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Abstract

A Local Mixing Model (LMM)* has been utilised to compute the evolution of the
hydrogen isotope content within the implantation zon¢hef CuCrZr target material of the
beam-stopping elements of the ITER Neutral Beam Tastlitly, together with the beam-
target fusion reaction rate calculated by taking accofirihe slowing-down of the 1MeV
incoming projectile ion within the implantation layem Anportant modification of the LMM
code is to treat the tritium reaction product ions, tesufrom D-D reactions, as a constituent
of the incident beam. Although the treatment of tnititn the LMM is not ideal, this and other
simplifying assumptions either do not significantly affette predictions, or ensure
conservatism in the results when used as input to théy safalysis of the facility. For
example, it is shown that D “beam-target” reactions always dominate over thd$2-oT,
which overcomes the problem of uncertainty, in the rhookthe distribution of tritium
trapped within the implantation layer; in contrast éhisrlittle uncertainty that this region will
rapidly approach deuterium saturation for long-putsé.ifr) operation. Using the computed
sources as input, neutronics and activation calculafmmthe NBTF components have been
carried out using the MCNP/FISPACT. As expected, lorigepoperational requirements
lead to neutron activation and tritium production levels civhhave non-negligible but

manageable radiological consequences.
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1. Introduction

As part of the safety analysis of the Neutral Bearst Facility (NBTF) foreseen for
ITER, a quantitative assessment of neutron productiompooent activation and tritium
formation/accumulation is necessary. These key raglicdl factors determine the radiation
shielding parameters, the hands-on maintainability of bearcomponents, and dictate the
requirements for eventual licensing of the facility.c8ira possible approach to the NBTF is
to consider the beamline and ancillary equipment as patte first ITER injector, it is also
important to be able to assess the transportability ofmdie components. The ITER neutral
beam injector will accelerate deuterons to 1MeV. Duriqgeration of the NBTF the
deuterons will be dumped onto a residual ion dump and cateinwhich will therefore
become loaded with deuterium. Further incoming beam partiokey undergo the reactions
d(d,nyHe and d(d,pH. The neutrons are emitted with an energy of approxiy&5MeV.
This reaction is the most important mechanism of neupr@duction from the NBTF. The
production of tritum {H), in the second branch of the DD reaction, islfitaeradiological
concern but it also implies the further production of 1¥Meutrons by the tritons reacting
with the deuterium in the calorimeter or with incomingumedeuterons. Neutron production
leads to a potential radiation exposure to workersreitinectly, during beam operation, or as
a result of neutron activation of the injector anddhbsequeny-ray emission. It is important
to quantify these radiological aspects in order to deéfineoperational plan such that
excessive activation of the injector is avoided and tiiere are no difficulties in maintaining
or subsequently transporting and deploying the injector aRITEalculations of neutron
production rates and deuterium and tritium accumulatiothéntarget material have been
performed using a Local Mixing Model (LMM) calculation cdde?,3]. The LMM has been
modified in the present work to take into account tritipmduced by the DD reactions. The
modified version of the code can therefore calcutetth 2.5 MeV (DD) and 14 MeV (DT
and TD) neutron rates which represent the basic soeroestfor the radiological safety
analysis. The LMM and its adaptation to compute the o&tgecondary (DT) reactions are
described in Section 2; the limitations of the modeldiseussed in Section 3 but it is shown
that such limitations either do not affect the resoitg/ould lead to conservatism in the safety
analysis. The issue of tritium inventory build-up in MBTF is discussed in Section 4. The
neutron transport and activation were calculated usingMbaete-Carlo code MCNP [4]
version 4¢3 and the inventory code FISPACT [5] using thermeytroduction estimates

from the LMM. The results of the activation analyaigs briefly summarised in Section 5.



2. Local Mixing M odel

The Local Mixing Model in its standard form assumes tiet beam particles are
incident normal to the surface of a target and slow dmsidle the material to be trapped
when they come to rest. The density of implanted iooeases until a saturation density is
reached, after which the particles of the beam staplatiing already trapped ions with a
release rate equal to the deposition rate. The conposifi the released ions reflects the
implanted species mixture in the trap. In the casevofdifferent species (denoted by suffix

1, 2) the differential equations for the rate of charfgeaal density are:
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where R(X) is the density of trapped ion®; is the flux of incoming particles ang{E;, X)dx is

the probability for particlé with energyE; to come to rest in the range %+ dx).

The LMM code calculates the functig(E, x) for each component (H, D and T) of the
incoming beam, then solves iteratively the above dift@krequations to calculate the
distribution profile matrices at each iteration fiwetthree isotopes. The LMM code also
contains a slowing-down routine for each incoming pro@species, based on the energy-
dependent stopping-power of the ions. The results afltveing-down calculation are folded
in with the relevant fusion reaction cross-sectmeompute the reaction rate at each iteration.

The iterations stop when the required total time afgrdtion is achieved.



2.1  Benchmarking of LMM

The LMM code has been applied previously to model isotegghange in the JET
Neutral Beam Test Bed [2,3], for positive-ion beams emergy 80-140keV. In these
experiments, the 2.5MeV neutron production from the ion pdurwas measured after
changing the beam gas from hydrogen to deuterium. In thigtisib, the target material is
initially saturated with hydrogen which is progressivelylaeed by deuterium, and indicated
by the evolution of the neutron rate. Good agreement betwee predicted and measured
neutrons was obtained if the saturation density ofrtipdanted hydrogenic species was taken
to be about 10% of the Cu atom density of the matesinich may be compared with a
typical maximum saturation density of about 20% at roomptrature. This is reasonable
since the surface temperature T of the ion dump highfheaelements can reach >4
and the hydrogen saturation density is expected to vary a©1ii€r authors (e.g. [6]) have
also reported evidence of reduced saturation densitiegpliaire the observed beam-target
reaction rates in NB injectors. In order to benchmarkctbes-section and energy-loss tables
embedded in the LMM code in the present work, the preditaf the LMM for D beams
impinging on a Cu target were compared with the analybdehof Kim [7,8] at incident
particle energies up to 1MeV at the same target satardeosity. The LMM code with a
saturated target (20% of Cu atom density), and a deuteriam loé 1 MeV and current
density of 1 mA/cy gives a constant flux of 3.%80™ neutrons per chper C of incoming
deuterium beam, in agreement with Kim’s formula with#. We can therefore conclude that
the LMM output is in good agreement with the benchmarkttie calculation of the neutron

rate of a 1 MeV deuterium beam on a copper surface.

2.2 Application of LMM to ITER NBTF operation

A reference NBTF pulse of 1 hour duration, with a bedrh eV deuterium and total
current of 40 A, with a maximum target current densityl ahA cm? is assumed [9]. The
total working life of the injector is expected to be amub0 hours; including a final
reliability run of 84 hours spread over two weeks and the@ence campaigns of 100 days
duration, assuming 100 pulses of 20 seconds per day at full §%8rhours per campaign).
Starting with a fully depleted target, ions of the inamgndeuterium beam fill the material
until the saturation concentration (20%) is reached.oAiltfin a saturation density of less than

20% has been suggested as being more representative [6§iraigté@s assumption is to use



20%. The most probable implantation depth for IMeVistabout 5.5um. The total retained
deuterium increases as the implanted ions fill regidosec to the surface and deeper inside
the material. By integrating the implantation densitgfie with respect to depth, the areal
density of the implanted species is obtained as a funofittee number of beam pulses (pulse
length of 3600 s and a beam of 1 MeV, 1 mA“cof DY); 80% of the maximum areal
implantation density is reached in around 60 1-hour pulsdssaturrent density. In view of
the relatively fast approach to saturation, the siiyiply assumption of a fully deuterium-
saturated target to a depth of @t is made for all calculations presented in the réshe®
paper, corresponding to an implanted deuterium areal desfsit. 710'%cm®. Under this
assumption, the DD reaction rate per unit area is livgtlr beam current density and
independent of integrated beam fluence, according to thetardrratio of 3.7810" neutrons
per incident Coulomb of beam deuterons. It is worthngothat the total number of DD
neutrons produced in one 1-hour duration 40 A pulse, is thergfedicted to be 5.4-%0
neutrons. This is comparable with a high power JET deuteplasma pulse, albeit on a

much longer time-scale.
2.3  Treatment of secondary DT reactions in the LMM

The nuclear reactions in the metal target due to tkeraiction of the incoming

deuterium beam and the deuterium already trapped in thet &e:

D+DO[] - He’+n Q=327MeV
D+DO[J]-T+p Q= 403MeV

The total energy of the reaction products mustHge sum of the reaction Q-value (4.033
MeV) and the beam energg @ MeV for the ITER NB accelerator). The way in wainithis

total energy is shared between the fragments tatéd by the angle between the velocity of
the fragments and the incoming D, according toctheservation of the total momentum. The
probability of the fragment to be generated witgigen angle is not constant, because an
angular probability distribution characterises eaciclear reaction. From the knowledge of
the angular distribution of the energies of thé=gre 1) and the probability of each angle, it
is possible to calculate the probability distributiof the T energy, as shown in Figure 2. It is

interesting to note that the most probable enerfpieshe triton lie in the range 0.9 to 1.3



MeV (corresponding to an angle of 60-80 degreewdsen the incoming D and the generated
T). The fact that the most probable energy of titert is very close to the energy of the
deuterium beam suggests the possibility of treatitggtritons produced inside the target as
part of the incoming beam in a modified versionttid LMM code. The modified LMM

code, at each iteration, calculates the equivdl@gntm beam produced by the DD reactions,
adds this tritium to the incoming deuterium beard eims the iteration as normal, but with a
composite D-T beam, by iteratively solving equasidt) and (2). This approximation was
considered the simplest to implement in the exstoode, though it has a number of

limitations as discussed in Section 3.

2.4 DT reactions and 14MeV neutron production rates

In the treatment of tritium production and secogd&®T reactions according the
simplifying assumptions described in the previoasagraph, reactions take place between (a)
fast T" and the implanted D atoms in the saturation zdeadted T- D) and (b) fast D and
implanted T atoms (denoted-DT). Since the Tis treated as a component of the incoming
beam, the capability of the LMM code to calculdie evolution of the isotopic compaosition
of the implanted hydrogenic atoms, according tosthletion of equations (1) and (2) for a 2-
component system, is exploited. The-D contribution to the reaction rate depends on the
tritium concentration which slowly builds up withme within the implantation layer,

according to the deuterium beam fluence (Table 1).

Pul ses | Fluence D | Fluence T | DT neutr. TD neutr. Ret. T
[C cm? [C cm? [C!cm?] [C!cm?] [ cm?]

500 1.8.10 3 1.09-10 3 1.2.10 ° 5.2.10 ° 1.0.10

5000 1.8:10 ¢ 1.09-10 2 1510 ° 5.2:10 7 1510 1

50000 1.8:10 ° 1.09-10 1 1.9.10 ° 5.2.10 ° 2210 ¥

Tablel: D- T and T- D reaction rates and T retention within implantatimne for the
number of 1-hour pulses shown

The T- D reaction rate per unit area is linear with@irrent density and independent
of beam fluence. This is because the tritium comegion is only=10° that of deuterium and

so the deuterium target remains almost constant.



3. Limitationsof Local Mixing Model applied to NBTF

A number of simplifying assumptions have been madae application of the LMM as
described in the previous section. For the purpadgebe present work, it is important to
ensure that the source rates of neutrons andntréite conservative i.e. represent upper limits.
In this section it is shown that the simplifyingsamptions satisfy this requirement, or

alternatively have no significant influence on thsults.

3.1 Effect of non-normal beam incidence

The LMM model assumes a normal angle of incidencdHe incoming beam patrticles.
In reality, the angle of incidence tends to be migeter as the beam stopping elements may
be inclined to the beam in order to reduce the p@md current density [9]. This reduces the
mean penetration depth of the beam particles, measwrmal to the surface, by a factosin
where8 is the angle of the beam with respect to the sarfand implies that the filling of the
target will be more rapid as the angle of incidersceeduced (at constant current density
normal to the surface). This strengthens the assom made in Section 2.2 that the
incoming fast ions slow down within a region thaitfully saturated, and therefore the effect
of non-normal angle of incidence does not changectliculations of neutron and tritium
source rates. It should be noted that the anglacaddence between the beam and the target
must be taken into account when determining thenitagde of the current density normal to
the surface, as input to the calculation of thall@ource rates on particular beam-stopping

elements. Normal incidence is assumed for all daticuns using the LMM.

3.2 Retained tritium density distribution in the impiation zone

The modelling of tritium as a beam in the modifiddM code is not optimal and does
not treat correctly the localisation of the fastitm source or its velocity distribution. The
incoming deuterons give up a large fraction ofrtiké@ietic energy in a small volume at the
end of their range, the so called Bragg ionisapeak. A consequence of this is that the
tritons are most likely to be born around the mpanetration depth, &R of the deuterium
(~5.6um from the surface, as shown in Figure 3). Theadistribution of implanted tritium

will be broader and more uniform than that computedthe basis of a monoenergetic



incident beam at the material surface. Since soio®$ are generated with the same velocity
direction as the incoming D beam, they will tradeleper into the material, coming to rest
beyond the maximum deuterium penetration depth laewkce will not be accessible by
incoming D for subsequent BT reactions. Furthermore, tritons are generated aritenergy
of up to 2.8 MeV (Figure 1), much larger than th&1&V assumed by the model, allowing
them to travel even deeper. A different approachht problem consists of redistributing
uniformly the tritons inside the target (up to gitreof 10um) after each step. This depth
corresponds approximately to the sum of the petietralepths B and R of 1MeV D and
and 1MeV T respectively. Results of the compariebthe two approaches for 500 1-hour

beam pulses are shown in Table 2.

T fluence DT neutr. TD neutr.

[ cm?] [C! cm?] [C! cm?]

Non Redistributed T  6.8-10 B 1.2.10 ° 5.2.10 °
Redistributed T 6,3:10 5 6.0-10 * 5.2:10

Table 2: Comparison of results with and without T redisttiba within the deuterium
implantation zone

The redistribution process halves the rate of D neutrons. This is due to the
relocation of many tritons deeper into the matdnahe region not reached by the incoming
deuterons (with a maximum penetration depth of fkas 6um in copper). No difference is
evident for T- D neutrons as expected. We can therefore conchatehie non-redistribution
case is the most pessimistic evaluation of thernayproduction rate; in any case the upper
limit of the DT contribution (which is the least well modelledngmonent) is <1% of the

total DT reaction rate and can be neglected intjgeac

4. Tritium build-up and removal

4.1  Combined isotopic exchange and thermal diffusiom@ho

The isotopic exchange model built into the LMM orihgats the zone which is
accessed, by implantation, of both species (D gndifice the LMM exchange mechanism is
displacement of one trapped atom by one incominghat the point where the latter comes
to rest. Therefore, the areal tritium concentratiqredicted by the LMM (Table 1),

amounting to an extremely small proportion of tb&l tritium production, do not include



tritium that penetrates beyond the deuterium intpldon zone i.e. in the range of R where
Ro<R<R,+Ry, as discussed in Section 3.2. One of the aimshefsafety analysis of the
NBTF is to quantify the long-term tritium retentiarf the beamline components, for which
the LMM isotopic exchange model alone is inadequdtkis statement follows from the fact
that the results must include a margin of cons@awatand the LMM predictions of the
retained tritium are evidently an underestimatee €hkolution of the tritium density beyond
the deuterium implantation zone is governed byntiadiffusion processes. The transport of

tritium can therefore be described in three distamnes as follows.

Zone (1), O<R<R: isotopic exchange with incoming D;
Zone (2), B<R<R>+Rs: thermal diffusion towards the surface;
Zone (3), B+Rr<R<L thermal diffusion into the bulk, eventually oféng the

water cooling channel located at R=L=2mm.

In Zone (1) it is reasonable to take the averagensity B from the LMM (non redistribution
case, Section 3.2) as an upper limit in order tindea boundary condition at RsRFrom
Table 1, after 500 hours operation at a D beaneotdensity of 1mAcihthe corresponding
value of B = (1x10%cm?Rp) = (1x10'%m?/5.6x10%cm) = 1.7%10"cm?®. The diffusive
flow in zones (2) and (3) is balanced by the tnitisource due to deposition of tritons in
Zone(2); the most pessimistic assumption for miticetention in the bulk is that the entire
tritium sourcegr is located at the deepest accessible penetraigbainde i.e. at R= RRr,
and where, under such assumption, the T concemiratould be at a maximum+(n This
situation is depicted schematically in Figure 4n@téng the diffusive flow of tritium in zones

(2) and (3) agp and g respectively:

_ D(nr —np)
3 =T "0/
Q) » Ry
_Dnr
@ L

whereD is the thermal diffusion coefficient. In the stgatate:

G e+te=-¢



where gr = 3.7&10°cm?s! for a 1MeV incident D beam at 1mAé&n{Section 2.1) The

thermal diffusion constard can be estimated as [3]:
(6) D=D, @xp(—%) [cmz-s'l],

where Ep is the energy threshold for the diffusion procédst eV for copper)k is the
Boltzmann constant (8.617 “1@V/K), T the absolute temperature abg= 0.11 cm-s* for
copper. There is however considerable uncertamtihe values of the diffusion coefficient
depending on the condition (e.g. degree of ageht)e material.

During the beam-ON phase the average temperatutteeahaterial is assumed to be
200° C, while during the beam-OFF phase the terhpreras assumed to be 20° C. Table 3

below summarises the values of the diffusion caristathe two cases.

Temperature T (K) Diffusion Constant D
Beam ON 473 6.04-10 cnt-st
Beam OFF 293 1.46-18 cnt-st

Table 3: Hydrogenic thermal diffusion coefficient in Curapresentative temperatures

Equations (3), (4) and (5) may then be solved@oms and i+ using the diffusion coefficient
for temperatures representative of the beam-on igond in the usual approach of
maintaining a conservative estimate, it is assuthatlithe tritium remains “frozen in” during
the beam-off periods. The results imply that, afi@® 1-hour pulsesr= 1.82x10"%cm?® and
the ratiogs /g = 0.17. It may be seen that is only slightly higher thanondue to the short
distance the bulk tritium has to diffuse in ordemé¢ach the D implantation region, Zone(1),
from which it is presumed to be effectively “scaged” by the incoming D beam by isotope
exchange. It may be noted that there is much @rpetal evidence from ‘drive-in target’
experiments to show that the effective diffusiorfficient in the implantation zone is very
much reduced compared with the thermal diffusioafficient characteristic of undamaged
material. This is thought to be due to voids andbbbe formation, leading to the high
hydrogenic density values needed to explain theldeof neutron production [8]. In zone(2),
however, the integrated source of fast triton®dslow to cause significant material damage.
The ratiog /g = 0.17 implies that most (>80%) of the tritium wile recovered on the

beamline cryopump. Most of the remainder will déféuinto the cooling water, and a



proportion will remain “frozen in” after the lastige. This can be estimated from the integral
of the tritium density profile in zone (3), approtely given by L.f/2 = 1.8%10"%cmi? i.e.
only about 0.03% of the total T production (fronblea2).

4.2  Tritium production/retention for reference campaign

The tritium production is linear with total fluen¢8ection 2.1) and the discussion of
retained fraction is based on 500 1-hour pulsehetmaximum D beam current density of
1mAcmi?. For the reference NBTF programme equivalent 1 B&urs of full power beam
operation (1MeV, 40A), the total integrated T proiitan is about 0.25TBg. The proportions
of tritium retained and released either to the pwyop or cooling water are not strictly
constant, because the boundary condition set §ythe T density in Zone(l), rises
asymptotically with D fluence according to the LMWable 1). This implies that in regions
of lower power density, where there are lower fauga@d hence lower fluence, the proportion
of tritium diffusing to the water and retained ihet bulk could be somewhat higher.
Conversely, the effect of non-normal beam incidemitlereduce the width of zones (1) & (2),
measured normal to the surface, thus tending tease the proportion diffusing towards the
surface. However, assuming the proportions awvelrn Section 4.1, about 0.2TBq should
be collected on the cryopump, 0.05TBg could enker ¢ooling water circuit and about
70MBg remain “frozen in” to the target materialeafthe last pulse. It may be noted that the
latter figure is well within the IAEA exemption lilnfor a transportation package (1GBq). A
prolonged period of operation with hydrogen beatngugl be effective in removing the
tritium from the implantation region (Figure 3)h& hydrogen beams will not, however,
remove tritium implanted in zones (2) & (3) othbam through promoting thermal diffusion
by elevating the material temperature. Since thaahdritium production can be accurately
measured by measuring the 2.5MeV neutron produdtiom DD reactions, it should be
possible to carry out tritium accounting measuresi@m the vacuum exhaust and cooling

water circuit in order to track the tritium and gaput accountancy.

5. Neutronics and activation

5.1  Neutron production in the ITER NB Test Facility qooments



The neutron rate and isotope retention have belenlated for the two highest power
receiving ITER NB components, i.e. the Calorimeied Residual lon Dump (RID). Other
components such as the accelerator grids and thiahiser also receive power but at a
considerably lower level so have not been asseddw®al.neutronics calculations require a
spatial distribution of the neutron source. Therapph adopted is described for the NBTF
calorimeter (a similar method is used for the RI)e ITER NB Calorimeter is composed of
two panels of Swirl Tube Elements (STES) runningidomtally. The two panels are
positioned to form a V-shaped structure with ameaxe point (vertex) &=10.4 metres from
the ground grid of the source. The calorimeterdeen divided into 12 zones longitudinally.
Each zone is 0.2 metres long. The power densityoissidered constant and equal to the
vertically averaged value in each zone. The avecagent density on each zone is plotted in
Figure 5 taking into account the vertical powetribsition correction mentioned above. The
current densities indicated correspond to a taahibcurrent of 15 A per panel or 30 A in the
whole calorimeter. This is an over-estimate duéhto pessimistic assumptions made in the
derivation of the current densities on the comptngable 4 describes the neutron production
and isotope retention in the ITER NB Calorimetaemf total working time of 250 hours

using the results of Section 2.1 and Table 1.

5.2

source, the neutraliser, the residual ion dumpcé#ierimeter and the cryopump. These are all

position Jbeam D Fluence| D fluence DD rate TD rate

[m] [MA/cm?] [C/lcm?] [1/cm?] neutrons neutrons
0.100 0.227 204.447 | 1.276E+21 | 2.473E+18 | 3.402E+13
0.300 0.408 367.031 | 2.291E+21 | 4.440E+18 | 6.107E+13
0.500 0.634 570.505 | 3.561E+21 | 6.901E+18 | 9.493E+13
0.700 0.582 523.774 | 3.270E+21 | 6.336E+18 | 8.716E+13
0.900 0.309 278.438 | 1.738E+21 | 3.368E+18 | 4.633E+13
1.100 0.107 96.382 | 6.016E+20 | 1.166E+18 | 1.604E+13
1.300 0.097 87.620 | 5.469E+20 [ 1.060E+18 | 1.458E+13
1.500 0.379 340.745 | 2.127E+21 | 4.122E+18 | 5.670E+13
1.700 0.718 646.442 | 4.035E+21 | 7.819E+18 | 1.076E+14
1.900 0.731 658.125 | 4.108E+21 | 7.961E+18 | 1.095E+14
2.100 0.392 352.428 | 2.200E+21 | 4.263E+18 | 5.864E+13
2.300 0.119 107.091 | 6.685E+20 | 1.295E+18 | 1.782E+13

Table 4: Total neutron production on one ITER NB calorimgianel after 250 hours.

Representation of NBTF for neutronics calculations

The major components of the injector are the highage (HV) bushing, the beam




contained in a single vacuum vessel. Each of thesgponents was included in the MCNP
model (Figure 6). However some approximations wmeele since all the details are not
required and the creation of the model is very tiommsuming. The elemental weight
distribution corresponding to the different matksriavas entered into cells making up the
representation of each component. The beam is dlegcjually on each calorimeter panel
and the deposition on each RID panel is constantheudeposition along the lengths of the
calorimeter and RID panels is not uniform and s ributron production is distributed in a
complex manner across these components, using dgtat similar to Table 4. This non-

uniformity was reproduced in the source represiman MCNP. The Monte-Carlo code

MCNP was used to determine the energy dependemtoneflux in all material cells. These

results were then used in the subsequent activadoulations. MCNP was also used to
estimate the neutron dose during beam operati@nl@tation outside the test cell shielding,

assumed to be made of boronated concrete.

53 Activation calculations

To compute the activation of the components, tlerggndependent neutron flux and
the irradiation history must be specified. The nemtspectra were available in Vitamin J
energy group structure from the MCNP calculatioesadibed above. The irradiation, or
neutron production history was based on the reéergstogramme i.e. 300 days with 100
pulses per day with each pulse lasting 20 secdrus.is followed by 14 days of a full power
programme with 6 one hour pulses per day. Onlyphises in the full power programme
were explicitly described in the activation caltidas. The 300 day programme was
described as a continuous irradiation at a levathvbonserved the total neutron production.
The activation calculations were carried out usthg inventory code FISPACT. This
provided the activity, and contact dose rates liazcanponents after cooling times of 1, 5, 10,
30, 60, 120 and 365 days. It also provided 24 gngrqup descriptions of the gamma-ray

spectra emitted from each cell. These were usa@tpasto gamma dose calculations.

5.4  Brief summary of activation results for NBTF

It is convenient to consider the activation of tt@mponents by categorising them

according to the material of which they are madanely, stainless steel, copper CuCrZr and



alumina. Homogenised mixtures of water and thedenms were used for some components
in the neutron transport modelling but the coolaas removed for the activation calculations.
It was established from the LMM code thihe DT vyield is substantially less than the DD
yield and the predicted activation by 14MeV neusras four orders of magnitude lower;
within the time-scale of up to one year, activatign14MeV neutrons is insignificant despite
the fact that the higher energy permits accessdre rthreshold reactions. The components
which are most strongly activated (by 2.5MeV nensjoare the cooling pipes and mountings
of the calorimeter and the RID. Only seven comptséave activities above the IAEA limit
of 7x10* Ba/kg (i.e. they would be classified as low levedste (LLW)) after one year
although several are initially classified as LLWearlier times. The lower cooling manifold
of the calorimeter, and RID and calorimeter supmbrtictures would however also give a

contact dose in excess of 18v/hr (the "hands on" limit) after 1 year.

6. Conclusions

The Local Mixing Model, has been adapted in ordembdel both 2.5 and 14MeV
neutron production in deuterium beam-target reastidogether with the tritium production
rate. The tritium, produced by DD reactions, sated as part of the incoming deuterium
beam but this approach has a number of limitatiehiEh have been discussed in detail. In
particular, the ‘birth’ position, the angular antetenergy distributions of the tritons are not
taken into account in the code. This means thatiritons can travel deeper into the target
material than the LMM code predicts. The consegesiof this are that the prediction of the
14MeV neutron rate is pessimistic and the predictibthe tritium retention in the material is
optimistic. However, the LMM may be combined withtteermal diffusion model for the
retained tritium that leads to more realistic pcadns of tritium retention that should still
maintain a conservative margin. The neutron souates have been used as input into
neutronics and activation calculations for the NBWb&sed on a reference programme
describing its operational lifetime. The individuebmponents of the injector are found
generally not to be activated excessively, and Wit exception of three localised stainless
steel components located closest to the most atersitron sources, the majority of

components’ activation levels fall below the handdimit within one year.
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Figure 1. Angular distribution of the energy of the T genedhin the DD reaction. The angle
is the angle between the incoming D and the geserht
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Figure 2: Probability distribution of the energy of the Tngeated from the fusion of a 1
MeV D projectile and a D target
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Figure 3: Implantation distribution of the three isotopes ddneam of

1MeV energy on copper
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Figure 5: Average beam current density in each zone of oB®RINB Calorimeter
panel



Figure 6: Cutaway iso view of MCNP model of neutral beamaije showing (from top
right to bottom left) main NBTF components: HV bing}) beam source, neutraliser, Residual

lon Dump and Calorimeter



