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The Fulcher-a ro-vibronic band spectrain mixed hydrogen isotope plasmas were investigated. The spectra
were measured in Hp and D, mixed plasmas as well as calculated for D, and T, mixed plasmas. In both the
measured and calculated spectra, several overlaps were observed. In order to avoid an error in the ro-vibrationa
temperature estimation, detailed assignment of the spectral line shapes are reguired. The coronal model combined
with afitting procedurewhichisnot largely disturbed by the decrease in the number of available lineswas adopted
to evauate the ro-vibrational temperatures. The estimated vibrational temperatures of H, D, and HD isotopes
were not fully equilibrated, and may be explained by a combination of the electron-impact and Eley-Ridea
surface recombination processes. The rotational temperatures, on the other hand, were basically in equilibrium,

and suggest a correlation with the surface temperature.
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1. Introduction

In the edge region of fusion relevant devices, ro-
vibrationally excited hydrogen molecules play significant
roles in the molecular assisted recombination (MAR)
process, and in the production of the so-called Franck-
Condon atoms which determine the neutral penetration
depth across the separatrix. The diagnosis of the ro-
vibrational temperatures of hydrogen molecules can give
helpful clues to understand detailed molecular and atomic
processes related to such phenomena. In the analysis of
thero-vibrational population, the Fulcher-a band Q-branch
spectra (d°IT; — a%}) have been used since their transi-
tion wavelengths are in the visible region and there are rel-
atively few perturbations. Up to now, the Fulcher-a band
have been measured mainly in plasmas containing single
hydrogen isotopes like H, or D, [1-4]. From a practical
point of view, however, it isimportant to investigate mixed
hydrogen isotopes [5]. In the mixed condition, overlaps of
the spectra can cause an error in the temperature estima-
tion. This can be severer under strong magnetic fields be-
cause of the Zeeman split in the spectral line shapes [6].
Moreover, the difference in the ro-vibrational temperatures
with respect to the molecular species is expected. Gen-
erally, the electron impact processes, surface recombina-
tions, and relaxations by inter-molecular collisions deter-
minethero-vibrational temperatures. The thorough picture
of these excitation mechanisms has not yet been fully re-
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vealed. In the present paper, we have performed measure-
ments of the Fulcher-« band spectrain H, and D, mixture
plasmas and calculations of those in D, and T, mixture
plasmas.

2. Methods
2.1 Calculation of the Fulcher-a ro-vibronic
spectra

The Hamiltonian of the valence electron including
the ro-vibronic and spin-orbit interaction energies gives
sufficiently precise energy levels in the range of the
present experimental resolution. With the aid of the Born-
Oppenheimer (BO) approximation, the ro-vibronic Hamil-
tonian matrix is calculated numerically using a semi-
empirical expansion [7]. The obtained ro-vibronic energies
as a summation of the electronic, vibrational, and rota-
tional energies are

1
Ero-vibronic = Te+ we (V + E)
+Be N(N+1) +---, D

where Te is the electronic energy, we is a vibrationa con-
stant, Be is a rotational constant, v and N are, respec-
tively, vibrational and rotational quantum numbers. The
spin-orhit interaction Hamiltonian can be evaluated based
on the spherical tensor techniques|[6,8]. These calculations
were performed using the molecular constants compiled in
a database [9]. For T, and DT, part of the constants does
not exist, and the extrapol ation using the relationship of the
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reduced mass [ 7] was used. The extrapolation based on the
constants of Hy, gives the minimum error.

The Fulcher-a ro-vibronic transition intensity 13V
between the upper (d®I1;) and lower (°%}) states is ex-

pressed as

dvN  _ dv N’ dvN’

Ia\/’N” = hva\/’N" nd\/Nanv/N//, (2)
where hv@V is the photon energy, nayn: is the d-state
population, and A", is the spontaneous emission coeffi-

cient. The population ngyn- can be deduced using the coro-
nal model as described below. The spontaneous emission
coefficient A2VN' " is defined as

a\/rNH
647" 3(¢ luelp)I?
dvN' _ AN He
VN" T (4reg)3c3 N 2N +1

where e is the transition dipolar moment. The factor
(@’ |ueld’ )| is expressed with a wave function |¢) and the
BO approximation as

(8|l M7 = (Re)? vy S s (%)

where (Re)? is the electronic dipolar transition moment,
Ovv 1S the Franck-Condon (FC) factor, and Syn- is the
Honl-London (HL) factor. The FC factor can be found in
a database [10] and the HL factor can be calculated based
on the spherica tensor techniques [6]. For the Q-branch
spectra (AN = 0) the HL factor is obtained as

©)

Sw = [2-dox @S + (N + 3] (@, ©)

whered isKronecker's delta, A isthe projection of thetotal
angular momentum L onto the inter-nuclear axis, and S is
the total spin quantum number.

2.2 Coronal model

The population in the excited states was estimated us-
ing the coronal model [4,6,11]. In the coronal equilibrium,
the d-state population nqyns Can be written by a balance
between the electron-impact excitation from the electronic
ground state (Xlz;f) and the radiative de-excitation to the
a-state as

VN
Ne Zv,N [nXVNR?WN ]

) 6
Zv”N” Ad\/N’ ( )

v’ N

NavN =

where ne is the electron density, nxyy is the population in
the X-state, and RN is the el ectron-impact excitation rate
coefficient. Assuming the thermal equilibrium, the popula-
tion nyyN IS expressed as

AG(V) }
KTyibx

gas(2N + 1) exp |- 550

IR gas(2N + 1) exp| - 50 |

NxyN = anoeXp[—

()

where ny.-o is the population in the vibrational ground
state, gas is the nuclear-spin statistical weight, AG(v) and

Table 1 Plasma parameters for H, and D, experiments : neutral
gas pressure (o), €lectron temperature (Te), and electron

density (ng).
fueling gas Ho D» Hz + D>
Po (Pa) 13 18 22
Te (V) 31 3.7 31
ne (M3  54x10% 49x10% 59x 10

AF(N,V) are, respectively, the vibrational and rotational
energies from their ground states, and Tyipx and Ty x are,
respectively, the vibrational and rotational temperatures of
the X-state. Tyinx and Tyt x can be deduced from the ex-
perimentally observed nq,n Using Egs. (6) and (7).

3. Experiments

The experiments were performed using a hollow-
cathode discharge chamber [12] without a magnetic field.
Plasma parameters and molecular emission were mea
sured using, respectively, a double probe and optical emis-
sion spectroscopy. DC-glow discharge was sustained in
the cathode region which had a diameter of 19mm with
three different fueling gases of H, (13Pa), D, (18 Pa),
and their equal mixture (22 Pa). The discharge current was
fixed to 70mA, and the discharge voltages were 295V for
Hy, 314V for Dy, and 331V for the mixed case. These
discharge parameters resulted in the electron temperatures
and densities of 3.1eV and 5.4 x 10'® m~2 for Hp, 3.7eV
and 4.9 x 10* m~3 for D, and 3.1eV and 5.9 x 106 m=3
for the mixed case evaluated using the double-probe which
consisted of a glass insulator 8mm in diameter and tung-
sten electrodes 0.5 mm in diameter and 7 mm in length sep-
arated by 3mm. Note that in the mixed condition, the el ec-
tron density was evaluated under an assumption that each
ion species reaches its own sound velocity at the sheath
edge [13]. The measured plasma parameters are listed in
Table 1. Emission from the cathode region was collected
using a objective lens and dispersed by a Czerny-Turner
mounted spectrometer with afocal length of 1 m equipped
with a 2400 Grooveymm holographic grating. The dis-
persed spectrum was detected using a photo-multiplier
tube detector (PMT : Hamamatsu R928). The measure-
ments were performed using a dlit width of 80 um which
gives awavelength resolution of Adsyhm =~ 0.023nm.

4. Observation of the Fulcher-a Spec-
train H, and D, Mixture Plasmas

The Fulcher-a band spectra were measured in the
three different fueling gas conditions. In Fig. 1, the spec-
tra observed in the H, and D, mixed case are shown in a
wavelength range of 610 to 616 nm. Compared to the pure
H, or D, case, several overlaps of the spectraare observed.
The available (o) and overlapped (name of isotopes) Q-
branch spectra are listed in Table 2. In the pure case, the
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Fig. 1 Observed Fulcher-a band spectrain the H, and D, mixed
gas condition.

Table 2 Available and overlapped Q-branch spectra for H, (v <
3), D, (v<4),and HD (v < 3).

H, D, HD
Q1 (v=20-0 O O O
Q2 O O O
Q3 O O O
Q4 D, O
Q5 HD O
Ql(v=1-1) O O O
Q2 Ha O O
Q3 O O O
Q4 Dy, HD O Dy, HD
Q5 Ha O
Ql (V = 2-2) H2 H2 O
Q2 O O D>
Q3 D, O H, D>
Q4 D, HD D,
Q5 O O
Ql(v=3-3 O O O
Q2 O O O
Q3 O O H>
Q4 O Ho
Q5 O Ho
Ql(v=4-4) O
Q2 O
Q3 O
Q4 Ha, D
Q5 Ho

number of spectra without the overlap was 17 for H, (v <
3) and 24 for D, (v < 4). In the mixture case, on the other
hand, the number of spectra without the overlap was 12
for Hy, 19 for Do, and 9 for HD (v < 3). The number of
available lines was decreased to 70% for H, and 80 % for
D, dueto the overlap. Reduction of the available lines can
cause an error in the ro-vibrational temperature analysis.
For instance, it may be difficult to evaluate the vibrational
temperature using the summation of bright rotational lines
like Q(1) and Q(3) as representatives for H,, and Q(2) and
Q(4) for D, [1]. Although this procedure can provide al-
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Fig. 2 Boltzmann plots of the measured d-state populations and
the fitting results using the coronal model.

most correct temperatures for the pure case, the error be-
comes larger for the mixed case. We adopted afitting pro-
cedure including all the available transitions so as to make
the xy? minimum [4, 11]. This procedure is not largely dis-
turbed by the decrease in the number of lines.

Figure 2 shows semi-logarithm plots, the so-called
Boltzmann plots, of the measured d-state populations for
H2, D2, and HD in the mixed gas condition. In the fig-
ure, the circles represent the experiments and triangles
and lines represent the fitting results based on the coronal
model calculation. The populations were divided by the
nuclear-spin and rotational statistical weights. The evalu-
ated ro-vibrational temperatures are shown in Table 3. The
difference in Tyipx is observed to be several hundreds K,
while Tyt x gives a similar value of around 500K. In ad-
dition, Tyipx and Ty x Were normalized to the vibrational
(we) and rotational (Be) molecular constants, respectively,
as shown in the table. These ratios are the relative values
to the pure H, case. The amost equa ratio of Tyipx/we
indicates that the difference in Tyip,x can be attributed to
the difference of the molecular mass which determinesthe
molecular constants. In contrast, Ty x /Be depends on the
isotopes.

In the present experimental configuration, there can
be two major mechanisms of ro-vibrational excitations:
electron-impact processes in plasma and surface recombi-
nations. In the former processes, the dissociative attach-
ment and the collisional radiative redistribution via B'X;
and CT: states as well as the electron-impact pure ro-
vibrational excitation give the excited populations. In the
latter processes, the Eley-Rideal (ER) reaction, where the
molecules are formed by the recombination of adsorbed
and gas atoms: A(ads) + B(gas) — AB(gas), gives ex-
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Table 3 Estimated ro-vibrational temperatures.

molecule Ho D, H, + D,
Ha D> HD
Tibx (K) 2400 + 100 1810+ 140 2400+ 120 1660+ 150 2080 + 80
Tvibx/we 1.0 (normalized) 11 10 0.98 1.0
Trox (K) 410 + 120 660+ 60 470+130 590+ 60 510+ 30
Trotx/Be 1.0 (normalized) 3.2 11 2.9 1.7
citation. Rettner has reported [14] that the ER reaction S AL b A R b
25 Fulcher-a i

distributes binding energy of desorbed atoms to the ro-
tational, vibrational, and trandational energies in the or-
der of several thousands K. Following a quantum me-
chanical calculation of the energy transfer by the inter-
molecular collisions [15], the vibration-translation, and
rotation-trand ation relaxation time of H, can be estimated
tobet,~0.4sand 1y ~ 1.4 x 107° s, respectively. There-
|axation time between the trand ational and surface temper-
ature is much shorter. Considering the average residence
time of moleculesin the chamber, roughly estimated to be
Tres = 1.6 x 1072 s using the 3-dimensional random-walk
model with asystem size of 0.1 min the gaseous phase, one
can say that the vibrational temperature is not fully equili-
brated with the trandlational temperature (7t > 7yes). The
observed Tyip x , therefore, may reflect the excitation results
determined by a combination of the electron-impact and
ER processes. Meanwhile, the rotational temperature can
be basically regarded to be in equilibrium (71t < Tres). SO
far, this relaxation process has been used for the deduction
of thetrandational gastemperature [3] and extended to the
measurement of the surface temperature[16]. The obtained
almost constant value of Tt x, thus, may suggest acorrela-
tion between the surface temperature. 1t should be pointed
out, however, that the measured T, x Seemsslightly higher
than the expected surface temperature with the discharge
input power of only 21 W. Further verifications involving
the information of the surface temperature are needed.

5. Calculation of the Zeeman-Split
Fulcher-a Spectra in D, and T»
Mixture Plasmas

In order to apply the Fulcher-a band diagnostics to fu-
turefusion reactors, it is necessary to investigate D, and T
mixture plasmas under a strong magnetic field. As a pre-
liminary analysis, we have cal culated the expected spectral
shapeswith the Zeeman effect. Similar to the procedure de-
scribed in the preceding section, the transition energy and
intensity were evaluated from the Hamiltonian involving
the energies of the ro-vibronic, spin-orbit interaction, and
Zeeman effect [6]. For smplicity, equal d-state populations
for al the molecular species and Boltzmann distributions
of Tyipg = 3000K and Tog = 500K were assumed. Fig-
ure 3 shows the calculated Fulcher-a band spectra from
the Dy, T2, and DT molecules with no magnetic field and
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Fig. 3 Calculated Fulcher-a spectra for the D, and T, mixture
plasmas.

5T. As was observed in the H, and D, mixed case, sev-
era lines were overlapped even in the case of no magnetic
field. With amagnetic field strength up to 5T, correspond-
ing to the ITER divertor, each rotationa spectrum was split
by the Zeeman effect and this further increases the number
of overlaps. We can say from these results that a detailed
analysis of the Zeeman-split spectral line shapesaswell as
the assignment of the overlapped spectraare significant for
fusion applications.

6. Summary and Conclusion

The Fulcher-a band spectrawere measured in H, and
D, mixture plasmas, and were calculated for D, and T»
mixture plasmas with a magnetic field strength of 5 T. In
these mixed gas conditions, decreases in the number of
available lines for analysis occurred by the overlaps of the
rotational lines. Moreover, the Zeeman split of the spec-
tra caused by the strong magnetic field can further increase
the number of overlaps. In order to improve the accuracy
of the ro-vibrational temperature measurement, a fitting
procedure taking all the usable lines into consideration so
as to give the minimum y? was adopted. The experimen-
tally estimated vibrational temperatures in the H, and D,
mixed plasmawere not fully equilibrated among the trans-
lational and rotational temperatures, and may be explained
by a combination of the electron-impact and ER surface
recombination processes. The rotational temperatures, on
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the other hand, were basically equilibrated, suggesting a
correlation with the surface temperature. However, to con-
firm these results, further investigations on the detailed
processes will be conducted in a future work.
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