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Motivation

« Solid divertors can only work with > 90% volumetrically
radiated power
— SOL widths appear not to scale with reactor R, leading to very
high parallel heat fluxes
— angles between B and a divertor plate are limited by
engineering tolerances, preventing arbitrarily low heat fluxes
on a plate.
+ Detached divertors with gas puffing can lead to MARFEs
when the detachment front is unstable[1] [2] .

It is desirable for a divertor technology to have a large stability
window, or a physics-based feedback mechanism.
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The lithium vapor box divertor (VBD)

A chamber filled with lithium
vapor with margin in n/ to
extinguish the maximum
expected heat flux.

Lithium evaporates from the
lowest chamber and is
redeposited at upper chambers.

To prevent efflux of vapor, create
shocks by making baffles
reflecting: have the baffle
temperature greater than the
local vapor density’s saturation
temperature:

neq(Tbaf) V Toat > Mvap+/ Tvap
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Vapor box comparison to gas puff

In contrast to gas puffing detachment schemes, with the vapor box
divertor,

+ gas must be pumped, but vapor is condensable by cool
surfaces.

+ a strong gradient of impurity density may yield stable
detachment.

+ higher power input should quickly evolve more vapor.

+ controlling wall temperatures provides control over heat
extraction as a function of position
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Validating this concept before tokamak use

Open questions with the VBD:

1. Can the Li cloud be contained by baffles and condensing
surfaces, both without and with plasma?

2. What Li vapor density yields detachment?

3. Can the plasma power be transmitted to latent heat of Li to
spread heat over large areas?

4. When detached operation is reached, how much Li is
advected/diffused upstream in the plasma toward the core?

A cylindrical-geometry test stand with similar Tyap, Nyap, Ne can test
this concept.
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Li vapor flow without plasma de-
termines possible operating mode

evap cond. cond.

v t t

w Wslot
d Ohoz

main chamber
—_—

/

+ Specify geometry and wall temperatures

» Choked flow through nozzles/slots

+ Assume that vapor in the center of the boxes is homogenized
by standing shocks.
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Simple model describes
0-D solution for n boxes

U w

Nvap,i—1 Nvap, i
Tvap,i—1 froz,i—1 Tvap,i fhoz,i
— —
‘ H Twall i ‘
Twall N

This model solves for nyap ; and Tyap,; from flows f of vapor into and out of the ith chamber.
Only the geometry and Ty ,; must be specified. Model from [3].

fwall,i [371] = Awall,irLang,i froz,i [371] = 0.6288An0z,iMNvap

Kk Tvap,i
2wmy;

Nap,i [371] = Awall,ivap I_Lang[mizsq] = Neq
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Implementation for an NSTX-U sized device

Geometry R=1m, /=10cm, w = 15¢cm, wgot = 5cm.

1 2 3
Twan °C 625 475 350
Tvap °C 625 617 617
Nygp M2 8.09 x 1020 242 x 10 6.86 x 10"
Pvap Pa 10 2.98 0.843
Mass flow kg/s 1.91 x 1073 569 x 107* 1.61 x 1074
Mass flow kg/h 6.87 2.05
Latent heat flow kW  40.7 12.1 3.43
Enthalpy flow kW 5.14 1.52 0.43
Kn 0.0356 0.119

Efflux from last box > 300g/h indicates that vapor box should not
be kept hot between shots. Knudsen number in the ‘transitional’
regime (0.01-10) means a fluid model is not strictly applicable.
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A simple detachment model

Estimate the Li vapor temperature requried to dissipate energy of
the divertor plasma in the final vapor box chamber.
+ Lithium vapor flux into each side of the plasma sheet is
MNvapy/ K Tvap/(2my;)
+ Each Li atom dissipates € eV of energy.
+ Two-sided area of plasma sheetis 2 x 27R |.

=
Psoi = 4R [ iyap(T),4 /ﬁ €
|

Limitations: value of e is not well understood: not constant for
each atom, and varies by divertor conditions. 2D effects such as
the thickness of the divertor plasma could prevent neutral Li from
cooling the center.
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NSTX-U, ITER require reasonable va-
por temperatures for wide range of ¢

800 |-

r ITER, € = 10eV
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Temperature required to generate enough Li vapor such that the entire Pgp, is radiated by
Li atoms entering the plasma, as a function of Pso; /Rlpe. Three example points are given:
ITER (Psor = 100MW, R =6.2m, | = 10cm) ate = 10eV and ¢ = 250 eV, and NSTX-U
(Psor = 10MW, R =0.85m, [, = 10cm) ate = 50eV.
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Radiative cooling estimated
with CR ADAS database

Can estimate e using a collisional-radiative model:
+ Specified ng, Te for a hydrogen plasma.
+ Li atoms enter as neutrals and ionize, radiate.
+ Li particles are lost with a characteristic decay time .
8!7(,')
ot

8!7(0)
ot

— nen(i—1) SCD(/—1) - nen(,’) SCD(,) + = 1/7'
+ nen(,-+1) ACD(,-_H) — nen(,-) ACD(,)

— n(,-)/T

L, = (PLT(,) + PRB(,)) € = Lynet

Rates SCD, ACD, PLT, PRB(ne, Te) from ADAS. Does not account
for transport: local density and temperature change over time, and
the decay time 7 can only be estimated.
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Cooling per ion strongly
varies with plasma parameters

103 Electron cooling power of Li, 7=10"° [s]

— total

- - radiation only

N ' — 10% [m ¥, 10 m 5]
. ! — 10* [m~?], 10" (m 3]

~ ! — 10 [m~?], 10 [m~* 5]

107

10° 10* 10? 10°
T, [eV]

Electron cooling energy of a single injected neutral atom at ne = 10" m—3 to 102" m—3 and
a specified T, and over a lifetime of 7 = 10~ 3.

@DNSTX»U J.A. Schwartz | A lithium vapor box expt | APS DPP, San Jose, CA, Nov 3rd | 12



Li concentration varies by <800 in simulations
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cL; varies from 0.08 to 107° = Include this effect in models.
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Simulations along the SOL of NSTX, from F.
Scotti’s thesis [4]
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Theory for Li transport in a
low-impurity-fraction plasma

Forces on impurities in a hydrogen—dominated plasma: [5, 4]:
aT
dS”

d Vi —
m,—— (nv2) = mn, 2 + ZenyE + ny(ae + Bi

ds

« Electric force Fg = Zen,E

+ Temperature gradient force Fyy = nz(ae + 5:‘)%
+ Friction force Ff = mznz"’:—s"z

» No impurity pressure force — trace impurity limit

Where ap = 0.712% ;= 2 t8vVeZ 1100 086,05 1)

. 1/2
147 x 10822 T, ()

<1+ ma ) nZ2log(A)

K= mz+mi; Ts =
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A test-stand experiment

Without plasma at PPPL, and then with plasma on Magnum-PSI at
DIFFER.
» Several vapor box chambers to study the flow of Li
— coupled by valves, so that the first chamber can be heated
without introducing Li into the second.
— be able to be disassembled
B measurement of mass change due to Li buildup
— outfitted with thermocouples
B to measure temperature at several points on their surface
m infer radiated power
— with heating power of a few kW per chamber
— and similar amounts of cooling power, for steady-state
experiments on Magnum-PSlI
B with cooling-fluid calorimetry to measure energy transport
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Test stand with matched Kn is reasonable size

3 boxesof | =15¢cm, d = 15¢cm, dhoz = 5cm.

Twan °C 617 561 514
Tyap °C 617 569 522

Nygp M3 8.01 x 102 243 x 10%° 6.94 x 10'°
Pvap Pa 9.84 2.82 0.762

Mass flow kg/s 1.18 x107° 3.47x107% 9.64 x 10~
Mass flow g/15min 3.1 0.87

Latent heat flow W 251 73.9 20.5
Enthalpy flow W 3.14x 10" 875 2.3

Kn 359x1072 1.18x 107" 4.15x 10"
e for eAyano T* assumed  0.03 0.2 0.1
eAnao T4 W 85.7 334 133

Heating powerreqd W 517 300 41
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Experiment with heating walls

1. Hold constant Tg.
2. Wait.

3. Measure masses.

heat 625°C heat 475°C heat 350 °C

» Test the condensation of Li on surfaces to limit efflux
+ Validate DSMC models of neutral flow.
+ Provides a comparison to the box with plasma

— test plasma plugging of the vapor.
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Experiment with non-uniform heating

IV

cool cool cool

)

» Test response of the vapor box to localized heating:
— heating profile should be similar to that of an attached plasma.

 Test for local dryout of Li by measuring the temperature close
to heating point
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Interpretation and validation: DSMC code

+ Typical Knudsen number for flow in the vapor box is between
0.01-1, the ‘transitional’ regime between fluid dynamics and
rarefied gas dynamics.

 Traditional fluid code is not appropriate.

+ The Direct Simulation Monte Carlo (DSMC) method is suited
for this regime[6]:

— Model Li surfaces as emitting Maxwellian-distributed particles
— Particles hitting those surfaces are absorbed
— Surfaces with specular or random-direction reflection

The OpenFOAM code implements a DSMC model that should be
suitable.
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Magnum-PSI provides suitable plasma

Pic from https://wuw.differ.nl/magnum_plasma_en

g ~ 10MW/m? over a 3cm diameter, ne ~ 2 x 102 m~3,
Te =~ 3eV.
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https://www.differ.nl/magnum_plasma_en

Experiments at Maghum-PSlI
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Spectrometer

changes in Li neutral transport with plasma

vapor box start-up heating by plasma

the vapor density and temperature required for detachment
upstream contamination by transport of Li through the plasma
+ power deposition profiles
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Li ionization length in Magnum-PSI

Length [mm]

107 L

102 .
107 10° 10!
T, [eV]

Typical ionization distance for a Li atom moving at 1km/s at ne = 1022 m—2 as a function of
Te.

Li vapor atoms will still ionize in Magnum-PSI as long as
Te > 0.6eVand n,L > 10" m—2,
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Plasma pressure for detachment is OK

Magnum-PSI plasma cylinder / = 15cm, r = 1.65cm.

Input power [kKW]  ng[m—3] Te[eV]  neTe [Pa]
8.5 1.75x 102 3 [84]
e [eV] Flux [m™2s™']  Tyap[°C]  prap [Pal
0.95R 3.6 x 10%* 734 115
6.0 5.7 x 102 640

Calculations for vapor temperature in the 1st chamber to dissipate the plasma input power in
Magnum. R represents cooling energy from radiation only; else includes ionisation energy.

Pplasma > Pvap SO the plasma is plugging the vapor.
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Experiments inform future models

Perhaps a 1D multi-fluid model with
+ radiation and ionization e
* main ion and impurity fluids
» + DSMC neutral vapor transport (loosely coupled)

Or a 2D model like UEDGE or SOLPS if finite SOL width or flow
reversal are important.
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Summary

+ The lithium vapor box divertor is a potential solution to future
tokamaks’ high SOL power and heat flux.
* We plan to build and test a vapor box simulator to study
— vapor efflux from the box.
— redistribution of heat by lithium vapor.

— necessary lithium vapor density and temperature to create a
detached plasma.

— lithium contamination of plasma upstream of the box.
« The first two of these will be characterized without plasma

here at PPPL, and all of them will be studied with plasma
input at Magnum-PSI.
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Li is a better coolant than C, N, Ne at low T,

At this density
and lifetime, Li
is a stronger
electron coolant
than C, N, Ne
at T, < 1.5eV.

n,=le+20[m™®], r=1e—5 s
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— C
103 Ne |
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Electron cooling power of C, N, Ne, and Li at ne = 102 m—3 and a
specified temperature and over a lifetime of 7 = 10~ % s.
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