10−5 5.53× 105

n 52 1.54× 103 6.23× 10−2 6.56× 106

e 53 7.43× 101 2.47× 10−6 1.13× 107

r 51 9.20× 104 2.46× 101 3.69× 108

otals 4.01× 105 7.70× 102 1.87× 109
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One case corresponds to exposure from the 20 cm diam-
eter piping which transports the Li between the various
loop components. The other corresponds to exposure
from the entire Li inventory, assumed, for simplicity,
to occupy a spherical volume (radius 1.3 m).

In the case of the 20 cm (inside diameter) piping,
a 20 m length with cylindrical geometry (an idealised
configuration) and wall thickness of 8.2 mm, was
specified for the MCNP calculation, with dose rate
being evaluated at the mid-plane, both at the pipe
surface (contact dose rate) and at a position 1 m from
the surface.

Similarly, for the full inventory,contact and 1 m
dose rates were also evaluated. For each of these
two geometries, results were obtained for two condi-
tions. The first was defined by the assumption that the
radioactive source was uniformly distributed through-
out the bulk of the Li, and the second by the alternative
assumption that the whole of the source was evenly
distributed over the bounding surface of the Li. So
these conditions can be thought of as corresponding
to ‘no plating out’ and ‘all plating out’, respectively.
The results of these calculations appear inTable 2.

It is evident fromTable 2that, for the pipework,
there is no significant difference between the two cases
of all-plating-out andno-plating-out, for either the con-
tact or 1 m dose rates. The reason for this was found
to be scattering of the gamma-photons by the 8.2 mm
steel pipe wall, changing the directional character of
photons emerging from the lithium to a form which
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In the case of the full Li inventory, on the other hand,
no account was taken of any surrounding steel struc-
ture. So the source distributiondoes make a difference
to dose rate. Contact dose rate is about a factor of 10
higher forall-plating-out compared tono-plating-out.
But there is only around a factor of 2 difference between
the two cases for the 1 m dose rate.

It should be noted that thefull-Li-inventory calcu-
lation is unrealistic in the context of normal operation
but it is an assumption used in the earlier report[8] to
put an upper bound on potential dose rate. The Li can
be drained into the dump tank, if necessary, and the Li
sphere assumption approximates the conditions which
determine the dose rate in this case. If this happens, it
is conservative to assume that the dose rate for theall-
plating-out case applies since, in practice, the structural
material of the tank could significantly increase omni-
directional flux (and thereby the dose rate), as in the
case of the pipework. Thefull-Li-inventory dose results
of this study agree very well with those obtained in the
earlier assessment.

4.2. Dose rate as a function of time after shutdown

The results discussed above relate to time,t = 0,
and are therefore valid during IFMIF operation after a
period of at least 1 year of operation, when the system
activation has reached a plateau. For some maintenance
tasks it may be necessary to halt IFMIF operation, and
to assess these circumstances we need to ascertain dose
r ood
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1

s insensitive to any axially-symmetric source re
ribution. Hence the omnidirectional (as opposed
lanar) flux of photons at any point outside the p
nd consequential dose rate, are also insensitive to
edistribution.

able 2
ose rates for both 20 cm diameter piping (cylindrical geometry

he full Li inventory (spherical geometry) att = 0 (shutdown)

ource distribution Contact dose
rate (�Sv/h)

1 m Dose rate
(�Sv/h)

0 cm Diameter pipe
Uniform 147 12.0
Plated out 151 11.2

ull Li inventory (sphere)
Uniform 1180 220
Plated out 13300 411

he effect of shielding by the SS316 pipe wall is included in
ylindrical case.
ates as a function of time after shutdown. The g
greement between the current results and those
revious study[8] establishes the validity of emplo

ng the previously calculated time-evolution curves

ig. 1. Contact and 1 m dose rates for 20 cm piping. The data p
arked correspond to the following times: 1 and 10 s, 1 and 10
h, 1 and 7 days, 1–4 years.
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times,t > 0. By scaling these curves to fit the current
values of piping dose rate, we arrive at the results shown
in Fig. 1, which should be valid for times up to 1 year
and irradiation periods 1–10 years.

5. Conclusions

The calculations presented above agree very well
with the results of an earlier study[8] on overall acti-
vation and dose rates. TRACT provides more details
than the earlier work but it is very model dependent,
and many assumptions need further examination. The
present study reveals that the most crucial areas needing
further investigation are: (1) solubility, corrosion and
dissolution; (2) crud formation; (3) transport modelling
of solubles and crud; (4) deuteron activation. Given the
requisite data, TRACT is designed to be an appropri-
ate vehicle for exploring the interaction of all of these
factors.
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