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ABSTRACT

The hydrogen plasma-chemical processes responsible for tokamak divertor detachment are studied experimentally in the linear device
Magnum-PSI, with a focus on molecular activated recombination (MAR) in hydrogen plasmas. Hydrogen plasmas with electron densi-
ties up to 6 x 10?° m~3 were created in Magnum-PSI, and hydrogen gas puffing was used to locally enhance plasma-neutral interaction.
Thomson scattering and Balmer line spectroscopy measurements show that as neutral pressure is increased, the plasma passes through
regimes dominated by ionization, MAR, and electron-ion recombination in turn. Heat and particle fluxes decrease monotonically with
pressure. Fulcher band measurements show that in our plasma conditions, a simple model based on Franck-Condon excitation of a
thermal vibrational distribution fails to describe the vibrational distribution of the upper state. These results serve as a benchmark
for modeling suites that aim to simulate the ITER divertor and motivates their accurate treatment of the discussed processes, particu-
larly MAR.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0017714

INTRODUCTION

In ITER and other next-generation devices confining fusion-grade
deuterium-tritium plasmas, operating in a detached or semi-detached
divertor regime will likely be mandatory in order to limit heat loads to
plasma-facing components (PFCs) to the tungsten material limit of
10 M¥." Divertor detachment has been achieved in many tokamak
experiments” ~ and is characterized by an interplay of plasma-neutral
processes which lead to a plasma pressure loss along the field line

The candidate processes leading to volume recombination are
atomic electron-ion recombination (EIR)—which occurs either radia-
tively or as a three-body reaction—and molecular activated recombi-
nation (MAR). We consider MAR in hydrogen plasma in this work,
noting that there are considerable differences in rates for the deute-
rium and tritium isotopes. The MAR reaction has two branches, each
of them a two-step process. The first branch, mediated by the molecu-
lar ion H;, consists of ion conversion followed by dissociative

and ultimately to a reduction in heat and particle fluxes to PFCs.” recombination,
As some examples of relevant processes in detachment, radiation ) . N L .
from seeded impurities directly distributes heat and decreases the elec- Hy+H" —Hy +H, Hy +e —H +H. 1)

tron temperature. Elastic collisions and resonant charge-exchange
between plasma main ions and hydrogenic neutrals transfers energy
and momentum to particles not confined by the magnetic field, result-
ing in power spreading and a decrease in ion temperature and flow
speed. Finally, volume recombination produces excited hydrogen
(deuterium and tritium). If this decays to the ground state rather than

The second branch includes the negative ion H~ and consists of disso-
ciative attachment followed by mutual recombination,

H)+e —H +H, H +H" —H +H. )

being re-ionized, it reduces the particle flux and, hence, the amount of
ion-electron pairs that deposit their ionization energy while recombin-
ing on the PFC surface.

In both reactions, H} indicates a vibrationally excited molecule with
v > 4." In deuterium and tritium, differences in the vibrational energy
structure cause large differences in MAR rates.
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Other possible MAR pathways exist. For example, proton trans-
fer between H; and H, forms H;, which can undergo dissociative
recombination. This H; branch of MAR is suggested to play an
important role in plasma recombination, for example, in Ref. 8.
However, for electron densities >10' m~3, as is the case in the ITER
divertor and in typical Magnum-phase-shifting interferometric (PSI)
plasmas, the H," lifetime is very short due to efficient dissociative
recombination, and barely any H;" is produced.”

An analysis of the effective rate coefficient of MAR Kjyjar in
hydrogen plasma, accounting for branches (1) and (2), vibrational dis-
tribution, and competing reactions for H;” and H™ that do not lead to
recombination, found that Ky reaches a maximum at an electron
temperature T, of around 1eV."” Comparing the values to rate coeffi-
cients for EIR and ionization,'' as is done in Fig. 1, it is clear that the
MAR rate coefficient is larger than that of EIR for T, = 0.5¢V and
larger than that of ionization for T. < 2 eV. At sufficiently low dissoci-
ation rate and ionization degree, this means that the MAR rate
Kumarneng, can dominate over the EIR rate Kgjpnenp+ and the ioniza-
tion rate Ki;n.ny around the aforementioned T, range.

MAR has been a subject of study in many linear plasma devices,
which aim to study plasmas relevant to the tokamak divertor with the
advantages of simple geometry, good diagnostic access, and steady-
state operation. Many such studies showed that MAR played an
important role as a recombining agent in the plasmas studied.'” " In
Pilot-PSI, it was observed that MAR took place mostly around the
periphery of the narrow plasma beam (d = 2-3 cm) due to the molec-
ular density being rarefied further inward. This led to observation of
hollow emission profiles of the Balmer £ line from H* produced by
MAR mainly at the typical penetration depth of the molecules of
4mm."” The rarefaction of neutrals was not itself caused by MAR but
by simple collisional heating of molecules by the background
plasma.'

The MAR reaction is included in the Monte Carlo neutral codes
EIRENE'” and EUNOMIA."® EIRENE is part of the SOLPS-ITER
code package, in which it is coupled to the multi-fluid code B2.5

10-15 S

10-20 L

Rate coefficient [m°/s]

lonisation
Electron-ion recombination
——— Molecular-assisted recombination

10~25 L
10° 10'
Temperature [eV]

FIG. 1. Rate coefficients for hydrogen plasma processes as a function of electron
temperature for the ionization and recombination reactions. The solid and dotted
lines indicate densities of 1 x 10"® and 1 x 10*' m~2, respectively. MAR domi-
nates over EIR for T, = 0.5eV and over ionization for T,< 2¢eV.

ARTICLE scitation.org/journal/php

describing the charged particles. EUNOMIA-B2.5 is the standard code
package used to model Magnum-PSI plasmas. The two neutral codes
differ slightly in their technical treatment of MAR, which motivates
comparing both codes to experiments in which MAR is observed.

In this work, we study the role of MAR and the other processes
governing detachment using the linear device Magnum-PSI' in
hydrogen. Magnum-PSI is unique in its ability to produce plasma tem-
peratures and densities close to those expected in the ITER divertor, in
contrast to other linear devices which typically operate at lower densi-
ties.”” Compared to its predecessor Pilot-PSI which was capable of
producing similar plasma conditions, Magnum offers steady-state
operation at higher magnetization due to the addition of supercon-
ducting coils. The addition of a differential pumping scheme allows
changes in the downstream neutral pressure without affecting source
operation. We use hydrogen gas puffing to investigate different
regimes of plasma conditions as well as neutral pressures, with electron
densities 71, between 10'® and 10*! m ™3, T, between 0.1 and 5 €V, and
neutral pressure p,,; between 0.2 and 14 Pa. For reference, the plasma
at the ITER divertor target is expected to have T, =40 — leV,
n,=5x10° -2 x 10> m=3, pyor = 1.4 — 10.8 Pa for a power of
100 MW crossing the separatrix, depending on if the divertor is oper-
ated in the attached, high-recycling, or semi-detached regime.”'

EXPERIMENTAL SETUP AND DIAGNOSTICS

The linear device Magnum-PSI'” generates plasma using a cas-
caded arc source and confines it in an axial magnetic field of up to
25T produced by a superconducting NbTi magnet. The plasma is
transported through three chambers, which are differentially pumped
to remove neutrals, minimizing plasma losses and neutral influx to the
target chamber. An overview of the device is given in Fig. 2.

In the experiments presented here, hydrogen gas is injected into
hydrogen plasmas from a valve located just behind the target. The
neutral background pressure is measured by a baratron type MKS
627B, located further behind the target. The plasma traverses a dis-
tance of 0.38 m between the last skimmer and the target.

The target used is a circular tungsten disk, 30 mm in diameter
and 1 mm thick, mounted perpendicular to the incoming plasma.
Profiles of electron temperature T, and density 1, are measured by a
Thomson scattering (TS) system with a radial resolution of 1.3 mm,””
at a location 25 mm in front of the target. The lower detection limits
are 0.05 eV for T, and 2 x 10" m~—3 for n,.

Three different “baseline” plasmas without target chamber gas
puffing were created at a constant magnetic field of 1.2 T and hydro-
gen gas flow through the source of to 2.2 x 10* particles/s (5 slm,
standard liters per minute), for different values of source current Ig;
80, 140, and 175 A. An overview of the baseline conditions is given
in Table I, and the profiles of T, and n, measured by TS are given in
Fig. 3. The neutral background pressure p,., is in these cases sus-
tained by surface recombination of electron-ion pairs on the target,
with little role for neutral transport between the middle and target
chambers."” Almost two orders of magnitude in peak 7, are covered.
Such a strong dependence of n, on Ig is routinely observed on
Magnum-PSI and may point to significantly improved source effi-
ciency and/or reduced transport losses at high plasma source current
operation."”

Optical emission spectroscopy (OES) measurements are taken in
the same axial location, using a Jarell-Ash spectrometer of
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FIG. 2. Design of the linear plasma device Magnum-PSI. The numbers correspond to the following: 1. plasma source, 2. skimmers separating the three chambers, 3. plasma
beam, 4. target, 5. superconducting magnet, and 6. gas puff location.

TABLE |. Overview of the baseline plasmas studied in this work. All plasmas were created at a magnetic field of 1.2 T and a source hydrogen flow of 2.2 x 10" particles/s.
Reported are the plasma source current /s used; Thomson scattering (TS) results for peak electron temperature Te yeqx @nd density e peqx, and the full width at half maximum
(FWHM) of the n, profile (characterizing plasma width); and baratron measurements of neutral background pressure p,e,:-

I (A) Te peak (€V) fe peak (1020 m™3) n, FWHM (mm) Preut (P2)
80 44+09 0.08 = 0.01 25 0.155 = 0.007
140 46=*04 1.2+0.1 12 0.272 = 0.004
175 24+0.2 69*04 12 0.43 = 0.01

Czerny-Turner design. Two reflecting grating elements are used alter-
nately, one with 150 In/mm covering a spectral range of 175nm and
the other with 2400 In/mm and a spectral range of 11 nm. Light is
relayed to the spectrometer by a linear array of 40 quartz fibers, each
0.4 mm in diameter, and due to the fiber jacket, the fiber cores are sep-
arated with 50 um. An achromatic doublet lens (f =10cm) images
the plasma onto this fiber array. The magnification is such that the
spatial resolution inside the plasma is about 1.1 mm, i.e., a lateral range
of 44cm is covered. Each fiber produces a line-of-sight integrated
measurement of the plasma. The OES system is radiometrically

(a)
%5‘ } 1=80A
B | 1=140A
§ } 1=175A
3 3 | ||
52 } "H }
N Y <
Exl gesee
UJO_
-10 0 10
r [mm]

calibrated using a Ulbrich-type integration sphere (type: Labsphere
USS-800C-035R).

HYDROGEN GAS PUFF EXPERIMENTS

A variety of divertor-like plasma conditions have been created
and studied in Magnum-PSL. At constant plasma source settings,
hydrogen gas puffing was used to increase the neutral background
pressure e, to above the baseline level (0.15 — 0.43 Pa, see Table I),
enabling the investigation of plasmas with high degrees of plasma-
neutral interaction. The peak values of T, and n, measured by TS are

1€20 (®)
—i *} | = 80 A; x20
T 6 | f | =140 A; x4
.E. b 1=175A; x1
>
'454 }}+}+*+
[ o
ko v %
o=y )
gz *+ pootbee
o ey TN
[ .':i{ ’::'l
0_.- ° o
-10 0 10
r [mm]

FIG. 3. Profiles of electron temperature (a) and density (b) for the three baseline plasma scenarios, i.e., without target chamber gas puffing. Note the scaling factors for the

density plot. Error bars indicate reproducibility margin.
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reported in Fig. 4, along with derived values of peak heat and particle
flux (explained below).

Figure 4(a) shows that T, e decreases monotonically as a func-
tion of pye due to a gradual increase in volumetric plasma-neutral
energy sinks for all values of source current. Figure 4(b) shows that at
175 A source current, 1 peqr also decreases monotonically with peus,
pointing to a gradual increase in the net particle sink. The plasmas at
140 and 80 A show different behavior. Here, at 1ow ppeuss 7epeak
increases as a function of py,,, due to ionization of the extra available
neutrals. For gradually increasing pressure, density then peaks, drops,
increases and peaks again, and finally decreases to an order of magni-
tude below that of the baseline plasma.

Since the rate of atomic ionization decreases and that of recombi-
nation increases with decreasing T, only one local maximum of #, pea
as function of p,., would be expected if only atomic physics is rele-
vant. Indeed, the extra dip in the two lower-density curves in Fig. 4(b)
points to an extra particle sink that is primarily active at moderate
Preut and T, consistent with the range where MAR is expected to be
effective. The fact that no similar dip occurs for the 175 A plasma is
likely due to the higher electron density, which leads to a lower relative

(a)
i)‘ 5 - 1=80A
) -—-t- 1=140A
2 I - E——
E 4 \ F- 1=175A
w ‘\\\
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E 3 l\\
o HRS
= o *f :
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g \‘wjt::--'* ------
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4
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o
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Neutral pressure [Pa]
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abundance of neutrals and a decreased relative strength of ionization
and MAR compared to EIR.

At first glance, the 80 A results do not seem to quantitatively
agree with the theoretical prediction shown in Fig. 1. For example,
Me peak has a local maximum at 3.0 Pa [see Fig. 4(b)], indicating that T,
is already too low for MAR to provide a significant particle sink.
However, T, peak = 1.5€V at this same neutral pressure [see Fig. 4(a)]
corresponds with the maximum MAR rate in Fig. 1. This apparent
contradiction is resolved by the sharply peaked nature of the T, pro-
files at low source current. Because the molecular density is rarefied in
the center of the plasma, the lower T, near the edge of the beam is
what determines the overall MAR rate in the plasma.

The ion flux I'; in Fig. 4(c) is calculated from the Bohm flux for
adiabatic flow (y = 5/3,)*

kT, + pksT;\ />
ﬂ) 7 3)

I'; = 0.5n,c, = O.Sne<

1

where we assume a density drop of a factor 2 in the pre-sheath and
T = T..

(b)
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FIG. 4. Peak values of electron temperature (a), electron density (b), ion flux (c), and heat flux (d) as a function of neutral background pressure for three different values of
plasma source current. The dip in peak density around 2 (80 A, blue) and 4 Pa (140 A, orange) cannot be explained by purely atomic physics and suggests the presence of a

molecular particle sink.
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The heat flux g, arriving at the target, plotted in Fig. 4(b) is calcu-
lated as

qt = F,((ZSkBT, — 8V5 — EVP$>(1 — R,E)
+2kBTe(1 - Re‘E) + %+ Xr(l - Rn))

= I';(5.03ksT, + 14.5 (eV)), 4)

where the sheath potential drop V= k%ln(%) =0.5

In [(Zn"n:—f) (1 + %’ﬂ , and the pre-sheath potential drop

Vs = In(0.5) kﬂ—eT” 7 = 13.6eV and y, = 2.2€V are the ionization
and dissociation energy of hydrogen, and R,z = 0.2, R;z = 0.4, and
Ry = 0.6 are the energy and neutral reflection coefficients for tung-
sten.”* Impact energy dependence of material reflection coefficients
and local imbalance between electron and in fluxes compensated
around the edge of the beam are neglected.

The results for ion flux more clearly show the difference in
behavior of MAR between plasma regimes. For the 80 A plasma, the
calculated peak ion flux has a local minimum at ~ 2 Pa, similar to den-
sity. The local dip in I'; around 4 Pa is more moderate for the 140 A
plasma since the #, behavior is partially compensated by the behavior
of T,. The feature is entirely absent in the 175 A plasma. Results for
heat flux qualitatively follow those for particle flux, particularly at the
higher pressures where 5.03kzT, < 14.5eV.

ATOMIC SPECTROSCOPY

Spatially resolved optical emission spectroscopy of the Balmer
series is used to gain further insights about the plasma processes active
in the Magnum-PSI plasma by probing excited hydrogen they pro-
duce. A low-resolution diffraction grating with 150 In/mm is used to
measure the H, (corresponding to the n =3 — n = 2 transition at
656.3nm) and Hy (corresponding to the n =4 — n = 2 transition

Physics of Plasmas ARTICLE
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at 486.1nm) lines using one grating angle. Using another grating
angle, Hg through to the Balmer continuum at 364.6 nm is measured.
A typical measured spectrum is shown in Fig. 5. The observed spectral
line shape is constant over the measured plasma regimes due to the
instrument function having a width of 2nm for this coarse grating.
Overestimates for other sources of line broadening yield 0.04 nm for
Doppler broadening and 0.4nm for Stark broadening. Hence, mea-
sured spectra are fitted using a constant spectral shape given by the
instrument function, and the total radiance of each line is extracted.
Close to the continuum, overlap between the lines is accounted for by
fitting all lines at the same time. The fit is performed for data from
each fiber, yielding a lateral profile of line radiance as a function of line
of sight though the plasma for each spectral line. The “three-point”
numerical Abel inversion method”” is then applied to these lateral pro-
files to find the radial profiles of plasma emissivity, which are directly
related to the excited state densities.

Figure 6 gives an overview of the OES results. The left graphs
show the radial profiles of the different excited states measured, for
neutral background pressures of 0.3 Pa (no gas puffing) in the top
graph, 3.5 Pa in the center graph, and 12.7 Pa in the bottom one. The
right graphs are also known as “Boltzmann plots” and show atomic
state distribution functions (ASDFs) as a function of excited state
energy at the same pressures. The excited state profiles are peaked in
the low- and high-pressure cases, but they are hollow in the case of
moderate neutral background pressure.

Given the geometry of Magnum-PS], this hollow character points
to the dominance of molecular reactions in producing excited hydro-
gen. Background neutrals are rapidly depleted as they enter the plasma
beam, mainly due to heating by ion-molecule elastic collisions. A sim-
ple model suggests that these elastic collisions alone can produce a rar-
efication by a factor of two orders of magnitude under representative
conditions.'® The rate coefficients for dissociation, ion conversion, and
dissociative attachment under these conditions are 2 x 10715,

n=12 ... n=6 n=5 n=4 n=3
_ 10t
)
£
(=
7
Nh
) 0
c 10
E 1
: |
()
=
© |
2
€ 107! \ ‘
I ol ’
I \ | 1 —— Configuration A
& = L\/) L/W\J Ra? —— Configuration B
————— Balmer lines
1072
Balmer break
350 375 400 425 450 475 500 525 550 575 600 625 650 675

Wavelength [nm]

FIG. 5. Example spectrum of the hydrogen plasma, in this case for a recombining plasma. The upper state excited state is indicated; the lower excited state is n = 2 for all
the lines of interest. H, (1 =3 — 2)and Hy (n =4 — 2) are measured using one grating angle, then Hy trough to the Balmer continuum are measured using another.
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FIG. 6. Profiles of excited states [(a), (c), and (€)] and atomic state distribution function as a function of excited state energy—including dotted lines corresponding to a partial local
thermodynamic equilibrium (pITE)—at different radii [(b), (d), and (f)] for neutral background pressures of 0.3 Pa [(a) and (b)], 3.5 Pa [(c) and (d)], and 12.7 Pa [(e) and (f)], all for
the same plasma settings at 140 A. The hollow excited state profiles in (c) suggest a dominant molecular contribution to plasma radiation in the presence of moderate gas puffing.

1 x 107, and 2 x 10716 m3s~1, respectively. These also contribute to
the hollowing of the molecular profile, but a total rate coefficient on
the order of 10~ m*s~! would be needed to fully explain the hollow-
ing of molecular density profiles by a consumption of molecules."”

The existence of the hollow molecular density profiles implies that any
reaction involving molecules has a vanishing rate in the plasma center,
and conversely, hollow emission profiles imply that molecular profiles
are mainly responsible for producing excited H*.
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Further, plasma emissions are increased greatly in intensity in the
3.5Pa case compared to the situation without hydrogen gas puffing,
for example, by a factor ~2.5 for the H, line. These results of
increased emissions and hollow emission, combined with the earlier
observation of lower electron density, point to MAR as their cause.
This is because MAR is a molecular process that efficiently produces
excited states of hydrogen and acts as a sink for electron-ion pairs.
Excited hydrogen is produced at level n =3 for the negative ion-
mediated branch and at levels n =2 — 4 for the ion-conversion
branch, and subsequently redistributed among all observed excited
states by collisional (de-)excitation.

The atomic state distribution function (ASDF) plotted in the
right-hand graphs of Fig. 6 is given by the densities of different excited
states of the hydrogen atom divided by their statistical weights, n,/g,
where g, = 2¢*. Here, g is the principal quantum number of the
excited state. The ASDF is shown at three different locations: r = 0 is
the plasma center, r = 4.4 mm is the location where excited state pro-
files are peaked in the cases where they are hollow (this location is
almost independent of neutral background pressure in the intermedi-
ate range but changes with source current), and r = 9.8 mm is the
periphery of the plasma.

In a plasma in perfect thermal equilibrium, these would fol-
low a Boltzmann distribution and, hence, the points in the graph
would lie on a straight line with a slope of — ﬁ Plasma-chemical
processes that produce H* can disturb this balance, however.
Species like H and H" that have life-times much longer than that
of the various states of H* can be transported between regions of
plasma with significantly different plasma conditions. As a result,
their local densities can be out of thermal equilibrium, and an
abundance of ground state H can locally undergo excitation and
preferentially populate lower excited states. Conversely, an abun-
dance of H' can undergo EIR and preferentially populate the
higher excited states.”® MAR directly produces low excited states
of hydrogen: n = 24 for the ion conversion branch and n = 3 for
the negative ion-mediated branch.””” The low excited states of
hydrogen are potentially under- or over-populated with respect to
a Boltzmann distribution depending on which plasma processes
are dominant. The higher excited states may still be in partial local
thermodynamic equilibrium (plTE) with each other due to the
small energy spacing of the upper levels.

Figure 6(b) shows that in the low neutral pressure environment,
the lower excited states are clearly overpopulated with respect to the
Boltzmann distribution. This, together with the peaked emission pro-
file, demonstrates that excitation is the main source of excited hydro-
gen and indicates atomic ionization as dominant plasma process,
consistent with the Thomson Scattering results. Figure 6(f) shows that
at very high background pressure, the highly excited states are popu-
lated according to the measured electron temperature, thus, they
appear in pITE with the ionic state according to the Saha equation.
The lower excited states are clearly underpopulated with respect to a
single Boltzmann distribution, in fact the n =4 and n = 5 excited
states exhibit population inversion with respect to n = 3. Together
with the peaked emission profiles, this confirms EIR as the primary
source of excited hydrogen, and the most important plasma process in
these conditions. In literature, population inversion of the n = 4, 5,
and 6 excited states has previously been observed in plasmas domi-
nated by three-body recombination.””

ARTICLE scitation.org/journal/php

In the 3.5Pa case, the ASDF at r = 0 is dominated by noise
for the higher excited states since the Abel-inverted emission pro-
files approach and even spuriously fall below zero. Amplification
of noise in the center of profiles is a normal feature of the Abel
transform since only the central line of sight contains any informa-
tion about the center, and this is averaged with off-center informa-
tion.”” Still, the lower excited states are overpopulated within error
margins, which is consistent with excitation playing a major role in
the center, where molecules are depleted. At r = 4.4 mm, where
the excited state profiles reach their maximum, there is moderate
overpopulation of the lower excited states, consistent with produc-
tion of intermediate excited states by MAR. At r = 9.8 mm, the
n = 3 excited state (and only that state) is underpopulated with
respect to Boltzmann, suggesting that at the periphery of the
plasma, EIR starts to dominate.

MOLECULAR SPECTROSCOPY

In order to gain more insight in the MAR processes active in
the Magnum-PSI plasma, Fulcher-a band spectroscopy on hydro-
gen molecules is used. This technique probes the ro-vibrational
distribution of hydrogen molecules in the plasma beam as
described, e.g., in Ref. 30. Vibrational excitation of H,, in particu-
lar, greatly enhances the rates of the precursor reaction in both of
the MAR reaction chains.

The Fulcher band consists of emission lines resulting from relax-
ation of excited molecules from the d°I1, state to the a>~ " state. The
level of vibrational (denoted by quantum number v) and rotational
(denoted by quantum number K) excitation in both states determines
the precise energy difference and, hence, the corresponding wave-
length of the Fulcher band lines. The energy G of the molecular state
depends on v and K as

2
1 1
G(v,K) =Ty + o, (1/ + E) — WX, (1/ + E)

+ (Be—oce<v+%>)K(K+l), (5)

where T, indicates the electronic energy level, and the molecular con-
stants @, .}, Be, and o, are first and second order terms in a vibrat-
ing rotator model of the molecule.”’ These constants depend on the
electronic state and are tabulated in the NIST database.””

An example of a Fulcher band spectrum measured in
Magnum-PSI is shown in Fig. 7, for the same 140 A settings with-
out gas puff discussed in the “Atomic Spectroscopy” section. In
these measurements, a higher-resolution diffraction grating with
2400 In/mm is used. Three recordings at different grating angles
are used to cover all the Q-branch lines of the main diagonal tran-
sitions with Av = 0 between 602 — 625 nm. The instrument func-
tion is Gaussian with a FWHM of 67 pm . The Q-branch lines are
identified in Fig. 7, and their theoretical wavelengths in vacuum™
are given by the vertical lines.

The intensities of the identified Q-branch lines are fitted with a
Gaussian function, and a numerical Abel inversion is performed. The
resulting radially resolved line intensities of the lowest observed rota-
tional level for each observed vibrational state are presented in Fig. 8,
for a source current of 140 A and neutral background pressure of
3.5 Pa. Strikingly, the Q-branch line emissions are peaked in the center
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FIG. 7. Example of Fulcher band measurement. Vertical lines are theoretical predictions for wavelength, which match well with the experimentally identified lines.

of the plasma, unlike the Balmer line emissions which were shown in
Fig. 6(c) to have hollow shapes in this plasma scenario. This peaked
profile shape persists for all observed molecular lines and for all
machine settings investigated. It may be that for the a*; state, the
higher excitation rates due to higher T, in the center of the beam out-
weigh the effect of depletion of molecules in the electronic ground
state.

We quantitatively estimate the effect of molecular excitation for
the 3.5 Pa scenario shown in Figs. 6(c) and 8. The molecular emission
has a half-width at half-maximum (HWHM) of 2-3 mm. T, equals
1.2eVatr = 0and 0.7¢V at r = 3 mm. Assuming that the excitation

E«ﬁz;
kgT,

rate scales as exp (f ) with Epzr = 13.8eV, the energy level of

0.05

0.04 -
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FIG. 8. Radially resolved line intensities for selected Q-branch lines of the Fulcher
band for a 140 A plasma at a background pressure of 3.5Pa. Unlike the Balmer
emission profiles which are fully hollow in this scenario, the Q-branch lines are
peaked in the center of the plasma for each ro-vibrational state.

the upper Fulcher state, the excitation rate varies by a factor of more
than 3 orders of magnitude. It is, hence, possibly consistent that a rare-
fication of molecules by one or two orders of magnitude causes hollow
molecular density and atomic emission profiles, without causing hol-
low molecular emission profiles.

When the rotational distribution within a vibrational state is in
Boltzmann equilibrium, the rotational populations and, hence, line
intensities are given as”*

I(K) < (2K +1)(2T + 1)e(‘kﬁ), (6)

where I is the total nuclear spin, I' = 0 for the para-state (K even),
and I' = 1 for the ortho state (K odd).

The fitted Q-branch intensities per vibrational level, normalized
by their statistical weights (2K + 1)(2I" 4 1), are fitted to this
Boltzmann distribution to find the rotational temperatures.

Figure 9 shows an example fit for the central sightline of the
140 A plasma with no gas puffing. Not all rotational levels are used in
the fits. Q(0,0)3, Q(1,1)2, and Q(1,1)3 are known from the litera-
ture'®”” to overlap spectrally with other Fulcher band lines. Moreover,
Q(1,1)9 and Q(2,2)2 consistently produce higher intensities than
expected in this work, which is also likely caused by overlapping lines.
These five lines are ignored in this analysis, and the corresponding
points are marked with crosses in Fig. 9. The fits show that rotational
temperature increases with vibrational state, a result which is not
uncommon in literature.”****”

The vibrational distribution of the d°TI,, state is described by
assuming Franck-Condon excitation of molecules from the electronic
ground state X 12; to the upper Fulcher state. For these ground state
molecules, the vibrational distribution f(1) is assumed to be in
Boltzmann equilibrium with vibrational temperature T,jo. The

Franck-Condon factors for the ground state vibrational levels v/ are
E(vo)
weighted by a factor %™ to account for the reduction in threshold
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FIG. 9. Rotational distribution for the different vibrational states of the 140 A plasma
without gas puff, as a function of the ro-vibrational energy of each state. The higher
excited vibrational states show steeper slopes and, hence, lower rotational temper-
ature; fitted rotational temperatures are (2.7+0.4) x 10°, (1.5+0.3) x 10°, and
(887+4) K, for the vibrational levels 0, 1, and 2, respectively. The crosses indicate
points not used in the fit; the relevant line intensities are anomalously high due to
overlap with other spectral lines.

energy for excitation due to vibrational excitation.”® Rotational distri-
butions, vibrational redistribution in the d°Il, state, and electronic
excitation from levels other than the ground state are neglected. This
leads to the following expression for f(1/):

E( E(v0)

I3

o)
f(I/) x Z Qv € vTeg Bl (7)

2

Experimentally, f(1/) is determined by the total radiated intensity per
vibrational state, divided by their respective branching ratios.” T, in
the electronic ground state is then taken as a free parameter, and the
theoretical distribution is fitted to the experimental.

The results for the central line of sight of the 140 A plasma, for
different levels of gas puffing, are shown in Fig. 10. The model fits the
vibrational distribution measured at 8 Pa well, which is typical for neu-
tral pressures of 6 Pa and higher. However, the model clearly fails for
the lower pressures. The measured relative populations f(2/ = 1) and
f(/ = 2) fall below the possible model range in all experimental con-
ditions with p,.x < 6 Pa, and hence the model distribution cannot be
fitted to the experimental in these cases.

The range of possible model predictions is limited by the model’s
assumptions of Franck-Condon excitation from a single Boltzmann-

distributed state. Note that the exponentials in (7) can be rewritten as
En E( E(vg

e"ZTﬂc) eikb(rvi']b]v0 = 67%0"‘1&“7%), meaning that the correction for vibra-
tional excitation has no impact on the range of possible distributions
that the model can output, but only shifts which vibrational tempera-
ture corresponds to which distribution. Due to the structure of the
Franck-Condon coefficients and the Boltzmann distribution, the pre-

dicted relative populations of / = 1 and ¢/ = 2 reach a minimum at

-1
combinations where (T/lbo - %) =1.14 x 10*K, for example,

Tyino = 1.14 x 10*K and T, = oo (which corresponds to dropping
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FIG. 10. Measured vibrational distribution of the d®IT, state for a plasma with
140 A source current at different neutral pressures, and fitted distributions corre-
sponding to vibrationally-enhanced Franck-Condon excitation of ground-state mole-
cules in a Boltzmann distribution. The model fails to describe the measured
distribution at the lower pressures, with the data falling significantly below the low-
est possible model prediction.

the correction for enhanced electronic excitation due to vibrational
excitation), or lower Ty at finite T.

A likely source of model mismatch is the neglect of the rotational
distribution of the molecular ground state. This distribution may
exhibit a two-temperature distribution with a higher temperature for
the higher rotational states.”” The highly excited rotational states cou-
ple more effectively to the v/ = 0 state, and may cause the observed
distribution to fall out of the fit bounds.*” To verify and correct for
such an effect, Fulcher band measurements should be taken between
600 and 640 nm with a spectral resolution of 0.02 nm or better in order
to cover and resolve also the high rotational levels.”

Vibrational and rotational temperatures for the entire back-
ground pressure scan of the 140 A plasma setting are summarized in
Fig. 11. At pressures below 6 Pa, the analysis of the vibrational distri-
bution fails and no vibrational temperature is found. T,y of each
vibrational state shows an increase with neutral pressure at low gas
puff levels and a decrease at higher levels of gas puff. At the higher
pressures, T; shows a similar decrease with py. The eventual
decrease can be understood by a decrease in T; there is less energy
available to transfer to the molecules. The initial increase may be due
to higher neutral pressures causing a decrease in the neutral diffusion
coefficient. This would increase the residence time of the molecules,
allowing for more excitation before they are expelled from the plasma.

In the high-pressure cases, the extracted T, allows an esti-
mate of the rates of both ion-conversion MAR and negative-ion
mediated MAR in the Magnum-PSI plasma. At lower pressures—
which are of greater interest since Balmer line spectroscopy indi-
cates a larger role for MAR there—an estimate is given based on
the assumption that the vibrational temperature is larger than the
measured rotational temperature of the Q(0,0) branch by a factor
1-2. The vibrationally resolved rate coefficients of the precursor
steps in reactions (1) and (2), compiled by Reiter,”' are combined
with a Boltzmann distribution for the vibrational states to yield the
precursor reaction rate coefficients.
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FIG. 11. Rotational temperatures of the upper Fulcher state and vibrational temper-
atures of the molecular ground state, determined from Fulcher band emissions,
compared to peak electron temperature as a function of background pressure for
the 140A plasma. For neutral pressures below 6Pa, the Boltzmann/
Franck-Condon model fails and no well-defined vibrational temperature can be
extracted from the data.

The fraction of Hy” or H™ ions that actually lead to recombina-
tion is calculated by accounting for (i) the probability that the pro-
duced excited state is re-ionized and (ii) the probability that H
undergoes dissociation or dissociative ionization instead of dissociative
recombination (proton impact electron detachment of H™ is
neglected). These probabilities are calculated as quotients of the rele-
vant rate coefficients from another work by Reiter."” This yields the
effective rate coefficients of both types of MAR. Effective rate coeffi-
cients of ionization and EIR are taken directly from ADAS."’

To convert rate coefficients to rates, we assume the neutral den-
sity is given from the neutral pressure by the ideal gas law at room
temperature, assuming a dissociation degree of 50%. Rarefaction of
the neutrals in the plasma beam is ignored, which results in an overes-
timate for MAR and ionization. Central values of T, and #n, are used.
The resulting rates of ionization, EIR, and both types of MAR are plot-
ted in Fig. 12 as function of neutral background pressure for the 140 A
plasma. In the case of MAR, the rates are calculated assuming T\ is
a factor 1 to 2 higher than te T,, measured from the Q(0,0) branch.
These results confirm that for increasing neutral pressure, ionization,
MAR, and EIR dominate in turn. Whether negative-ion mediated
MAR is relevant depends strongly on the assumptions on the vibra-
tional temperature; its rate is only a factor 2-3 smaller compared to
ion conversion MAR when assuming Tyip,0 = 2Tyor, (0,0)> but smaller
by more than an order of magnitude if equality of the temperatures is
assumed.

At a neutral pressure of 3.5 Pa, the factor between the MAR rate
and the atomic reaction rates reaches its maximum. The effective rate
coefficient for ion-conversion MAR at this pressure is
1-4 x 107 ¥ m?s~!, depending on the assumptions for Ty;. The rate
is enhanced by up to a factor 6 due to vibrational excitation of the mol-
ecules (compared to a case where all hydrogen molecules are in the
vibrational ground state). Under the same conditions, negative-ion
mediated MAR has an effective rate coefficient of 3 x 107"
—2x 1077 m3 s, with vibrational excitation responsible for an
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FIG. 12. Rates of relevant atomic and molecular processes in the Magnum-PSI
plasma as a function of neutral background pressure. lon-conversion MAR has a
higher reaction rate than ionization and EIR in a narrow range around 3.5 Pa. The
degree to which MAR dominates, and whether negative ions play a significant role,
depends sensitively on the assumptions for vibrational temperature. The error mar-
gins are only due to measurement uncertainties for ionization and recombination,
but dominated by the assumption that T,,; < T,;, < 2T, for the MAR branches.

enhancement of up to three orders of magnitude. The overestimate for
molecule density yields a total effective MAR reaction rate of
4 x 10%-3 x 10** m3s~!. Assuming constant conditions over the
0.38 m that the plasma traverses in the target chamber, the particle
flux reduction due to MAR is given as the product of reaction rate and
distance: 2 x 10%-1 x 10** m~2s~!. Comparing these numbers to
the original particle flux of 2 - 102 m~2s7, the possible relevance of
MAR as a recombination pathway hence depends on what vibrational
temperatures are actually produced and how strongly the molecules
are rarefied in the plasma beam.

DISCUSSION AND CONCLUSIONS

Hydrogen gas puffing was introduced in the last of the three
differentially-pumped vacuum chambers of Magnum-PSI. The evolu-
tion of plasma kinetic parameters, the shape of Balmer line emission
profiles, and the relative populations of hydrogen excited states all
indicate that as the level of gas puff is increased, the plasma passes
through regimes where ionization, MAR, and atomic recombination
dominate in turn. For the highest levels of gas puff, target heat flux,
electron temperature, and electron density were all reduced to below
the detection limit of the Thomson Scattering system. Extrapolating
this result to a tokamak geometry makes it likely that local gas puffing
in the divertor region can mitigate downstream plasma conditions
from  typical Magnum-PSI  values (~5eV,1x 10°m3,
2x10%m 257!, 10MY) to negligible. Such values are comparable to
the ITER semi-detached divertor. Whether more extreme plasma
loading could be mitigated effectively remains unclear. Also, the possi-
ble deterioration of upstream plasma conditions due to escaping neu-
trals cannot be addressed by this work. However, such an effect may
be limited in divertor designs with a large degree of closure.””

Fulcher band spectroscopy indicates that indeed, the MAR rate
exceeds those of ionization and EIR in the moderate pressure regime.
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How the MAR rate compares to the incoming particle flux or whether
there is a role for negative ions cannot be answered by our measure-
ments since the vibrational distribution of the molecular d°I1,, state
observed in Fulcher band spectroscopy fell outside the possible range
used in the model. This model was based on the assumptions of a
molecular ground state in Boltzmann equilibrium, excitation to the
411, state according to Franck-Condon factors, and no excitation
from other vibrational states or vibrational redistribution during the
lifetime of the d°T1,, state. The most likely explanation is a lack of ther-
mal equilibrium in the rotational distribution of the molecular ground
state. This issue can be addressed by repeating the measurements at
higher spectral resolution and coverage in order to incorporate more
rotational levels of the d°IT,,, which can better constrain the ground-
state ro-vibrational distribution. Alternatively, an active laser diagnos-
tic such as vacuum ultraviolet laser-induced fluorescence (VUV-LIF)
can be used to more directly probe the molecular ground state.

Another point of interest is that the Fulcher band line intensities
do not show any hollow profile as was observed for the Balmer lines.
This may be explained by the T,-dependence of excitation of molecules
to the upper Fulcher state if rarefaction of the molecules is limited.

In short, the role of hydrogen molecular effects on detachment in
Magnum-PSI is to provide a significant particle sink, which contrib-
utes to reduced electron densities and target heat loads. In the most
favorable conditions for MAR, achieved with neutral pressures of
3-4Pa, MAR is the main recombination mechanism and outweighs
ionization to produce a net particle sink.

The results presented in this work serve as a benchmark for
modeling suites that aim to simulate the ITER divertor and motivates
their accurate treatment of the discussed processes, particularly MAR.
The wide range of conditions studied, where the processes of ioniza-
tion, MAR, and EIR in turn take on a dominant role, provide a frame-
work where the implementation of each of these can be validated in
detail.

As noted before, isotope effects, such as differences in vibrational
structure, cause differences in the MAR rates between isotopes. For
example, direct measurements of the dissociative attachment rate
show that the process is strongly reduced in D, compared to H,,'°
resulting in a lower rate of D™ -mediated MAR compared to H ™ -medi-
ated MAR. Chiefly, this means that our results regarding the relative
importance of the two MAR reactions are not necessarily valid for D-
T plasmas as in the ITER divertor. More experiments in Magnum-PSI
in D plasma can extend the explicit validation range of transport codes
to deuterium. For tritium, corrections must be made from the perspec-
tives of theory and scattering simulations.
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