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This paper reviews the operating experiences sblained with a st of scintillator-hased sscaping
fast ion deteciors which have been wsed successfully for s=veral years on the TFTR tokamak.
There have been several operational problems which need to be resolved before these detectors
are used to measure 3.5 MeV DT alphas in 1993, The main problem has been overheating by
edge plasma heat fAlux for large major rachios plasmas, when the detectors were not shadowed by
the adjacent limiter, Other problems have been due o runaway electron-induced x-ray fux and

scintillator and foil damage.

L INTRODUCTION

A schematic drawing of the two-dimensiona] (213] es-
caping MeV ion scintillator detector is shown in Fig 1.
High energy ions escaping from the tokamak plasma ap-
proach the 1 in. 3 1 in. detector on helical orbits with rel-
ative large gyroradil (2-11 cm), Soms of thess ons enter
the pinhole and pass through the slit inside the detector
box, where they are dispersed according to their gyroradius
p (3 in a magnetic spectrometer) and pitch angle ¥ (with
respect to the toroidal magnetic field). The existing array
of four such detectors on Tokamak Fusion Test Reactor
(TFTR) was speciitcally designed to measure escaping al-
pha particles during the DT experiments,

A prototype 2D imoging defeclor was operated om
TFTR in 1987, hased on a generically similar plastic track
detector previously used on the Princeton Large Tokamak
(PLT),? and on scintillator response tests on TFTE in
1986." An array of 2D scintillator detectors was installed
in the TFTR vessel in 1988, Several interesting results on
escaping DD fusion products were obtained from this fixed
detector array at poloidal anghes of 45°, &0, and particu-
larly at 90r*

The radial positions of the apertures were 10241 em
from the center of curvature of the "“rf limites,” which was
i that time & poloddal ring of radius 99 cm located abowt
120 toroidally from the detectors, Before 1991 there wos
no significant damage 1o these detectors due o hend Aux,
and the maximum femperatore near e scintillator was
< 100k 10", well within the operating rangs of the Zn-
S{Ag) seintillator® In 1989 an additiona]l movable probe-
mounted detector was installed at a 20° polosdal angle.”

Afier the 1990 run, a new of limiter was installed 45°
tarcidally kn the sscaping particle (eo) dirsction from ths
fized poloidal array. As discussed previously,” this nearby
limiter waoild Bave blocked nearly all of the ion orbits
which had previously been detectod. Thus for the 1991 run
the thres detecioss in the lixed array were moved radially
inward 2-3 cm so that their aperures were at 10002 =001
cm from the mominal center of curvature of the of Hmiter,
which s only about | ¢m behind the nominal o limiter
surra.l:e at a radiog of 90 em

Tt was anticipated that this inward repositioning wouobd
cause additional keat boads on the detector, so a prodective
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“mushroom” was installed as well" The counterfacing
side of each delector was completely shieldsd by
protective graphite mushrooms, and above the scintiliator
there was a protective graphite “cap,” the top of which
was nominally 0.2 em owntside the of limiter radius.

IL OVERHEATING OF THE DETECTORS

There was an unanticipuied hest Aux from the ve-
shielded co-facing side of the detector during the 1991 run.
Indications of the overheating of the detectors came from
thermocouples, an infrared TV (IRTV) camera, and from
a posl-run damage asscssment,

The thermocouples were mowunted cutside of the detec-
tor box opposite the aperiures (away from direct plasma
flowy: thus they measured the time-averaged temperature
of the detector inside the mearly “blackbody™ formed by
the protective graphite mushroom.® For an R=2.615 m
run the detector boxes reached 150-200°C over 25 pulses
with 15-25 MW of neutral beam injection (MBI) [MNo
5%4R0-58505, with o MBI within Mo. 38488-91 }, while for
an R=245 m run they reached only 60-70°C over 3
consecutive pulses with 20-25 MW of NBI (Mo, 59636-
89664), Detector overheating (= 100°C) was abserved
only for the largsr major radius plasmas with B= 2.6 m (R
is the center of the outermost magnetic flux surface ).

The other direct measurement of detector temperature
was made using the survey TRTV dingnostic on TFTR,’
which viewed anly the 90° mushroom and co-facing unpro-
tected side af the detector box. During the B =2605 m
shot sequence above, the surface temperature was only at
lenst 670 °C when the internal temperature was only 50—
I00°C (this is an underestimate since the size of the hot
spols were less than the pizel size of the IRTV). This
surface temperature did nol vary significantly when the
neutral beam varied from 11 to 20 MW, suggesting that the
surface was in radiative equilibrium at this lemperature, or
that the plasma shape varied such as to reduce the local
heat Aux al high power, Mo abservable temperature rise in
this same region was seen for £ =245 m plasmas, implying
a surface temperature < 300 °C.

The worst overheating damags can be seen in the pho-
tograph of the 607 defector shown in Fig. 2, which repre-
sents the integrated cffect of 10 000 shots in the 1991 run.
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Fl3. 1. Schematic drawing of the sscaping slphs scintillalor detectar
Thiz dalegior box wes enchosed in g heal sbseld for the 199] run, but wes
unprafected from the oo-side (from which the scaping foas 2ome).

A significant part of the graphite and tantalum cap has
been melted on the co-side edge. About 0.5 em”® of graphite
was alse eroded from the edge ol the graphite cap of the 457
detector, and there is evidence that the braze to the tanta-
lum melved. The stainkess steel detector boxes of the 607
and the 45 detectors wers also slightly melted by the co-
wide plasma heat flux. A small hole was melted through the
top of the co-side of the 45" detector box, and the guartz
scinfillator just inskde this spol was cracked {as was the 60°
scintillntor).

Analysis of the pattern of the damage shown in Fig, 2
implies that the averags heat flux on the edge of the graph-
ite cap heat flux was 2 kW /cm®, with a radial scrape-off
lnyer distance for power ol about | cm. Mote that the 20°

e

FIG. 1. Damage 1o the ®F detector durng the 1991 run, during which
the mushrocam e was .1 em behind the of limiter radius. There was
dgnificant melting of the 2oft x.ray shield ond graphite 2ap and slight
miefting of the ilainles sive] detecior box doe 1o plasma hess os frees the
0=l

AB0E Rew. Scl. Instrum., Val. &3, Na, 10, Octaber 1062

5 o
] calculmiod hest flux 10 Sop edge o co-aide
A0 III.'
ﬂ_ : |I
i —] i
' e /o
- b II II
= 3 Seawpe M Langisa .-"I
[ !
| 1.Fem
F S Soof
i I:-.I;I =
<" pEem
] i -
a I _I_ s -
T T
e ] TER.E 2ED.T LU Sd1.48 L ™z .0

Flasmsa Mapee Nadius [m.)

FU3E, 1, Musel of co-side heat Bux vs plasma major radius positios for the
4% detewior for varkoes scraps-oiT laver (hicknesses, The relative hent fux
increases drasmaticafly for £ > 1,59 i beguuse the Arid Jines connected io
the detecior move Inserd radially past the co-side of Bemiter. The absobut=
value in Woem® is an estimace for & high power Beam diecharge,

detector cap suffered only very minor surface erogion and
no damage to the detector.

M, CAUSES OF DETECTOR OVERHEATING

The damage 10 the 45° and 507 detectors such as shown
in Fig. 2 was coused by plasma heat Aux in the scrape-off
lityer coming from the co-direction with respect to the
plisma current (the same direction as the escaping Fast ion
orbits ). Mo attempt had been made to shiekd heat from this
dirsction, sinee it was thoughtl that the magnetic field lines
from this direction were always originating from the wall
and mot from the plasma sdge.

However, this was evidently not the case for the large
mujor radios plasmas, as deseribad above, These observa-
tions modivated & recenl reanalysis of the heat Aox ex-
pected from the co-side to an object in the scrape-off re-
gion, with resulis for (he 457 detector shown in Fig. 3 (the
ather detectors had similar resulis),

The model of Fig. 3 shows that the heal flux 1o the
co-side of an object at the toroidal bocation of the detectors
varies dramatically with the plasma major radius. When
the plasma position is & < 2.539 m, the field lines from the
co=5ide of the detector tilt radially outward by vp e 10°
when maving toward the co-side limiter, so plasma Aow
from that direction is blocked (a5 assumed previously).
Howewer, when R = 2.6 m, the outer magnetic flux surfaces
are neacly concentric with the nearest co-side of limiter
[centered at R=2.61 m and about 2 m away toroidally ],
s that the detectors tops are within the power radinl
serape—off widith of this hmiter. Further, when B 2.6 m
the field lines can entirely miss the nearest co-side limiter,
and 50 accumalate heat Aux over a very long connection
length, resulting in a lzrger heat Aox and scrape-off layer
thickness. The resulis of this model agree ot least qualita-
tvely with the observed thermocouple resdings versus B
and damage pattems.
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FIk 4, Wew desipn of 1B mcaping alpha deiociors. There = now a
eylindrical heal dhishd pralecimg the detecior [om the co-gide, and the
hotioay of the graphiie mushrosds B actively eoaled with water lines. The
damapsd deteciors w457 and & were alvo replaced a2 petractiad aboul
0.5 em far the 1992 mun

Ancther factor contributing to the damage of the 45°
and &7 detectors was the neglect {in the original design)
of the effect of toraidal fiedd rpple on the detector posi-
tioning. Since the detector tops were in the low-8 fizld
(between coals), whereas the co-side f imiter was in the
high-8 field region, the magnetic fizld lines extended oui-
ward in minor radius by abowt (L3 cm between the co-side
of limiter and the deteciors. Thus the tops of the 45 and
81" detectors were magnetically a few mm farther inside
the rf limiter than assumed, adding to the damage at the
tips of the detector boxes.

IV, IMPROVED DETECTOR DESIGN TO AVOID
OVERHEATING

The three fixed position detectors were changed for the
1592 run as illustrated in Fig. 4. The main improvement &=
a carbon composite heat shisld protecting the detector
boxes from the co-side, which should be able o withstand
a heat flux of 1.5 kWsem? for up to 2 5. This shield has o
cutoutl which is carefully designed 1o let ions into the ap-
erturg with y=45-50" and p > 2 cm,

The cdher major change is active cooling of the graph-
ite mushroom by water lbes through a metal plave at-
tached o s bottem. This is wo insure that residual Tear
Aow (from either side) does nod cause the detector fem-
perafure (o excesd =~ 100 L. The heat=damaged 45" and 907
detectors will also be moved radially outward by about 005
cm to compensate for the toroidal field rpple. This should
still allow all relevant ions to enter the apertare unblocked
by the rf limiter.

Jast in case the water cooling i3 insulficient 1o keep the
scintillator tempernture from ratcheting above 150 °C, the

scintillators will also be changed from InS{Ag) (P11) o
InS(Cul (P31}, which maintains half of its response np ta
330"C." The brightness of the green ZnS(Cu) scintillator
i comparable to the blue ZnS{Ag); bowever, the new scin-
tillator has about 50 kHz time response insiend of about
100 kHz for the older one.®'"

V. OTHER OPERATIONAL EXPERIENCES

{a) Hard x rays from high ensrgy runaway slectrons
cecasionally cause the scintillators to light up, wsoally just
after a major disruption, The runaway-induced light is usu-
ally quite uniform across the scintillator, $o has been useful
a5 n check af the scintillutor nlignment in the comern field
af view,

() The scimtiltators themselves were slightly damaged
during the 19881989 run, when they were left in plade for
twn years. This damage was a set of < 0.5-mm-diam fern-
like patterns on the phosphor surface, possibly cansed by
arcing during discharge cleaning, Since there were rela-
tively few of these, the average scintillator light emission
owver 8 =1 em> | em arca was redaced by <105, How-
ever, a0 visible surface damage was seen for two different
sebs of scintillators used in the same detectors during the
1580 and 1991 runs, implying that this damage was not
due to fusion product ions.

(] There was a small hole in the fodl of the 90 delec-
tor during the 1991 run, which allowed some escaping neu-
tral beam ions to hit the scintillator {thess jons could be
distinguished by their small g and rapad appearance at MBI
turn on and disappesrance at WBL turn off ). Post-run ex-
amination showed that the hole was dwe ©0 a mechanical
tear, probably incurred during assembly and not by erosion
in service. Mode that the Toil can be intentionally removed
1o study beam ion loss."’
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