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A radially movable detector loeated just below the outer midplans of the Tokamak Fusion Test

Reaciar

(TFTR) [in Plases Phsics ond Conteelled Nuclear Fusfon  Ressarch,

TORE

{International Atemic Energy Agency, Yienna, 1989}, ¥ol, 1, p. 27] has been wsed to study the
confinement of charged fusion products (CFP's). The scrape-off length of scaping CFP Aux
was measursd using perturbative techniques based on shadowing the detector with different
ohstacles. Expertmental results indicate the presence of a diffusive process for trapped particles.
Derived diffusion step sizes were found to be in excellent agreement with those expected from
toroidal magnetic feld (TF) stochastic ripple diffusion,

I INTRODUCTION

The transfer of energy [rom [uwsdon produced alpha par-
ticles to the background plasma s essential for sustaining a
reaction in an ignited reactor. Any substantial loss or dif-
fusion of particles can jeopardize such sslf-susirining renc-
tion, Other potential problems incheds the possible local-
ization of such losses and thus leading to excessive heat
lpads on the first wall. This paper describes measuremeanis
mace near the midplane of TFTE ( Tokamak Fusion Test
Reactar),’ on the confinement of charged fusion products
(CFPs), In these expariments we studied the cases of the
I MV triton and 3 MeY proton, which are norosally pro-
duoced in deuterium oaly (D=0} plasmas, and which can
be used to simulate alpha particle lehavior in fufure reac-
tors with a desteriom and trtium (D-T) mix.

The pregsence of ripples n the toroédal moegnetsc field
{in this case externally created by the discrete number of
toraddal Beld cedls) is theoretically expected to induce dif-
fusion for a significant fraction of irapped charged fusion
products.™’ Diffusing particles are mninly found near the
edpe of the plasma {large minor radius) in what is known
ns the stochastic fpple loss domain (pot to be confused
with the ripple trapping region ).* Stochasticity was found
to b present when
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where § is the local TF ripple amplitude, & iz the number
of coidls (20 in TFTR), g is the safiety factor, € is the local
aspect ratio, p & the gyromdius, and g* =dg/dr. This an-
terion puts & stringent limit on the maximom sipple
afrength allowed over the plasma cross section, ™

In that region, trapped CFIM's experience, s their
bounea point, o random vertical drift {Ar) which scales as
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wherz all the vanables, incloding the poloidal (8% and to-
roidal angles (), are evaluated at the honnce point. ™

The techoigue used here for measuring the diffusion
rate of CFP's has been previously employed for dilfusion
stindies of runaway elecirons.® It consists mainly of the
ingertion of @ known obstacle, which creates n shadowed
region whers perturbed CFP population can be studsed
using an escaping particle detector. In the absence of dif-
fusion, the shadowed region would be well delimited (e.5.,
sharp bransifion boundanss), In the case where diffusion is
present, particles gradually fill in the shadowed region. The
different techniques of detector shadowing will be de-
scribed in detail in the following sections.

Experimental resilis are imterpreted using simulntion
codes based on models which elude diffusive mecha-
nisms. Estimates based on the geometry of the experiments
will alse be wsed 1o corraborate Lthe numerical calowlations
and the applicability of our modsls, Diffusion step sizes
derived from the experimenial resulis and the numerical
simulations will then be compared with expectaiions bassd
on torada] magnetic f=ld {TF) stochastic ripple diffusion.

. EXPERIMENTAL TECHMIQUE

The detector is based on a sguars, thin Znd scintillator
and n system of collimating apertores (slit 1,53 cm x0T
mim, behind a pinhole X3 0.7 mm}), which disperses escap-
ing particles according o their pitch angle {mapnedic mo-
ment) and gyroradios (from which energy iz derived).™®
The detector ls mouwnted at the tp of a movable probe
located in Bay E, approximately 207 below the outer mid-
plane of TFTR. The pres=nt stroke of the probes is 113.7 cm
of which 23 em are within the first wall of the vacuum
vessel, OfF those 13 cm, the first nine liz in the shadow of
the mudio-Frequency (i) limiters, which are located in two
different bays approximately 117 and 171° away torcidally
{in the counter-going direction }, and are approximately 50
cin wide toroidally, Precise mensuremenis of the praobe po-
sition were obtained inside the vacuum vessel during the
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FI{GE 1. Typecal ortdes seen by the detecior at two different radial posi-
thans, shorwing the diference baiween a confired fArst arbdt {lefl] wnd an
arkds on A direct paik o the wall (sight).

winter 1991 shutdown with the use of o specially designed
articulaied measuring arm (with an sccurscy of betier
than 0.3 em). Additonal details of the defecior geometry
can be found in Refe 7 and 8.

The probe can be brought very close o the plasma,
although it was always kept at a safe distance from the
plasma edge {25 cm), since it was not designed 1o with-
atand larpe heat londs, The position of the probe was kept
comstant durlng shots, mainly becaoss the driving mecha-
nism Is too skow (approximately (L5 cmsech, and because
the probe position recording was not automatsd. This abil-
ity 1o move [betwsen shots] enables the detector 1o look at
two different classes of particles, which, on their first orbit
[first poloidal transit) are confined or losd, and from now
on will be referred ag such. In the former case, when the
detector is ocated inside the of limiters minor radies, there
i no other material ohatacle bBetween the aperture of the
detector and the plasma [excepl for Lhe detector lself, i.e.,
sell-shadowing ). At this location, the detector samphes par-
tickes on first-orbit confined arbits, or possibly CFP's dif-
fusing out (s== Fig. 1). In the latter case, the detector is
usually located bekind the of limiters minor radios and
detects particle on their direct way to the wall (frat-orbit
Ioss, sse Fig. 1). Note that siwee CFP's have large banana
widths ( 30-50 cm, and even more at low caerent], orbits
originating from inside the plasma can bring particles rel-
atively far oui from the plasma edge, especially near the
outer midplane.

In that remon, the CFP scaping flux scrape-off length
can be mensured independently by using three different
abstacles 1o shadow the aperture [which leads (0 the scin-
tillator ). The frst one, seemingly simple, is the detector
its=lf; @ cylinder, 535 cm in dimmeter, and approximately
25 em long and kocated - 35.6 cm below the midplane, The
key featore of the probe as an obstacle lies in the position
of the aperture (approximately 2 mm® in area) which is 3
om away from the probe tipe This imporiant point will be
further discusssd below, This (5 the case of self-shadowing.

The second obstacle is composed of the v ef Hmiters
They hove a relatively Mat surface, with a toroidal radius
carvature af 155 cm directed autwards, and are 50 cm wide
(much larger than the probe), bonger than the translation
fength § = 2owy Alb=20 em) of a CFP over & gyroperiod.
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Fidi, 2, Aperiure radie] scan near the oster wall showing ibe transition
from first-orhit confined pasticlés 10 kel particies. The raosioom ooours
appronimately when the apervare passes in fromt of the of limivers {a2
Ry=48 em} [[=1.6 MA, Br=35T, ind B,=243 m].

They estend polobdally from the inner bumper limiter,
from the twop to the botiom along the ouler wall (8
== 1), with o mingr radies of 99 cm, almost conesn-
iric [Ry=260L6 cm) with the vacuum wessel first wall
[Rpp=1A63 cm],

The third obstacle is a Langmuir probe,”'" used here
&5 a “dummy” obstacle, and which is similar to the detec-
ior in its external dimensions, The Langmuir probe is lo-
cated above the midplans (36,8 cm abave, compared to the
detector locnied nt 35,6 cm bedow § and the bead is made of
a cylinder 5 om in diameter and approzimately 20 cm kong.
It i% installed ot o different torgddal location, m TFTE Bay
A, toroidally 72° in the co-polng direciion, Alihough the
second probe is capable of a fast motion (=13 cm/sec],
ihe resulis were ablakned by changing the obstacle position
in between shots only.

Ili. EXPERIMEMTAL RESULTS

In Fig. 2 is shown the measured Mux (al a pitch angle
of 6, corresponding 1o trapped particlss) as a function of
the aperturs radinl positon in the vicinity of the of limiters
(f=1.6 MA, 8;=5T, and Ry=2143 m). Note that, as
(e apertare is moved further inside the vacuam vessel, the
i limiters block o smaller number of particles and so the
dietected Aux of partickes increase substantially. The fux
stants to drop at the major cadiug feom which an orbil leads
directly Lo the ef limiters sadius at the midplane (=0},

Finally, shown in Fig. 3 are the results of the shadow-
ing expertment done with the second probe in which the
aperturs of the detector remnaimed at R.r-.lu"=.:|r4'.f cm. Al
this locateom the effecis of the of Hmiters are small and the
shadowing sction s mainky due to the secomd probe and
the detector. In this case, the EJ:pEﬁ'm-ErlLa] p:]i.IIB SOrre-
spond to a pilch &nghe of 55° (also trapped}. The condi-
tions chosen for this experiment (f=14 MA, Br=3T,
and Kg=2.45 m) were such that stochastic TF ripple dif-
Fusion would be closs to its mazimum,” and that there
woukd be sufficlent room between the plasma and the first
wall for the probes 19 maneuver safely.

A L. Bowin ard 5. J. Zweban 1580
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FIE 3. Expermeninl resulis of the shadowing experiment with & sscond
msmall probe. The second probe (the obstacle) is broughl from behingd 1he
aperture (aperiure lombed st &= 3474 cm), 10 in froot of it

The obstacle was brought from oofside the first wall
{&pproximately 20 cm bebind the aperture), to in front of
the aperture (approximatsly 20 cm further in}, A very
large and relatively sharp decrease of the escaping fluz ns a
Tunction of the obstacle pesilion can be observed. When
the obstacle comes close o the aperiure radial location, the
fux goss down dramatically, and with the full extension of
the ohstacle, it dropped eventually to only 129% of the
crigingl level,

IV, HFFUSION MODEL

In these experiments, the interaction of obstacles with
CFP I8 rather complex, mainly becawse of their large
helical orbits (gyeoradios of 5-10 cm} and large drifts
Froem thelr birth Aox surfaces (with banana widths of 30-50
cm ar mare) which are both comparable in dimensions
with the abstscles. When the obstacle is sufficiently small
{1z, bay A probe), the orbital effects of the CFM's can be
ignored up to & cerlain degree. In this case, the CFPs do
not drift significantly over the diameter of the other probe
or the defector, In the case of & larger obstacle {ie, of
limiters}, the CFP's do drift significantly oo the scale of
the obstacle, both in the toroidal and poloidal directions,
and same orbital effects st be incloded

Sinee the measured quantity s the Aux of particles an
the aperture, the expecied fux is compoted by following
partbele arbits backwards in tme. An orbit is started at the
aperture {with fised pitch angle and encrgy, and given gyro
and toroddal angles). The particke is stopped when it either
hits something (detecior, secomd probe, wall, ar of Heit-
era), or when it goes back deeply bn the plasma and reaches
the TF ripple stochastic diffusion threshold boundary [ses
Eq, ()], for example. For each paloidal transit before the
final impact {or before the particle refurns desply into the
plasmal, a countsr is incremented by the magnitode of the
CFP souece peofile for particles born on that orbidt.

In the case where an chstacle is gradually brought in
{i.e., socomnd movable probe ) the fluxes are compared using
a schime shown in Fig. 4. In the presence of an obstacle,
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Fli. 4. Comparison between crses with an obsiscle (hottom | med with-
ouf [hopl, showimg the diferees b Aux 6o ke gperiuce. [n the exaample
withusiid [he chilacle, the pastizhs womald ampac on the wall 16 the betiom
casn the flue would be rediieed By a facior of x/p rom the lop case.

the Mux o the aperture will be reduced since the orbital
lime of sight i3 now blocked somewhere along the original
orhit. A schematic rendition of an original orbit is shown
at the top of Fig. 4, where a particle evantunlly hits the
ohsiacle (eg., a wall), In the case {llusirated at the bottom,
the presence of an obstacle was added, and the particle is
consequently stopped befors hitting the wall. In this
scheme the particle makes x poloidal transits instead of g,
befare being stopped. The fux of particles to the detector is
the mtegral (from the sourse profile} of CFP's borm on
that grbit (with a glven energy and magnetic moment ),
which can be composed of many poloidal trensits. Each
peloidal transit corresponds to a given integrated number
of particles, The flux would be then proportional to the
number of poloidal tromsits, Conssquently, the Aux o the
aperture, in presence of an obstacle, would be approxi-
mately &/ times the flux detected without the presence of
an aobstacle. It is important to note that the transit time is
much faster (—pssc) than any collisional time ( ~sec)
and thus collisions can be neglected.

The error bars of the numerical simulation also include
uncertainthes arising from our specification of the boundary
conditions. Outlined in Table | are the priacipal character-
istics of the three models discussed above, and will be de-
seribed in more details in the nexst thres sections

TABLE 1. Ralstive characteristazs fr the diTerent shadeawing expeimesl
muoxdels.

odel Sall Larpe chalasie Small chalade
[imricls detectar anly rf Niriiters Probs A
[itwsincly s wmall Barge [lemcidally el sassmlar
pnd poloidefly)  poloidal bocabion )
SEFroraiies  many gErorndies =-defecior
Frobabilily of
impact small large wmall
Ciyroradius
|FLE} cfiscts b= ] s
Lirbet details negligitla impartant negligitile
Toroidal locstion random fodlowing arbil ranidim
Self shadowing Ecluded included i luded

A. L Bohvin and 5. J. Zwaben 1551



FiG. 5 Toroidal cross section of the iokamak showing the depesctor and
the reglon where the arbil Intersses the iorokdal plane o (he slevalion
| Ee =156 ¢m ) of the apeniure. The probability of smpact per poloidal
Erapail woukd be approssnaely (he satigoaf 1he peojectiad ansis .II“;".J" '

A, Detector sell-shadowing

First of all. it is important o quantify theorstcally the
effiects of the presence of the detectior. In the region where
the detector snmples confined wms, the finite dimension of
the defector can affect its own detection efficiency. Parti-
cles, which are orbiting for many toroidal transits, can e
blocked by ithe detector struciure before pencirating the
aperture. Thus, the aperture cannot see parficks orbits go-
ing backwards in time forther than the fime betwesn wo
impacts. Estimates of the time of impact can be oblalned
using considerations based on the detector dimensions.
These estimates will be corroborated in the next seclions
with the use of numserical caloulations.

Shown in Fig. 3 B the oroudal cross seclion of the
tokamak (top view] taken at the elevation (£= —33.6
cm) of the apertere. In this case, only the detecior is
present, and the particles are not diffusing { D=0]), Con-
seguenily,. for each poloidal iransit, when the particle & at
the same elevation (or Z position) than the aperiures
detecior, the panicle will be somewhere in the shaded to-
roidal band of two gyroradii {p) in widih. Assuming that
the tornidal angls is rmndom (po resonance ), the probabil-
ity of self-shadowing would be simiply the ratio of the for-
cidally projected area of the detector over the total surface
of the orbit band. Tn other words, for each poloidal transit
the detector will catch a fraction of particles equivalent o
Ayp/ Ay - On the average, between 500 and 1000 poloddal
transits {or simply, twice as many bounce times) are nec-
essary hefore n particle started at the aperiure of the de-
tector (backwards in time) impacts on the probe head.
This would mean that in the absence of diffusion, the ap-
ertare can only look back in fime approximately 1000 o
000 bounce times, abaot 10 to 2P maec {7a= 10 psec for
the 1 MeV iriton), before it hits the detector, MNote that
this time scole i sill very fast compared o the slowing
down tme (=1 sec) and so collisional effects berween
particles can be sal=ly neglect=d

In order to measure difosion rates wsing this tech-
nigque, particles must diffese at least 3 em (distance be-
tween the tip and the aperture) in less thon the caloulatad
1000 go 2000 bounce times betwesn successive Impacis

15662 Ftye. Fluids B, vol. 5, Mo, 5 May 1883

Particles are detected anly a1 the apecture, and il particles
are dilfesing oo sbowly, they would be scraped-oflf by the
probe head tip before resching the aperture, For a | MeV
teiton, this means that the difusion rate must be larger
than {3 em)/10 msee ~0.1 m*/sec, which is low enough
for the stady af TF dpple diffusion (by at l=ast an order of
magnitude ).

B. Ditfusion In the presence of a large cbstacle

When in the presence of the o of lbmiters, one= must
take in account some details of the aclual pariicls trajec-
tory near the cuter wall, Since limiters have brosd poleidal
nnd toroidal exiensions, panicles con impact the limiters at
many locations, When the aperiure is positioned well in-
side the radius of the f limiters (in the confined particle
region], the CFP flux would be lmilicd by the detestor
self-shadowing. On the other hand, when the aperiure is
outside the radius of the ff limiters, the Aux would be
largely redwced by the limiters due to their relatively large
size.

In the numerical simulation used o interprer the re-
sulis of Fig. 2, pariickes were sinried at the aperiure. From
there, the bounce point is found wsing a modeled banana
orbit derived from time-reversed calculations made by
orpit."? Diffusion is then applisd 1o the radial position of
the particle bounce poing using Eq. (2] as the siep size.
The banana arbit is then followed (using the modelad or.
bit} zntil the particle either hits an obstacle (of limilers or
the detector) or reaches the upper bounce point, Diffusion
of the bounce poinl continues until an impact goowrs,
There i also a small probability for the partecle to retum o
the center of the plasma; those particles are simply stopped
when they are found 10 be wear the TF ripple stochasiic
threshold boundary [Eg. {11]. As in the previous cose, the
flux to the aperture is comsequently propomional to the
number of poloidal transiis before a particle impacts on an
object (detector or leniters) or before i reaches the TF
rippde stochastic threshold boundary. The numerical re-
gulis were found 10 be relatively ingensitive 1o chanpss in
boundary conditions {ic., with possible variations in the
threshold boundary location ) as indicated by the error bars
of the numerical curves in Fig, 6

One immediate result of these caleulatsons 15 related 1o
the guestion of detector sell-shadowing discused in Sao.
IV A. In the absence of difusion, when the aperiure is
much forther inabde than the radius of the of limiters, i@ was
found numerically that the panticle takes between 800 and
1000 Bounee times (or 1600 o 2000 poloidal iransis) be-
fore impacting the detector, This is in good agresment with
the estimates derived in the previows section,

Comparison of the numerical caleulations with the ex-
perimental results are shown in Fig. 6. All curves are nor-
malized to the B,y = 349 em point, where the limiters
play & minimal role. The diference between the experimen-
tal curve and the no-diffusion case i especially importani.
In the absence of diffusion, particles are either blocked or
o by the Hmdiers. The reasons for the caleulated sharp
fall-off (with f'=0) are twolold. First, the pamicles travel
an a long distance tossidally near the outer wall {44
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ture radial scan with the theorecical model including TF ripple difusion.

Ates wherwn in the mo-difusion cuar wilh the sxpecied sharp transition ag
the of lmiters radie

=&, and are likely to hit the limiters when their eadial
axcursion brings them behind the of limater radies. Second,
the i limiters are wider than the transkation length of a
CFP (distance along a fleld line over a gyroperiod) elimi-
nating any gyroradins efect.

Far the different diffwsion cases shown, the porametric
dependence of Bq. (2} was used, and the step siee ampli-
tuds was waried wsing & global factor. With increased dif-
fuston atep slee, proportionally more particles are slipping
behind the Hmiters. The best fit was found with Ar=0.65
0.2 em () (ot R, pre= 349 cm). On the other hand, if
the step size i Incressed [uciler (1o Are=3 em, A), the
large drop in flux cannod be replicated. And in ibe exirems
lemat [d..r—- e, dashed Hne}, the limiters wouald simply
have no effect on the measured flux

Uising arbil retracing (1.2, code orBIT'? ), Lhe expected
TF ripple diffusion step size was calculated uging Eg. (2).
Far particles at this pitch angle, energy, and minor radius,
L wad found (o be Q75002 am, in very good agreement
with the experimental results shown above,

The efects of the of limiters were alse investigated by
Inaking at ihe scaping particle pitch angle distribution as
& function of the detector's position. Conditions were cho-
sen such that first-orbit and rpple features were visible
during the same discharge [(Rp=2.00 m, [,= 1.4 MA, 3.3
T}. Shown in Fig. 7 are the measured pitch angle distri-
botions for the radial scan, in which the apermore was
moved radially inwards, away from the wall (over 5.5 em ],
The sames normalization was kept for the meagured disiri-
butions {normalized by the source stremgth and for the
same camera gein . Superimposed are the expected distri-
butions atl the wall for first-orlkdt and mpple losses, caleu-
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FI1G 7. Mesaured pitch sngle disiributione dusing partisl aperture racial
scan behind the if lmliers Experimenasl curves have beea pogmalized by
the meuiron production, esd e camens galn femilsed e gase The
ripple peak (right) doubles in amplitode whereas the Arst=orti peak
[lefth mcrenses only slightly. Also shoem are the numericsl aleedations
[ bogs and botbom i, which include both loas mechanisms

lated For the Bt and last coges, in which the wall was
positioned at the apsnure position, In this scan the frs:-
arhit peak increases cnly slightly, whereas the ripple peak
daubles in amplitede, This difference in behavior for the
two penks is ensily understood when we compare it to the
numerical simulations of Fig. 6, The fux in first-orbit
lemses (e, no diffusion curve) changes wvery sbowly with
|'u:|-|.'ilir,u1.. wherens the ri.pp'le ELE_. with diffuston curve)
lesses increase more rapidly.

C. Diffuséon in the presence of a small obstacie

When using the Bay A probe as an obstacle, the reduc-
tiom in flux was found o ke important but not as drastic as
i the case of the rf imiters (ses Fig, 3), and this, mainly
because of the much smalker size of the other probe.

The aperture of the detector was positioned inside the
rf limiters radius, so as to reduce problems associated with
the boundary conditions (walls, limiters)., Simce both
probes are in a skmilar poloeidal locatbon and are of similar
dimensicns which are small compared o the CFF orbit
(ie., banana width), mest details of the orhits can be @e-
glected.

As a first approximation, the detector can be scen as a
pwo-dimensonal object with radial and oseddal extensions,

A, L Bohin and 5. .J. Zwaban 1563



FIG. 8. Toroldel projcciom of (he shadowing experiment with the Day &
probe | & Langevsir probe, located aboee the midpdane) used &= an chata-
the. The otecacke is shown here ai three different kcations culting pro-
grewsively flun fo the detector's aperivre. Tha three differen] 2anes in the
b basd represent reglors of equally probable presence of & CPP

eliminating the poloidal dimension. The obstacle and the
dedecior are si:rnpl_\r progected onio a tonmdal plane, as in
Fig. 5

Before companing the numerncal caleulatons and e
:::l;pcri'm:rlr.pj resulits, hasic estimades can be made baged on
sustnined oren, a% in the prewiows section. Again, kel os
start the case with oo dillistton. Sikce the apertufe is side
the radies of 1he of Hmiders, the detector s in the confimed
CFP region. In Fig. B, a portion of the particle orbit is
projected omto o toroidal cross section showing the detec.
tor and the obstscle (same basic approach than in the
self-shadowing cass). As in Fig. 3, the orhit is represented
by & band with a width of 2 gyroradii [ p), divided in three
sections of equal particle location probability. The band is
conveniently divided in thres, since the detector tip pro-
trudes 3 cm into that band (the distance between the ap-
erture and the tip of the detector) and covers the first zone.
This distance is also, coancidentally, approzimately hall the
particle gyromdios. The band stops at the aperture and
represenis the range of orbdts that can be detecied. The
relative probability for the i'nrl:'nl:l.e to it mither the detector
ar the ohslacle is thus propariional 1w thelr respective area
presenl in the orbits band,

Shown in Fig. 5 are the cased in which the obstacle i
covering the three different zomes. In the firsi case, the
detector and the obstacls are equally distant and cover the
first zone of the orbit band. Consequently, the flux o the
detecion 'il'll:lln'll.d b:' m"hl}' l'".h\.-.:l.lr-"l'r""ﬂhluh +"qd.lllclri']
= L34 times the fux without the obstacle. (Here, A, 1% the
pn;.jml:cd area of the detector ar the ohstacle and
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Apiaste’ oy = 3703 At that point, the obstacle tip has
mowed 3 cm past the detector aperture, Tn the second case,
the abstacle moved over the second mone. The fun to the
aperiene [ then proportisnal o
A cciee? T acte + Ao ) =037 times the Aux without
the obstacle. In the final case, the flux to the apsrure is
further  redwced., ©this  time @ woold  be
A e | 3 ot A g ) =028 thmes the fux without
the obstacle. In the absence of diffusion, this flux bevel
would be the lowest possible. If one moves the obsiacke
further in, the obstacle does not block more particles
present in the band, Tt would simply block particles that
cannenl reach the aperturs. However, the siluation would
be different with the presence of diffusion, ns the obstacle
cauld block particlss long before they cen be detected, In
arder to quantify the effects of diffusion though, numerical
calculations are nocessary,

As in the other numencal model, the 'pa.rl.il:lu& are
staried af the aperiure and followed backwards in time
using their guiding-center location penr the detectar or the
obsteche, For each poloidal transit [ =2r,), the paricls
would return at the detsctor poloidal location (which is
ot spelied out explicitly). The toraidal location &; 5 de-
termined randomly, and the radial position fypeen 15
determined theough the position of the guiding cemter
P WNd @ random gyroangle e, _ ;. The basic ileration
wheme can be summari s &8s follows:

rF.I'-l-l - r‘:f"" .I:I-F[ ‘rp:,r 1'¢| L

(3)

Poarticled s 1§ = P+ 1+ 5 S05{ @y 3

The diffusion process is applisd o the guiding ceniler po-
sitdon, but the troe random variable is the gyroangle, nod
the radial position itsell This effect is crocial, bocavse,
when the orbit s projected oa the toreédal plans of the
aperiure, the particle has a larger probahility to be at the
exteemes in v Ln other words, the radial distribution of the
partiche’s locathon probabdlity is not wniform but scales as
sin™' (r/p). Finally, Ar{r,.;.8) is the step size corre-
aponding 0 Eq. (2} amd is the only free parameter of the
fit with the experimental results. Corrections for Lhe arbil-
ing pariicle pilch angle and the poboddal extension of the
ohstacle were mtroduced to increase the accuracy of the
numerical model. However, these corrections were lound
1o change the resulis by only 13% above the previous es-
tirmimtes,

Using the schoeme shown in Fig. 4. the comparison
shown in Fig ¥ is between the numerscal calculations and
the experimental results. All curves are normalized nd
B oiacie= 370 em, corresponding to the obstacle being com-
pletely retracted, The eaperimental vertieal error bars are
indicative of the shot-to-shot variations, wheress the hori-
gontal ones correspond 10 the uncertainey in the detectors
obsiacle position.

Dhscussed frst & the caze with no difution, as shown
i Fig. ¥ (0. Here, particles are comfined and stay fized 1o
the same flux surfuce. In this cose the sstimated fMux levels
based on area combderntions alone are recovercd. With
slightly increassd diffusion rade {Le., for Ar 2005 cm), the

H. L Borin and 5. J. Pwabhen TERE



3 3 p2 | 340 ne e
Obsrwte lacatfon {om)

FIG. 9. Messaremenis and calcolations of the radial Tall-off the sa:aping
flux an = fonctics of the ohetacle position. The sxperimental resalis,
shawn by a contisnoes lise are comgparsd [0 numercal calenlationm -
wolving dilfesest diffusive siep sizes. Al 1he eadeulmiad curves are normal-
lmed wt the R =370 e point

ohstacle still does ot block more particles than in the no
diffissiom c=se. The reason is that in this case, particles
wotld oot diffuse fast enough to reach the aperture before
being scraped off by the tip of the detector. In other words,
af low difusion rate, self-shadowing is dominant [see Sec
IV A for the self-shadowing case),

With further increased diffusion rate, here for Ar=0.3
em (O], the particles have a moch larger probability to hil
the cbatacle before they can reach the aperture. In other
words, they diffuse fast enpugh to aweid hitting the 6ip of
the detesior, bul i the meantime, oot encough o avoeid
being blocked by the obsiacle, especially when the obstacle
15 located very far inside the aperiure (2.8, by ~15 cm).
This step size corresponds to the best numerical fit with the
experimental results, By considering the uncertainty in the
measurements and in the modsl, the experimentally ob-
tained step size 15 restramed to be between 0.2 and 0.4 cm.

Finally, with a lnrgs rate, here Ar=3 cm (&), the
particles are diffusing too fast, the obstacle does not have
the opportunity to efficiently block particles before reach-
ing the aperture. The position of the obstacle becomes less
and less important, as the particles are moving out more
and mors rapidly. In the limiting case of Ar— a0, the curve
would simply become a simple bordronral steatght line
(shown in the fpure with a dashed line); the obstacle
wauld not hlock any particle. That case would be similar to
the detection of Brat-orbit loses, the obstacle woukd nod he
mhle to block any particle sincs they woulkd be lost in a very
fast time scabe, The pitch angle distribution would follow a
first-orbit loas distrdbution, an unobserved characteristio
(see, for example Fig. 10].

The experimentally obtained step size can be compared
with the one expected theoretically by using F.q. (2} and
the arbit code oREIT."? By retracing the orhit from the
gperiure o the bounce podnt [which gives us r, and &, for
eviluating Ar) it wos found that Ar should be 03200 cm,
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FIQ. 19, Measured pitch angle distributions obtdaimed with the probe &
(small sintacle} kcated ot differmg radial poatiom (tope Bopp— 150
am, middin B _.=80 om), botiom: R =15 cm. First-orbit
keses hecome predominent (lower pitch enghs) ag difuging particks
were progresively blocked by the obsmcle. Also in the bolbom case ere
celeulstions From oRoT with the sspecied frstorbit (o distribackon
The caswera gain hag heen incrssd by a Facbor of 3 in the boblom case
[all with sases pentron pooduction).

in very good sgresment with the obtained result. The un-
ceriainty m the theoretical value of the step size being
madnly dise (0 the uncertainty in gir).

The effects of n progressive shadowing are also visible
in the pitch angle distribution. In the phsence of difusion,
the maximum fAux comes at the fattest banana pitch angle,
which corresponds to the orbit which comes the closest to
the plasosa center, When a diffusing process i3 present, the
distribution will exhibit the presence of an additional peak
at higher pitch angle. In this case the detected Aux is dom-
inated by diffusing particles. However, the obsfacle s more
cfficient in blocking diffasing particles than confined parti-
clea (D=0, if it Is placed sufficiently ahead of the aper-
ture. That difference in “blocking eflciency™ is visible in
the numerical simulations of Fig. 9, whese —634% ol the
flux is blocked if the particles are not diffusing, and mors
than B0 if they are. Conssquently, when the obstacle is
positioned well in front of the aperiure, the pitch angl=
distribution should change, In Fig. 10 the piich angle dis-
tribution is shown for three different obstacle positions. At
the maximum ohstackes extension, the distribution is largely
shifted towards the pitch angle of the fattest banana, in this
case locadex] at rn.d-'?‘. In the cases shown [ bottom Er.u.ph],
the first-ocbit loss distribution las been caleulated wsing
ORBIT. "

However, the pitch angle distributlon does not change
minnotonically with the obstacle position. When the obsta-
cle is inserted forther im, the peak of the distribution briefy
moves o higher pitch angles (middle curve, in Fig. 103
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and then moves down to lower pitch angles (is=., the bot-
tom case in Fig. 10). This behavior is believed to be a
manifestation of diffzrent diffosion rates for diferent pitch
anghss. Recall that the step size i% a strong function of the
ripple amplitude {which depends on the minor radivs and
the poloidal angle) so diffusion rates will change with the
bounce paint location. For example, from the location the
bounce polnt of different phich angle partlcles {using the
orbit code), theoredically, at y o 307 the parficle & out of
the stochastic area (Ar=0]. For particles dedected ai
R ypeiee =353 cm, we have that with y =35, &r=0.3 em,
and with _:,;-.-..EID'. Are=(L7 cm. Particl= with o small diffu-
swon. rate |y~ 355") woubd be cul first (a5 in the mdddbe
curve af Fig. 10} then the anes with a larger difusion rate
{y~8F) leaving the frst-orbil lases only (as i the boi-
tom curve ). Unforiunately, the detector resalufion in pitch
angle is not sufficiently good for a complete deconvalution
of the different diffusion rales

V. CONCLUSION

Drifferent expedoments based on detector shadowing
techniques bave been used to measure the diffusion rate of
charged fusion prodocis newr the outer midplane of TFTH.
Theie measurements, made on trapped particle popula-
tioms, showed the presence of o relatively large diffusion
mechanism [ A1 Arg—~ (1 em)P# 10 gsec = 10 m*Feec. M-
merical simulations hased om orhital and geometrical con-
suferntions were wied to mber the difusion step sized and
the results obtained were succstsfully compared with sim-
ple estimates made by wsing nrea and geometrical argu-
menis. The amplitude of the diffusion step sizes were also
compared with theorelically expecied TF stochastic mpple
diffusion raves. The agreement was found to be very good,
well within the experimental unceriainties. Although the
diffusion rate i3 found 10 be high, the number of TF s1o-
chastic ripple diffusing partiches is believed to be amalf*HH
and should not affect ignition. However, even a small num-
ber of kst pariches could create heat boad problems, 17 they
are sufficiently localized om the first wall. Thess reuolis
complement other measurements made in TFTR, using the
same probe for the study of CFP difusion but which were
mainly based on the pitch angle resolution copabilines of
the detector. They focused directly on the study of the
siochastic threshold and on the lost partickes distribution m
the first wall, They wers ales foand to be consistent with
the presence of TF stochastic ripple diffusion mechanism
ﬁl:lﬂil.!ﬂ}' 'I-'I1-1'I respect to the presence of a stochastic
domain.®
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