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Abstract. Neutral beam injedion systems have proven to ke the single most effedive form of heating for
tokamak plasmas. Typical beam pulse lengths are of the order of ten seands and the major limitation to
increased puse length in multi-megawatt beamlines is the dfed of re-ionised neutral particlesin the restricted
drift space or “duct”, conneding the beamline to the tokamak vessd. These particles are defleded and
frequently focused by the stray magnetic field of the tokamak and can produce significant power density on the
walls of the duct. In JET the power density due to re-ionisation can reach ten megawatt per square metreand is
the main limitation to beam pulse length. The dfed of the re-ionised power isto cause local heating of the duct
wall and evolution of gas trapped within thewall material. Thisraisesthe presaurein theduct, causing further re-
ionisation of the beam and hence increased wall heating. Unchedked, this process can lead to complete re-
ionisation of the beam and possible structural fail ure of the duct wall. A new mode is presented that describesan
effedive sourcerate of excessgas evolved from the wall i n terms of the surface temperature and area subjeded
to heating. This approach reduces the predicted dependency of duct presaure on beam flux relative to
conventional models, parametrised by an ion-induced desorption coefficient, and is validated by comparison
with measurements from the 80keV and 130keV JET beamlines over simil ar power ranges. In conjunction with a
particle trajedory re-ionisation code to determine the size and power loading of the affeded area, a sdlf-
consistent description of the duct presaure balance may be determined for a given heat-transfer characteristic at
the wall. This can be diredly applied to the design of systems for ITER such as the duct liner and the
eledrostatic residual ion dump panels. The time response of the duct presaure @n be used to establish the
medhanism by which gasisreleased. It is siown that only the percolation of ocduded gas within the structure of
the wall can acoount for the timescale over which the presaire is observed to rise and the quantity of gas
released. These ocdusions ocaur as a result of localised damage within the wall material and henceit follows
that gas evolution will be afunction of the ageing processof future systems.

1. Introduction

For present day beamline systems with total powers of several megawatts the typicd pulse
length is of the order ten seconds, and for ITER a high power long puse system is foreseen
(16.7MW per beanline for up to one hour). The high power beams are injeded through a
restricted drift tube known as the NB Duct (NBD), joining the injedor and tokamak vaaium
envelopes. The space is necessxily restricted dwe to the need to ke minimum
circumferential distance between adjacent toroidal field coils (to minimise toroidal field
ripple), and pairs of verticd poloidal field coils. In the ITER NBD there ae alditional
restrictions in NBD height arising from the blanket module and shielding elements. These
spacerestrictions lead to extremely high power densities: ~60 MWm? in the cae of ITER,
and over 300MWm? in the JET system. In the NBD a fradion of the neutral beam is re-
ionised by collision with the residual gas moleaules, and the resulting charged particles are
defleded by the tokamak's gray magnetic field, impinging on the NBD wall. The dominant
focusing effed is from the verticd field, and hence the position of the focus depends mainly
on plasma airrrent (F1G.1). However, the degreeof focusing and shape of the deposited power
distribution has a very complex dependence on the predse plasma wnfiguration, and can only
be predicted acairately by using a 3D Monte Carlo trajedory cdculation code. In addition the
NBD, as final bean-defining aperture, is subjed to power loading from dired interception (or
‘scraping’) in the neutral beam periphery; with the present JET beans the diredly intercepted
beam fradion is about 3%. The NBD is therefore an espedally criticd beamline cmponent,
due to its restricted geometry and consequent limited conductancefor gas evolved through
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FIG. 1. Schematic map of re-ionised power
trajectories in plan representation of JET NBD.
lons born upstream are focused as shown at
plasma currents indicated; ions born throughout
duct region (not shown) produce a more diffuse

FT/P2-29

Beam start

Duct pressure (10 Pa)

#71856
#71867
#71871

0 | | | | |
52 53 54 55 56 57 58

Time (s)

FIG. 2. Duct pressure evolution for well
conditioned JET duct (80keV beams) at identical
power (9 MW starting at 53.5s; neutraliser gas
valves open at 52.5s) and identical torus gas
fuelling conditions, showing slow linear rise

distribution. Note X and Y scales not the same. phase and small shot to shot reduction.

dumping of the lost beam particles and thermal gas desorption from the heaed surfaces. This
paper uses operational experience on JET, and developments in describing the thermal gas
relesse aising from the physics design of a new adively cooled NBD for JET, for
extrapolation to ITER, and analyses the amnsequences for aspeds the ITER beamline design.
This applies not only to the NBD but also to components such as the Eledrostatic Residual
lon Dump (ERID) proposed for ITER where bean is dumped within rarrow channel
geometry.

2. Physics Design of Actively Coded Upgraded JET Duct Protedion

The presently installed JET duct protedion consists of plates of OFHC copper mounted on a
stainless $ed support structure locaed within a main horizontal port of the vacuum vess;
the design is described in [1]. The copper plates rely on thermal inertia to absorb the deposited
energy with brazel cooling tubes on the rea side to remove the hea between pulses. The
thickness varies with position, up to 4.5cm. The plates are extensively instrumented with
thermocouples. New adively cooled NB duct protedion [2] has been designed to caer for the
increassed bean power and puse length following completion of the JET EP2 NB
Enhancement [3]. A key design requirement was to ensure that the hea transfer performance
of the surface of the duct protedion panels is adequate to maintain a large margin against
thermal stressrelated fatigue, or even burnout. This required a reliable prediction of the re-
lonised power density which in turn depends on the gas re-emisgon charaderistics in
combination with the upgaded beam parameters, espeaaly bean particle flux. Using the
extensve anount of operational data from the eisting JET duct (Penning gauge and
thermocouple measurements) the gas-balance model [1] and its further developments could be
benchmarked. The key feaure of the model [1] is the assumption of a @nstant (though
adjustable) gas re-emisson coefficient, I'. That is, the gas production rate, and hence steady-
state presaure during beam injedion, should depend on only total beam flux and re-ionisation
crosssedion under otherwise smilar conditions. Due to the fad that JET's two beamlines
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operate & similar power but significantly different voltages (80kv and 130K/), and hence
beam fluxes, it was possible to examine the validity of " as a physical parameter. From [1] the
time evolution of the presaure, P, in the duct is given by:

dP _Q, , F@lKT , Fo@lkT _CP )

a Vv \ \ \
where Qo=PoC and Py is the presaure immediately before the beam is svitched on due to gas
flow from the ion-sources, neutralisers, and from the tokamak (recgycling and gas fuelling). F,
and Fr are the fradions of the trasmitted beam flux, ¢ (particles s'), that are diredly
intercepted on the walls or re-ionised respedively, C is the gas conductance out of the duct of
volume V. It may be shown [1] that a steady-state solution exists for '< I'crt Where

C 2

P01l
and oo IS the dosssedion for beam re-ionisation in bean-gas collisons. The steady state
solution of equation (1) can be written:
p=_ Q 3
C-oylel

where Q is the sum of Qp and the flow equivalent due to gas re-emisson (charaderised by
coefficient ') from dired interception, where the beam re-ionisation fradion Fr=Noo;L with
N=P/KT, i.e. it is assumed that the re-ionisation takes placeover a daraderistic length L. The
time-dependent solution to equation (1) is of the form of an exponentia rise towards the
stealy-state presaure, which is the general form of the measured duct presaure during a bean
pulse. The time mnstant of the transient phase is typicdly <0.5s, which is followed by a
quasi-stealy phase for the remainder of the pulse duration (up to 10s), during which the duct
presaure usualy continues to rise slowly (FIG. 2). In terms of the gas balance moddl, this is
equivalent to a dowly increasing value of I'. Becaise the duct protedion is esentialy
uncooled during the pulse, the temperature continues to rise gproximately linealy with time,
and can reat values >500°C in long puses where the re-ionisation power is highly focused.
It is reasonable that I should rise with temperature, espedally in regions that are heaed to
high temperatures following long term exposure to particle flux at lower temperatures; this is
typicdly the cae for locdised re-ionisation hotspots whose position continualy varies
acording to predse plasma parameters and conditions. When strictly identicd plasma and
beam pulses are run (even in a well-conditioned duct) there is an indication that the implied
temperature dependence and the presaure reduce gradualy from pulse to pulse (FIG. 2). It
may be shown that equation (3) may be gplied to the quasi-steady phase, providing that the
presaure time-derivative is snal compared with the initial transient, to obtain I'(t) and hence
the dependence on surfacetemperature I'(T), since T(t) is available ather from thermocouple
measurements, or from ion trgedory cdculations of the re-ionisation power density
distribution and a therma model of the duct plate. Results are plotted separately for the low
and high current beamlines (FIGS. 3 and 4). The results are systematicdly different, and
imply that the gas re-emisson is not proportional to incident beam flux for the two cases at
the same surfacetemperature, i.e. I' is not a good physicd parameter to use for extrapolation
in beam flux and T. Since the EP2 NB enhancement is achieved through a large increase in
beam flux, from improved neutralisation of moleaular ions and improved transmisson [3], an
aternative description was ught. It was therefore postulated that a term, Q(T(t)), be
included that describes the dfedive rate of thermal re-emisson of gas from the hot walls of
the duct liner (at temperature T) in excessof that dueto I'. For slowly varying Qr(t) Equation
(3) now takesthe gproximate form:

FcRIT =
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design.
P* (t):—Q+QT(t) (4)
C- 001quBF

so that Qr(T(t)) could be derived from the presaure rise in the duct. A fixed value N'=0.5 was
chosen because (a) this corresponds to unity recgycling of the incident beam flux (b) the
postulated additional thermal re-emisson flux is expeded to vanish a zero temperature rise,
consistent with the value of '=0.5 at zero temperature rise T (FIGS. 3 and 4). The resulting
Q+(T), derived from thermocouple measurements of the maximum hotspot temperature due to
re-ionisation is $own in FIG. 5 and was used [2] to compute the self-consistent combination
of surfacetemperature and duct presaure for a given hea-transfer coefficient and worst-case
re-ionisation power dengity distributions. The hea-transfer performance of the acively cooled
duct could therefore be derived, as necessry to maintain an acceptable safe operating margin
against fatigue and burnout. However, athough the low and high beam flux data were brought
together there was gill considerable scatter in the data.

3. Improved Thermal Re-emisson Model

Physicdly, it is reasonable to assume that Qr must depend on the aeaof the hotspot as well
as its temperature. It is worth pointing out that introducing the aeainto the duct gas release
model is a novel feaure; the aea was a redundant parameter when the gas release was
expressed, as in the past, smply as a multiplier of the total re-ionised particle flux, whatever
its distribution. Given that the underlying temperature dependence of Qr islinea in (FIG. 5),
it is postulated that:

Qr O [TdA (6)

From the 3D tragjedory cdculations, the aeabounded by the @ntour representing a re-ionised
power density equal to 20% of the computed peek value, Az, was taken becaise noise on
thermocouple measurements in the low power regions can cause the complete integral to
diverge. Multiplying by the average surfacetemperature rise of the duct, T, alows the re-
emisgon equivaent flow, Qr, to be plotted as function of the product AxoTae @ $0wn in
FIG. 6. Thelinea nature of the relationship (at least for AxoT 4e<20) isobvious, and the fad
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from thermocouple measurements for 130kV 20% duct power density and average temperature

beams (Octant 8) and 80kV beams (Octant 4), from thermocouple measurements for 130kV
beams (Octant 8) and 80kV beams (Octant 4)

that the data presents pulses ganning eight yeas of operation with different beam energy and
current combinations emphasises the universal nature of the arve. Only data from pulses
with a well-conditioned duwt are included, for which the magnetic scenario is well
documented, and the re-ionisation hotspot is known to be dose to a thermocouple (from
detailed 3D trgjedory cdculations). It is also important to exclude pulses for which there ae
significant changes in torus conditions during the beam pulse (e.g. fuelling, effea of large
MHD events including ELMs, regycling), otherwise, the constant value of Qp derived from
the pre-beam duct presaureisinvalidated and the duct pressure can respond strongly.

4. Assesanent of Possble Physical Gas Re-emisson Processes

In this edion, different smplified models for hydrogenic retention and release medanisms
are onsdered and tested against the basic fedures of the experimental observations. These
models are not worked out or validated in detall but may help to guide relevant future R&D
and modelling. The first model considers only diffusion/rcombination of atomic hydrogen
which can bind to trap sites. The second model considers moleaular hydrogen held in voids
due to material damage caused by beam irradiation.

4.1. Diffusion and Reambination

Hydrogenic transport through undamaged metals occurs as a result of mobile atoms which
diffuse through the metallic aystal lattice Mobile aoms are those which are not bound at trap
stes. The binding energy of atoms at the trap sites is of order fradion of an eledron-volt and
atoms may be promoted to the untrapped or mobile population by raising the temperature or
by collison with incoming energetic particles. Depending on conditions (e.g. temperature)
undamaged material contains both trapped and mobile hydrogenic aom populations. The
mobile population diffuses to the surface acording to its concentration gradient. The aoms
cannot leave the surface until they have recombined into moleaules. Depending on the
conditions (temperature and gasrelease rate), the transport is either diffusion or recombination
limited acwording to the temperature variation of the diffuson coefficient and the surface
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recombination rate-coefficient. The transport in Cu at temperatures relevant to the JET duct
liner is diffusion limited [4]. Promotion of trapped hydrogen into the mobile population is in
principle aposshle explanation for the observed behaviour, providing that the daraderistic
diffusion time is comparable with or longer than the beam pulse length. As the temperature
rises, the detrapped hydrogen would then raise the @ncentration gradient of the mobile
population, and the resulting dffusive flow to the surface &d release rate would increase with
temperature. The values of diffusion coefficient, D, for deuterium in Cu at room temperature
and 200C are, respedively, 1.5x10" ms* and 6x10** m?s* [5]. For a typicd penetration
depth A=0.8um for 100keV D, the dharaderistic diffusive transport time T = A /D = 10ms at
20C°C. This is much lessthan the beam pulse length, and the diffusive release mecdanism of
hydrogen displacel from trap sites cannot therefore explain the observed behaviour. In any
case, the number of trap sites within the penetration depth over the beam footprint is too low
by a fador of order 10 compared with the total gas release in a pulse (seesedion 4.2. below).
The quantity of gas cgpable of being adsorbed as monolayers and therefore releasable & the
surfaceis aso too low, by afador =100

4.2. Release from Gas Bubblesin Material Damaged by Beam | rr adiation

It is well established from high-fluence beam-target neutron measurements that the deuterium
within the implantation layer reades large saturation densities ng; of order 10% of the Cu
atom density, i.e. = 8x10°" m® [4,5]. It is also observed that the value of ng varies
approximately as /T [5]. It may be noted that the density of trap sites (at which hydrogenic
atoms may bind) in undamaged Cu material is at least an order of magnitude lower then the
value of ng inferred from the neutron measurements in high-fluence eperiments e.g. [6,7].
Release of ocduded gas in the voids caused by beam irradiation at high fluence is the most
likely candidate processto be @nsidered. In this case, the hydrogenic spedes are trapped in
the gas phase i.e. as moleaules at presaures =10’ Pa. The transport and release mechanisms do
not therefore include aomic diffusion or surfacerecmbination, rather a pressure driven flow
under conditions where the mean freepath is much lessthan the daraderistic void dmension
of 0.1-1um. The transport medhanism in this case might be compared with percolation of gas
through porous material. Let us assuume that the gas relessed from the bubbles as the
temperature is raised is instantaneoudly emitted, i.e. we negled finite transport time to reat
the surface We would then have Q [0 - dng/dt = - d/dt (a/T) where a is a efficient of
proportionality. Therefore, dng/dt = o / T2 x dT/dt. Since dT/dt = constant during a pulse, the
above implies Q O 1/T? in contradiction to the basic experimental result Q; O AT. We
therefore conclude that instantaneous release of gas displacad from voids in the damaged
material does not occur. It may then be postulated that raising the temperature caises a
proportional transient increase in the presaure within the voids, beyond the goparent presaure
limit inferred from the /T dependence of ng in the steady-state. This would lead to a
corresponding increease in the pressure difference acossthe porous damage layer conneding
with the surface The percolating flow to the surfacewould increase diredly with temperature,
and could further indiredly increase via the dfed on the voids in the porous layer from
changes in thermal and presaure driven stresses.  This provides a plausible explanation for the
observed behaviour in the duct under the further assumptions: (i) there ae large aess of the
duct that seelow power (and hence particle flux density), arising from the diffuse component
of the beam re-ionisation, and can acwmulate high ny values charaderistic of the low
temperature; (i) hot-spots move onto the previoudy cooler zones and cause gas to be
relessed. Time dependent presaure measurements for neutral beams impinging on the JET
Test Bed beam dumps [4] showed initial net pumping at beam turn-on, followed by net gas
release & the bean dump target elements approached their stealy-state temperature. This
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behaviour also fits the postulated relesse mecdhanism. There is an important difference
compared to the NBD case however, as the beam power footprint on the Test Bed dumpsis
the same from shot to shot, and hence eab dump region achieves its own value of Ny,
charaderistic only of the repeaable temperature & the end of the pulse. The same is true for
the direct interception zones of the NBD which do not move significantly. The temperature
dependence of ng is aso demonstrated by the neutron measurements. A further test of the
plausibility of the postulated gas ource @ncerns the anount of gas released from the duct in
along JET bean pulse. The material volume determined by the aeaof the footprint and the
implantation depth must be caable of suppying the observed quantity of gas emitted. For
typicd value A,=0.11n?, penetration depth A=0.8um, and ng= 8x10°’ m® (10% Cu atom
number density, typica value from neutron measurements with high-fluence targets) we have
total available number of atoms Ng = NeA Az = 7x107° atoms. The time taken to release this
amount of gas at 0.2Pam’s? (FIG. 6), as D, moleaules, is 6.6s. Thisis roughly consistent with
the observation of no saturation or reduction in gas release (from duct pressure evolution)
during long puses up to 10s. It does, however, raise the posshility of duct presaure starting
to recover in beam pulses of >> 10s duration or in repeded identicd pulses (FIG. 2).

5. GasRe-emisson M odel Considerationsfor ITER Eledrostatic lon Dump (ERID)

The mpper ERID panels are designed to operate with a maximum surface temperature of
~300°C and the eyuivalent value of AysTave for the ERID can be mmputed from the power
density curves given in the ITER DDD [8], the spread of the defleded beam footprint on the
RID panel and the verticd beam height. Scding from the linea fit to the data of FIG. 6 to the
ERID values gives a re-emisson equivalent flow estimate of 1.7Pam’s*. According to the
analysis in [9] this is gill not sufficient to drive the ERID into sustained plasma formation
where the beams will not be defleded. For the ITER Diagnostic Neutral Beam (DNB), scding
the panel temperature with beam power implies a density of 4x10™m™ which could placethe
DNB into the region of sustained plasma. In applying this gas release description to the ITER
beamnline ERID, the situation is probably much closer to that of the JET NB Test Bed beam
dump, where the footprint shapes are unchanging. Asauming irradiated material with
ocduded gas that has been initidly loaded during low-power operation e.g. during re-start
commissoning, the gas release should therefore pe&k after only a short period of high-power
beam operation (i.e. conditioning), to be followed by a period of dedining pressure. The
relevant parameters defining the daraderistic time t for desorbing the ocduded gas for the
HNB and DNB ERID panels are 40s and 23 respedively, from the aguments of sedion 4.2.

6. Gas Re-emisson Model Applied to ITER HNB Duct

The total re-ionised bean fradion in ITER is predicted to be @out 4% [8], of which 0.48MW
(or 0.48A particle flux) is incident on the duct liner [10]. Trajedory cdculations performed at
Culham with the BTR code for standard I TER scenarios indicate avalue A, of about 0.27m?
for the re-ionised power distribution. The average power density Pae Within the 20% contour
is however much lessthan in the JET case. The pe&k power density in the worst case is about
0.14MWm2 and the value of PaeAyo is about 20KW. This is far lessthan the total re-ionised
power and shows that in the ITER case the majority of the power is outside the 20% contour
l.e. is unfocused. This value of PaeAz may be trandated into a crresponding vaue
TaeA20=1.6m’K asuming an appropriate hea transfer coefficient and typicd distance of 1cm
to the woling channdl in the reference duct liner design [10] of cast copper plates with
stainless $ed cooling tubes. Using the dope of the trend (FIG. 6) this corresponds to a gas
source Qr of 0.024Pam’s’, equivalent to dumping an additional 2A of beam ions which
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return as moleaules. Compared with the =0.5A adua re-ionised flux this implies an effedive
value '=5. Due to the low re-ionisation crosssedion a 1IMeV and the low beam current,
lcrT IS Of the order severa tens © the duct should remain far away from the blocking
condition. In any case, providing the magnetic scenario remains constant for long portions of
the discharge, Qr should reduce acording to the aguments of sedion 4.2. The cgadty of the
particle reservoir scaes with implantation range (assuming constant void fradion). For an
implantation depth of A=6um with 1IMeV D beams, the time to deplete the reservoir will be
higher for a given release rate. Qr might be expeded to increase with reservoir cgpaadty, but
the greder percolation distance to the surface means Qr is likely to scde more weekly than
linea with A at a given temperature.

6. Conclusions

A new description of therma gas release from heaed surfaces of beamline components
exposed to bean fluxes has been developed and benchmarked using JET NBD measurements.
The new model takes into acmunt the dimensions and shape of the power distribution, unlike
ealier models which relied on a global re-emisson coefficient. These new feaures make the
model much better suited to large etrapolations in scde and in bean charaderigtics,
espedally particle flux. When applied to the ITER ERID and NBD stuations, no new
problems are identified. The model can be interpreted in terms of a physicd model of gas
acamulated in material voids resulting from beam-irradiation damage, and this s1ggests the
gas urce may condition away on time-scdes sorter than an ITER pulse.

Acknowledgment

This work was funded jointly by the United Kingdom Engineeing and Physicd Sciences
Reseach Council and by the European Comnunities under the cntrad of Assciation
between EURATOM and UKAEA. The views and opinions expressed herein do not
necessrily refled those of the European Commisson.

References

[1] Bickley A. et al., Proc 13th Symp. on Fusion Engineaing (1989 Knoxville, USA,
|IEEE, (1990 1438

[2] Wilson D. J. et al., (Proc. 13th Symp. on Fusion Tedchnology, Warsaw, Poland, pub.
Elsevier 2009 Fusion Engineeing and Design, 82 (2007 845

[3] Ciric C. et d., (Proc. 13th Symp. on Fusion Tedwnology, Warsaw, Poland, pub.
Elsevier 2006 Fusion Engineeing and Design, 82 (2007 610

[4] Fater H.-D., Gas Absorption, Re-emisson and Permedion in Beam Stopping
Panels, JET-DN-C(88)57, JET JOINT UNDERTAKING, Abingdon (1988

[9] JonesT. T.C. et ., Nucl. Fusion, 46, (2006 S352

[6] Kim J., Nucl. Technology, 44, (1977 315

[7] Kim J., Nucl. Instrum. Methods, 145 (1979 9

[8] ITER, Design Description Document 5.3, N 53 DDD 29 0207-03 R0.1

[9] Surrey E., et ., Proc. Negative lon Beams and Sources, Aix-en-Provence (2008,
pub. AIP, in press

[10] Panasenkov A. A., Analysis of the Hea Loads on the NB Ports Components and
Optimization of the Liner Configuration, Final Report, ITER Task Agreanent G 15
TD 62 FR, RUSSAN RESEARCH CENTRE KURCHATOV INSTITUTE,
Moscow (2006



