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Surface thermocouples for measurement of pulsed heat flux in the

divertor of the Alcator C-Mod tokamak

D. Brunner* and B. LaBombard

MIT PSFC Cambridge, MA 02139 USA

A novel set of thermocouple sensors have been degedlto measure heat fluxes arriving at divertofases in the
Alcator C-Mod tokamak, a magnetic confinement fasgxperiment. These sensors operate in direct contigh
the divertor plasma, which deposits heat fluxesxness of ~10 MW/fmover a ~1 second pulse. Thermoelectric
EMF is produced across a non-standard bimetallictjon: a 50 pm thick 74% tungsten-26% rhenium aibb
embedded in a 6.35 mm diameter molybdenum cylirblee. unique coaxial geometry of the sensor combiniéd
its single-point electrical ground contact mininsziaterference from the plasma/magnetic environmiereident
heat fluxes are inferred from surface temperatugdution via a 1-D thermal heat transport modelr &o incident
heat flux of 10 MW/, surface temperatures rise ~1000 °C/s, correspgrdi a heat flux flowing along the local
magnetic field of ~200 MW/f Separate calorimeter sensors are used to indeptyaonfirm the derived heat
fluxes by comparing total energies deposited duanglasma pulse. Langmuir probes in close proxinotyhe
surface thermocouples are used to test plasmabksheat transmission theory and to identify potérstarces of

discrepancies among physical models.
1. Introduction

The measurement and control of plasma-surface theets is a key issue for magnetic fusion devicEse
performance of the core plasma is largely deterchibg the exposure of its first-wall components tergetic
particles and radiation. Measurements of heat @ the walls can, in turn, tell experimentalat®ut the rate of
plasma transport that is occurring across magfietit lines. In 2010, the U.S. Department of Eneegyablished a
Joint Research Target aimed a characterizing that ‘flux footprints’ in the divertor target region$ three U.S.
tokamak experiments: NSTX, DIII-D and Alcator C-Molkh preparation for this study, a new suite ofrithal
sensor diagnostics was developed and installeddatér C-Mod'’s outer divertor surfaces [1]. Thippadiscusses
the design details and the performance charadtsrist the surface thermocouple array that wasiitest in Alcator

C-Mod—an array that proved to be a vital compormdnhe overall diagnostic set.

Surface thermocouples (or ‘self-renewing thermodesip[2]) are different from standard thermocoupiesthat
their thermojunction is formed in a very thin laydrthe surface of the sensor. This is typicallpelby embedding
two electrically insulated and dissimilar metalires into a carrier body and allowing them to cante electrical

contact only at the very surface. This constructemds to a fast thermal time-response and isqogatly useful if
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one wants to characterize the surface temperatwokiteon of an actual component in service. In tbése, one
simply makes the carrier body out of the same ri@tas the component under test. In addition, ¢tisstruction
also enables a simple computation of the inciderat lux to the component; the measured surfacg@eaeature
evolution is applied as a boundary condition tanzetdependent thermal transport model of the compbander
test. In fusion plasmas, it is this latter quantttye incident heat flux, which is most desired dssessing plasma

thermal loads.

Originally developed to measure gun-bore surfang#ratures [3], surface thermocouples have sinea beed for
heat flux measurements in rocket nozzles [2,4]ckhoinnels & tubes [5,6], diesel engines [7], aeéntrant
vehicles [8]. A recent investigation of surfacerthejunction formation and the subsequent time reseads given
in [9]. To our knowledge, Alcator C-Mod is the firand only use of surface thermocouples in a fuseactor
experiment. They were first tried in Alcator C-Mtite mid 1990's but were not used extensively dymto signal
quality [10,11]. We have since made substantialrowements to that original design, allowing thenbéused for

routine measurements in the C-Mod tokamak—a vergrhanvironment for such sensors.

2. Design considerations for operation in a tokamak

Surface thermocouples are typically made with tvaoapel ribbons to form the thermojunction. Butsthwould
necessitate bringing the signal out via twisted-peads, which is inferior to the use of a coaxiable. In general,
wire loops in low-voltage signal pathways must baimized in a tokamak environment because, by Farad_aw,
time-varying magnetic fields induce voltage in tbeps. Therefore, any transition from a two-ribksemsor to a
coaxial cable would problematic because of the kmale loop formed at the connection. Our surface
thermocouples and cables all have a coaxial gegrtetavoid this effect. The surface thermocouplesgrounded

at only one point to avoid ground loops.

There are strong currents (100’s kA/parallel to the magnetic field) in the edge plasmhaAlcator C-Mod that
connect the inner and outer divertor [12]. The lileat to the divertor surface is partially carribgl these currents.
Thus in order to insure that the surface thermoleotgceives the same heat flux as the divertorasarfits body
must be grounded to the divertor. Yet in the firstsion of the surface thermocouple sensor motumtas found
that the plasma-induced current caused a voltagheosame order of the thermal EMF. This is bec#useurrent
flowed through the electrically resistive stainlessel holder to ground (see Figure 1). Propagatfahis fictitious
thermal EMF through the thermal analysis resulted iarge positive spike of heat flux at plasméaiation and a
negative spike at plasma termination, making thasueements difficult to interpret. The present gieglectrically
grounds the sensor through the molybdenum thernmedaody (via a ‘copper ground collet’ Figure 1 dfidure
2). Since the molybdenum body has a much smalééstesnce than the stainless steel holder, theteffessentially
eliminated. With this proper ground placement, egative heat fluxes are measured with the surfaetocouples

(bottom panel of Figure 3).



Since we are only interested in recording rapichgea in surface temperature from a plasma pulselon®t need
to select lead wires that match the Seebeck camifie of the thermojunction metals. Thermal calibraof the
entire circuit, with its various thermojunction®ad) the electrical pathway, would be impractical &not needed.
Instead, our scheme for measurements with surfeerenbcouples relies on all thermojunctions, exdepthat at
the surface, to remain at constant temperaturaigiaut the pulse. The most likely thermojunctiorviolate this
assumption is the one between the surface thermteonolybdenum body and its stainless steel hold¢sing a
semi-infinite body approximation [13] (the time fartemperature to change at a distande~ x*/16a, with o ~ 5.4
x 10° mf/s for molybdenum and a surface thermocouple ofitte ~ 0.035 m) the time scale for the back
thermojunction to change by 1% is ~1.4 s, whicloigjer than the typical pulse flat-top of 1.0 suFhhe overall
change in the sensor's EMF is due to that of théyba@num/tungsten-rhenium thermojunction alonds lonly
necessary to know the surface temperature beferplsma pulse in order to look-up the properisgftoint on

the voltage-to-temperature calibration curve.

3. Surface thermocouple sensor design

The surface thermocouples described in this repa@tpart of a more extensive thermal diagnostickage (see
Reference [1] for details) that is comprised ofenisurface thermocouples, seven Langmuir probegedhi
calorimeters, and ten tile thermocouples—all inw@ an IR camera (Figure 4). The diagnostics dmequ in a 12°
toroidal section of the lower, outer divertor, whis of greatest interest because it usually reseftie largest heat
flux. The magnetic field angle with respect to theertor surface is typically less than 1°. The oniy of plasma
heat flux is carried along field lines, thus migalinents of tiles and divertor modules can causenstagshadowing
of surfaces. To eliminate shadowing, the tiles Hretmal sensors are ramped an additional 2° irgonthgnetic
field. This has the added benefit of increasinghéat flux signal. Placement of the diagnostichiwithe same 12°

toroidal sector removes uncertainties that arissssuming toroidal symmetry.

The surface thermocouples are an adaptation adralatd product that is commercially available fritsNMAC
Corporation, the patented E12 series ‘self-renevwiregmocouple’ [2]. However, unlike the two-ribbdesign of
the E12 product line, we requested that NANMAC dbudl set of sensors with only a single 74% tung2&¥-
rhenium ribbon (2 mm wide by 50 pm thick) embedd®d two molybdenum half-cylinders (Figure 2). This
coaxial geometry is important because, as statedealit minimizes EMF pickup from the tokamak’s idp
changing magnetic fields. Mica strips keep the aibkelectrically insulated from the molybdenum bode

assembly is held together by swaging it into a 835 outside diameter molybdenum cylinder.

Each surface thermocouple is bolted to the divestiorcture through a custom stainless steel moithtasthreaded,

removable coaxial cable connector. The depth othiéace thermocouple body into the divertor isuagd with a



series of stainless steel shims until its facaiss proud of the divertor tile surface. A diamoiid fs then used to
file the surface thermocouple flush to the tilefasce. This initiates the thermojunction between thegsten-
rhenium and molybdenum by bending small slivers neblybdenum over the ribbon. We find that this

thermojunction is reliably maintained, regardlesthe plasma exposure conditions.

The surface thermocouple signal is carried on adstal 50Q silicon-dioxide insulated coaxial cable through a
ceramic-insulated coaxial vacuum feedthrough (Fdl)r The voltage signal, which is on the ordea ééw mV, is
processed by custom-built circuit boards. Firss itlifferentially filtered with a simple R-C filtetgc = 3.0 ms, to
attenuate high frequency noise. A high common-mijection differential amplifier (INA129) is thensed to
amplify the thermoelectric EMF by a factor of 248nally, the signal passes through a unity-gain ldmp
(LF411A) to provide additional filteringtgc = 3.0 ms) and to send the signal to a compactda@l acquisition
system. We employ a D-tAcq ACQ196 digitizer [14ogting at 400 kHz sampling rates. Since there iresnaise
of order +50 °C (top panel of Figure 3) the tempamis digitally filtered with a time constant 6f8 ms before

input to thermal analysis.

NANMAC supplied a custom voltage-to-temperatureibration curve (~16 pV/°C) for the non-standard
molybdenum/tungsten-rhenium thermojunction, whishvalid over the range of 30 to 1600 °C and lingarl
extrapolated to higher temperatures. Before eaabnm pulse the surface thermocouple voltage ibrasdid using
type-K thermocouples that are the part of the divetivertor diagnostic package. In particular, weeuthe
thermocouple embedded in the divertor tile thatresponds to the surface thermocouple. These ig#-poi
compensated junctions measure the absolute terapeicfteach tile to within an accuracy of 2 °C.c8&irlcator C-
Mod operates with a ~20 minute time delay betwdasrpa pulses, there is more than sufficient tinnetfe surface
thermocouples, their surrounding divertor tilesj ambedded type-K thermocouples to achieve theeopailibrium

by the start of the following plasma pulse.

During a typical plasma pulse, the ‘footprint’ dfet plasma-surface heat flux is interrogated inibbeta slowly

sweeping it (via programmed changes in the plasmegnetic equilibrium) over the surface thermocewg#nsor
array. This produces time traces of surface tentperaplasma flux surface position, and magneéidfangle for a
given sensor, such as those shown in the top frarels of Figure 3. Heat flux is calculated usirfgLQX_1D, a
one-dimensional, finite element thermal analysi@decwith temperature dependent thermal propertisatfows for
different materials, cross sectional areas, angthenfor each volume element. The surface temperditue history
is imposed as the front-surface boundary conditiénergy loss due to surface thermal radiation iglewted
because it is much less than the incident plasrad fex (Qradgiaio~10" W/m* at ~1000 °C compared asms10

W/m?). A zero heat flux boundary condition is appliedtie back surface since the thermocouple bodgsersially
semi-infinite on the time scale of the pulse. Theet evolution of the magnetic field in the tokamaind in

particular at the sensor locations, is derived fithn EFIT plasma equilibrium code [15]. This outallbws the

equivalent heat flux flowing along magnetic fieldds to be computed (bottom panel in Figure 7) glewth the



mapping of that field line into the scrape-off layas it passes the outer equatorial mid-plareoprdinate in third

panel of Figure 7 with the location of the lastadd flux surface correspondingte0).

4. Performance

The three largest sources for error in the surfaeemocouple electrical signal are: 1) voltage pipkfrom large,
time-varying magnetic fields, 2) temperature chamaeother thermojunctions in the circuit during lasma pulse,
and 3) voltages generated by plasma-induced csriémiving to ground through resistive sensor lealisese
effects have been largely minimized by the sensdesign, as can be assessed by studying the betwvibe
sensor signals. However, we have found that théaseirthermocouple does have some important opesdtio
limitations that must be observed.

Observations that the surface thermocouple is tipgraproperly may be made through comparison of
measurements with and without plasma contact (Ei§)r Unless the surface thermocouple is directposed to
plasma contact, the sensor voltage remains relatn@nstant in time over the period when thermadlgsis is
performed. This demonstrates that the changing etagfields associated with routine tokamak operatio not
affect the surface thermocouple and that only tméase thermojunction is changing temperature. [Eok of a
temperature change at the thermojunction betweerstinface thermocouple and its stainless steel trsuaso

confirmed by the QFLUX_1D thermal simulations thae the surface temperature to calculate heat flux.

We have found that voltage pick-up during lon-Cydda Range of Frequencies (ICRF) heating in Alc&evod
[16] precludes the use of surface thermocouplesallSavels of voltage pick-up are seen when ICREeanas are
turned to 80 MHz. The pick-up voltage increase wtienantennas are turned to 50 MHz. Fortunatebretlis no
pick-up seen during operation of lower hybrid hegtbr lower-hybrid current drive [16] (both at 4361z), allowing
surface thermocouple analysis to be performed @sdahdischarges. Measurements of surface heat fltirgda
plasma disruption, i.e. a rapid loss of plasma icenfient [17], would be of great interest. In thesents, the
plasma stored energy (~100 kJ) is transferred filtanplasma to the wall in ~1 ms. Unfortunately vesrénfound

that the voltage pick-up during a disruption tyflicaverwhelms the thermal signal.

5. Comparison with other heat flux diagnostics

Utilizing the extensive array of sensors instaltedC-Mod’s outer divertor (Figure 4), it is possilib perform a
number of comparisons among the surface heat flagndstics. One important crosscheck is with tHeroaeter
sensors. These are thermally isolated molybdenumgsshvith ice-point compensated, type-K thermocaaiple
embedded in them at a location that is locatedapmately 5 mm from the calorimeter surface [18gcBuse the
thermojunction is recessed below the surface, dh@rimeter signals have a time response that idynekentical to

that of the embedded tile thermocouples (top pahéligure 3). This signal cannot be used to infanface heat
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fluxes directly. Yet, because the sensors are thigynisolated, their overall change in temperatizre reliable
measure of the time-integrated surface heat flussitle This quantity is computed for each caloriengaccounting
for its mass and exposed surface area. For coroparés corresponding time-integration of the surfhaeat flux
signal derived from the surface thermocouple datperformed. It is found that the surface thermptaderived

and calorimeter-derived energy flux densities agviékein 15% (Figure 6).

A direct comparison of heat flux time histories ided from the surface thermocouple data can be niiame
Langmuir probes that are located in close proxinfifigure 4). The theory for heat flux through asptea-wall

sheath is well developed [19]:

q=yKeTe o - 1)

With the electron temperaturé.] and particle flux densityd{;) measured by a Langmuir probe swept through ion-

saturation; kg is Boltzmann's constant. The sheath heat fluxstrassion coefficienty is given by

J/:2.5Ti + 2 (1_JgndJ+|n 1-o, . )

zT, 1-o," I N
t 2™ z 4 1 |1
m\” T .

e

Wherem, andm, are the ion and electron masses, respectiveily;the ion charge. This expression accounts fr th
non-zero plasma-driven current densifly.{ that flows to the divertor, i.e. the ground cutrePositive current
corresponds to net ion collection by the diverfbhe ground current is measured as the current fgetia
Langmuir probe when it is held at zero bias withpect to the divertor. Both the ion temperatufg &nd the
secondary electron emission coefficierid ére not measured. Here, the ion temperatur&kéntto be equal to the
electron temperature, although it can be a factor2ogreater in the edge of tokamaks [20]. Secon@gctron
emission is assumed to be zero. The small grazigteaf the magnetic field line with respect to theface (~2°)
makes prompt recapture likely [19]. For a deuteriplasma these assumptioris £ T, andde = 0) along with a

floating surface Jynq = 0) result in the heat transfer coefficient tisatustomarily assumeg,~ 7.5.

It should be pointed out that there has been ditficsuccessfully matching sheath heat flux measardgs with
theory in tokamaks (see Reference [21] and thosainyi Previous measurements at C-Mod, comparirig ffam
an IR camera with Langmuir probes, also did ndbfeltheory [22]. But, this investigation compareata from two
different locations separated toroidally by 90°adbwing of the Langmuir probes from divertor casset

misalignments may have played a role. However, thew experimental arrangement shown in



Figure4 avoids this complication. Comparison of adjacemfaxe thermocouples and Langmuir probes in the low
density sheath-limited regime yields excellent agrent with sheath theory (Figure 7). These resliltav that a
floating surface assumptiodyfq = 0) is not appropriate for a grounded divertdneTground current increases the

heat flux by nearly 50%, almost consistently thiotige whole SOL.

Yet we find that this agreement does not hold redge plasma regimes. As the density, and thuisioolality, is
increased, the experimentally measured heat fansmission coefficient decreases. Just beforenbketf divertor
detachment (i.e., a loss of plasma pressure alcagnetic field lines) the experimentally measuredtheansfer
coefficient decreases below the minimum theordialowed value off = 5 (whenT; << T,). Coincident with this
behavior is the detection of excess plasma pre¢s@re on divertor Langmuir probes relative to thagpstream—a
situation seen before on C-Mod called the 'deagh{E]. At that time the ‘death-ray’ was discoveér€-Mod
lacked thermal measurements in the divertor; it wpsculated that the divertor over-pressure wasethipy
ionization of neutrals flowing with large toroidetlocities (since ion-neutral momentum couplingésy strong in
this regime), depositing their momentum on magnfitie surfaces that, for some unknown reason, higghtly
elevated temperature$.(> 5 €V, ionization dominant) relative to the rest of theertor profile T, < 5 eV, charge-
exchange dominant). Moreover, the phenomenon wasveesd to occur in an axis-symmetric band, affectirg
whole divertor. But with the new surface thermodewgensors installed on C-Mod, we now see thatdbath-ray’
is not an axis-symmetric effect. Instead, it isshikrestricted to just the magnetic flux tube inepted by the
Langmuir probe. Apparently, the Langmuir probe'gjatéve bias modifies the plasma in the flux tube.this
situation the parallel electron heat loss may kechk#d by the negative bias, causing the local fibe to be
elevated above the nominkl~ 5 eV threshold for strong ionization [23]. By tl@fect, neutral momentum transfer
may still cause the local over-pressure, but ontytioe flux tube intercepted by the biased Langnmuiobe.
Prompted by these measurements, this phenomenaowisbeing studied in detail with the help of the RIEE
plasma transport simulation code [24]. In any ctts®new surface thermocouple sensors have privegmvtorth in
identifying regimes where divertor Langmuir protsesurately measure local plasma parameters in C-Nlbi
has allowed for a proper comparison of divertor apstream plasma measurements, leading to the iamioesult

that the divertor heat flux footprint is largelyt §g the upstream plasma pressure profile [1].

6. Summary

We have developed surface thermocouple sensorsséoin a tokamak plasma environment and investigdueir
performance in the Alcator C-Mod experimental devi€hese surface thermocouples have been sucdgssfat
to infer the heat flux densities arriving on thaesuivertor target. It has been demonstratedtiiesensor’s voltage
response during a plasma pulse accurately repbeschange in divertor surface temperature. Enehgye$
computed from the surface thermocouples are indbpdly confirmed with calorimeters. Comparisons hwit
Langmuir probe derived heat fluxes yield good agrest in low density regimes, lending confidencéh®sensor’s

measurements and plasma-sheath theory. The sutfaomocouples have also identified regimes wherthdu



analysis is needed for proper interpretation oflthegmuir probe data. In light of these favoraldsults, surface

thermocouple sensors will continue to be employe@-Mod as an important part of the divertor diagjits set.

Acknowledgments

We would like to thank the entire Alcator C-Mod ieaespecially Ron Rosati for his craftsmanshipreparing the
thermocouples and cables. Special thanks are eedetodTom Blanchard and the team at NANMAC Corgporat
for supplying the custom-designed ‘self-renewingrthocouple’ sensors. D.B. would like to thank AditoLean
for useful discussions. Work supported by US DoBCAgreement DE-FC02-99ER54512.

7. References

[1] B.LaBombard, J. L. Terry, J. W. Hughes, D. BrundeiPayne, M. L. Reinke, |. Cziegler, R. Granbtz,
Greenwald, I. H. Hutchinson, J. Irby, Y. Lin, Bpschultz, Y. Ma, E. S. Marmar, W. L. Rowan, N. Tis.
Wallace, D. G. Whyte, S. Wolfe, S. Wukitch, G. Weng and the Alcator C-Mod Teamhysics of Plasmas
18, (2011).

[2] J. Nanigian and D. NanigiaRyoceedings of SPIE 6222, p. 622203, (2006).
[3] D.A. BenderskeyMechanical Engineering 75, 117,(1953.

[4] C.E. Moeller, M. Noland, and B.L. Rhodes, NASA Qimitions to Development of Special Purpose
Thermocouples, A Survey, NASA SP-5050, pp. 37-4968).

[5] V. Menezes and S. Bhd®eview of Scientific Instruments 81, 104905 (2010).

[6] H. Mohammed, H. Salleh, and M. Yusdiffiernational Communicationsin Heat and Mass Transfer 35, 853,
(2008).

[71 A. Alkidas and R. ColeJournal of Heat Transfer 107, 439, (1985).

[8] C. Kidd, Measurement Technology for Aerospace Applicationsin High-Temperature Environments 1, pp. 31-
50, (1992).

[9] D.R. Buttsworth Experimental Thermal and Fluid Science 25, 409, (2001).

[10] S. Gangadhara, B. LaBombard, B. Lipschultz, an@ilrce, inBulletin of the American Physical Society, 41,
1550, (1996).

[11] N. Basse, A. Domingue, E.M. Edlund , C.L. FioreSRGrantez, A.E. Hubbard, J.W. Hughes, I.H.
Hutchinson, J.H. Irby, B. LaBombard, L. Lin, Y. LiB. Lipschultz, J.E. Liptac, E.S. Marmar, D.A.



[12]

[13]
[14]
[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Mossessian, R.R. Parker, M. Porkolab, J.E. Ride,Shipes, V. Tang, J. L. Terry, S. J. Wolfe, and K
Zhurovich,Fusion Science and Technology 51, 476, (2007).

B. LaBombard, J. Goetz, |. H. Hutchinson, D. JablonJ. Kesner, C. Kurz, B. Lipschultz, G. McCracka.
Niemczewski, J. L. Terry, A. Allen, R. Boivin, Fohbarda, P. Bonoli, C. Christensen, C. Fiore, Diniga,
S. Golovato, R. Granetz, M. Greenwald, S. Horneiidbbard, J. Irby, D. Lo, D. Lumma, E. Marmar, M.
May, A. Mazerenko, R. Nachtrieb, H. Ohkawa, P. @§h\. Porkolab, J. Reardon, J. Rice, J. Rost, J.
Schachter, J. Snipes, J. Sorci, P. Stek, Y. Takasé/ang, R. Watterson, J. Weaver, B. Welch, and/6lfe,
Journal of Nuclear Materials 241, 149, (1997).

A. F. Mills, Heat Transfer. (Homewood, IL: Irwin Publishing, 1992).
D-tAcq Solutions Ltd., East Kilbride, ScotlandK, http://www.d-tacq.com/.
L.L. Lao, H. St. John, R.D. Stambaugh, A.GlIK&an, and W. PfeifferlNuclear Fusion 25, 1611, (1985).

P.T. Bonoli, R. Parker, S.J. Wukitch, Y. LM, Porkolab, J.C. Wright, E. Edlund, T. GraveslIn, J.
Liptac, A. Parisot, A.E. Schmitt, V. Tang, W. Beé&k, Childs, M. Grimes, D. Gwinn, D. Johnson, Jy/|rA.
Kanojia, P. Koert, S. Marazita, E. Marmar, D. TeRy Vieira, G. Wallace, J. Zaks, S. Barnabei, C.
Brunkhorse, R. Ellis, E. Fredd, N. Greenough, Jé4p C.C. Kung, G.D. Loesser, J. Rushinski, G.|8aii
C.K. Phillips, J.R. Wilson, R.W. Harvey, C. FioR, Granetz, M. Greenwald, A.E. Hubbard, I.H.
Hutchinson, B. LaBombard, B. Lipschultz, J. Ricé\. Bnipes, J. Terry, S.M. Wolfe, and the AlcateMod
Team,Fusion Science and Technology 51, 3, pp. 401-436, (2007).

M. Sugihara, M. Shimada, H. Fujieda, Yu. Gribovidki, Y. Kawano, R. Khayrutdinov, V. Lukash, and J.

Ohmori,Nuclear Fusion 47, 337-352, (2007).

J. Payne, D. Brunner, B. LaBombard, and J. Teyertor calorimetery in Alcator C-Mod Review of

Scientific Instruments, to be submitted.

P. C. Stangebylhe plasma boundary of magnetic fusion devices. (New York, NY: Taylor and Francis
Group, 2000).

M. Kocan, J. Gunn, J. Pascal, and E. Gaut@entributions to Plasma Physics 50, 836, (2010).

J. Marki, R. Pitts, T. Eich, A. Herrmann, J. Horac. Sanchez, and and G. Verdsjrnal of Nuclear
Materials 363, 382, (2007).

D. Brunner, B. LaBombard, J. Payne, and Jérril, Journal of Nuclear Materials 415, (2011).

D. Brunner, B. LaBombard, J.L. Terry, and and MinRe, inBulletin of the American Physical Society, 55,
(2010).

M. Umansky, D. Brunner, B. LaBombard, and T. Rogm/i"Modeling of local edge plasma perturbations



induced by a biased," Proceedings of PET, (2011), submitted.

10



Surface Thermocouple Circuit G=

ceramic break Tee = 3.0 ms
, vacuum feedthrough G =248 NLF4LIA
tungsten-rhenium i Tee = 3.0ms DAC
Vv é 50 Q coax INA129 | L

TC stainless steel = 4 W

+ |
= = —— original ground = b3
I I I I
SOLplasma T NP N improved ground - =

= inner divertor
Figure 1. (color online) The thermal EMF+ is generated at the molybdenum/tungsten-rhenhgamnojunction.

No other thermojunctions change temperature thrébgipulse. The voltage is transmitted via &5€oax to a
high common-mode rejection instrumentation amplifith a gain of 248. The differential input RCtdit has a 3.0
ms time constant. The signal is put through a ugstiy circuit with further filtering (3.0 ms timenstant) and then
digitized on a D-TacQ DT196 unit at 400 kHz. Bdtle priginal and improved grounding points are sh¢gvound
taken to be the vacuum vessel potential). Witholdegrounding method, plasma-induced currents wéala
though the stainless steel thermocouple holdettriboting a voltage that was of the same ordersigd of Vic,
leading to erroneous temperature measurementse Ipresent design the current path through thelesai steel is
eliminated and the molybdenum body is shorted tiréc ground. The voltage generated by the plasmdaeced

current flowing through the molybdenum is much lgen Vic.
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. tungsten-rhenium ribbon

Surface Thermocouple Assembly

. stack of shim-stock spacers

1
2. mica isolators 11. thermocouple holder
3. molybdenum half-cylinders 12. set screws
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Figure 2. (color online) The 1 cm scale bar istoth the line drawing and inseltlphotlozgraph. The TdAgsten-
26% rhenium ribbon (1) is electrically isolated wihica sheets (2) from the molybdenum probe bod§ 43. This
in turn is swaged into a 6.35 diameter molybdenwuipet forming a customized version of a ‘self-rermayvi
thermocouple’ supplied by NANMAC Corp. Filing therface of the sensor initiates the thermojunctidre copper
collet (7) grounds the molybdenum senor body tontleéybdenum tile with low electrical resistancesutators (9 &
13) isolate the stainless steel probe body fromumplo The threaded holder (11) allows for a remowatdaxial

connection.
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Temperature and Heat Flux from
Strike Point Sweep
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Figure 3. (color online) A cross-calibration proaes is performed on each discharge, which forcesstirface

thermocouple temperature to agree with the tilenioeouple temperature before the plasma pulse. tithe
evolution of both signals is shown in the top pakiing output from the EFIT plasma equilibriumaastruction
code, the magnetic flux surface labg) &nd magnetic field line inclination angle on eacinface thermocouple is
recorded (second and third panel). The coordipatethe distance of the magnetic flux surface beytre last-
closed flux surface as it passes the outer eqaatmid-plane of the plasma. Local heat flux densitymal to the
surface thermocouple surface is computed from aHe8x transport model of the surface thermocoupliader
with temperature-dependent thermal parameters. questity and its equivalent heat flux density fiogv along

magnetic field lines are shown in the bottom panel.
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Figure 4.(color online)12° section of the lower outer divertor module wits ramped 2° and sensors. The
magnetic field is nearly tangential to the four é&stirows (~1° for the normal tiles, ~2° for the pad). The
Langmuir probes are the circles in the left-mostiem of tiles. The surface thermocouples are thiealed right-
most circles in the center column of tiles. Theodaheters are the two columns of circles runningatween the

surface thermocouples.
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Surface Thermocouple Response to Heat
Flux and Changing Fields
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Figure 5. (color online) Comparison of raw surfaeermocouple voltages for a pulse with plasma ctintg the
surface thermocouple sensor and one without (toplpaNote that using the tungsten-rhenium as émger
conductor results in a decrease in voltage reptiegean increase in temperature. Vertical axisieited for
clarity. Both pulses have nearly identical toroifiald (middle panel) and plasma current (bottomegda There is a
small sensitivity to the rate of toroidal field rprap and ramp-down, but neither affects the theamalysis. The
heat flux calculation starts after the toroidaldieamp-up induced voltage returns to its startialyie and ends
before the ramp-down. The sensor does not pickypvaltage contribution from plasma current rangssseen by
the lack of a response during the case with nanpdasontact. This lack of voltage change also indiéhat only
the surface thermojunction, and none of the otimetise circuit, changes its temperature over ampéapulse. From
this comparison we are confident that the voltagponse of the sensor is entirely due to changés sarface

temperature.
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Shot-Integrated Energy Deposition
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Figure 6. Comparison of the energy deposited omrface thermocouple and neighboring calorimeterafbof the
L-Mode pulses taken for the 2010 Joint Researclyéiafl]. Calorimeter energy flux is calculated gsithe
temperature difference of a thermally isolated radBnum slug with an embedded thermocouple. Surface
thermocouple energy flux is found by integrating thurface heat flux, which was calculated from $heface

temperature evolution. Values typically agree ttidye¢han 15%.
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Comparison of Langmuir Probe and
Surface Thermocouple Heat Flux
Electron
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Figure 7. (color online) Plasma parameters andvedrparallel heat flux density profiles obtainednfr sweeping
the ‘heat flux footprint’ over a surface thermoctupnd Langmuir probe in close proximity. Horizdraais isp,
the magnetic flux surface label, mapped to theramidplane. The plasma-induced ground currégg)(at the outer
divertor increases the sheath heat flux coeffictent11, 50% above the nominal floating value of5~{flashed
line). Using this calculated value of the sheathtHtux transmission coefficient, the heat flux files from the

Langmuir probe and surface thermocouple are in gguwdement across the entire footprint.
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