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In situ Diagnostics in Plasmas of Electronic-Ground-State Hydrogen Molecules
in High Vibrational and Rotational States by Laser-Induced Fluorescence
with Vacuum-Ultraviolet Radiation
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Detection of excited electronic-ground-state hydrogen molecules with v up to 13 in a magnetic multi-
pole plasma source was performed for the first time by laser-induced fluorescence with vacuum-ultraviolet
radiation. The measurements are taken after fast shutoff of the discharge current. The rovibrationally
excited molecules live longer than the plasma background light so that the fluorescence light can be de-
tected with good signal-to-noise ratio. Absolute level populations are measured as well as decay times.
The theoretically predicted suprathermal population of the vibrational distribution is clearly identified.
The H™ density is calculated on the basis of the measured populations and the measured electron energy
distribution function. It is in excellent agreement with the H™ density measured by photodetachment.

PACS numbers: 52.70.Kz, 52.20.—j

It is well known that molecular reaction rates in low
temperature plasmas are critically dependent on vibra-
tional and rotational excitation. Model calculations of
plasma discharges have been developed which treat both
the plasma state and the relevant rovibronic populations
in a self-consistent manner. H, plays a prominent role in
this context. It is the most simple molecular system, and its
database is comparatively well developed. The experimen-
tal comparison of populations of highly excited vibrational
and rotational states in hydrogen is, therefore, of particular
importance, since it provides a sensitive test, better than
with any other molecule, for the degree of our theoreti-
cal understanding of the population dynamics of molecular
states in plasmas. The predictions of model calculations of
high rovibronic state populations have found particular in-
terest in connection with H™ densities in plasma sources,
where these states are considered to play a key role in the
production of H™ ions in volume processes. Negative hy-
drogen ions extracted from plasma sources are being ap-
plied to generate charged and neutral particle beams for
accelerator systems. H™ ions in the MeV energy range
are being considered as primary charged particles for neu-
tral beam heating of fusion devices [1,2]. Magnetic multi-
pole plasma sources have been found to have a surprisingly
high content of H™ ions [3,4], and magnetic field configu-
rations have been developed for optimization and efficient
extraction [1,2,5]. There has been, however, a discussion
extending over years on the underlying generation mecha-
nisms of H™ ions and the factors determining the popu-
lation [6—14]. Dissociative attachment of low energy
electrons (E ~ 1 eV) to highly excited electronic-ground-
state molecules is being considered as one of the most
likely generation mechanisms:

e + H(X'S;(v",J") = H, ;) = H +H. (D)
The cross section for this process increases by 5 orders
of magnitude from v’ = 0 to v = 5, where it reaches
a value about ~107!6 cm?. After a maximum at v” = 8
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(at a value about 10715 cm?) it reduces slightly [15-17].
An alternative channel for the formation of H™ is dissocia-
tive attachment of electrons to electronically excited states
of H,. High-lying Rydberg states have been discussed re-
cently because of the large value of the attachment rate
coefficient [13,14,18].

Numerical calculations of the population include a mul-
titude of processes. Some of the cross sections involved
can be considered as well established, whereas others are
only known by order of magnitude. A survey is given
in [19]. Simulations predict a suprathermal population of
the high vibrational states. The main process of excitation
into these states is the so-called “E-V” process [3,4,6,20]
by electrons of energies in excess of 10 eV, i.e.,

e + Hy(X'Sf (v]) = Hy(B'S], C'IL,, ...
— H(X'S;(@W]) + e+ hv. (2)

U +oe

An experimental verification of the results of the models is
still lacking since suitable diagnostic techniques to deter-
mine populations of highly excited states of Hp (and D)
molecules in their electronic ground state were not avail-
able so far. Emission spectroscopy does not yield informa-
tion, because these homonuclear electronic-ground-state
molecules do not radiate. Attempts to diagnose vibra-
tional state populations by coherent anti-Stokes Raman
spectroscopy yielded results up to v/ = 3 [21], but were
unable to contribute to the question on the population of
higher states due to lack of sensitivity. Subsequent ex-
periments with ex situ multiphoton ionization were able
to obtain data up to v’ = 5 and found arguments in fa-
vor of the theoretically expected suprathermal population
[22]. The vacuum-ultraviolet (VUV) absorption measure-
ments at Lawrence Berkeley Laboratory [23,24] and by our
group [25] represent a direct and quantitative approach but
are still not sensitive enough to reach the relevant domain
of v” values (see Fig. 6 below). We have attempted the ap-
plication of fluorescence diagnostics in the VUV for two
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reasons: First, the metastable character of the states to be
probed provides a simple means to overcome the plasma
background light problem by fast interruption of the dis-
charge current, and, second, our method of generation of
VUV radiation —stimulated anti-Stokes Raman scattering
in molecular hydrogen—allows us to excite a variety of
suitable transitions.

The magnetic multipole plasma source has two tung-
sten filaments as cathodes; the body of the chamber is
the anode. Magnets positioned on the outer surface of
the chamber provide efficient confinement of the electrons.
The source can be operated in the pulsed mode with the
option to control “on” and “off” intervals independently.
For the experiments reported here, the current of 0.5 A,
the voltage is 100 V and the H; filling pressure is 1.5 Pa;
the on interval lasts for ~2 ms. For these parameters, the
plasma radiation disappears typically within microseconds
after current shutoff.

The spatial structure of the plasma is investigated by
a Langmuir probe system. Figure 1 shows the electron
energy distribution function (EEDF) for a plane between
the filaments. The central section which is essentially field-
free has a diameter of ~6 cm. The central part is the
section where the highly excited molecules are predomi-
nantly formed by the E-V process. Fast electrons with
energies in excess of 20 eV could not be identified in our
discharge.

The laser system consists of an excimer laser-pumped
dye laser with pulse energies of 30—60 mJ in the spectral
range 410-500 nm, pulse duration 15 ns, and bandwidth
~0.2 cm ™. With second-harmonic generation (SHG) in a
BBO crystal, we have 4—8 mJ available for Raman shift-
ing. The essentials of the Raman cell are described in [26].
With this scheme of VUV generation, all Raman orders (to-
gether with the depleted pump radiation) leave the Raman
cell simultaneously. We use a ruled grating (R = 1 m) to
single-out the required anti-Stokes order. Figure 2 shows
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FIG. 1. EEDF as a function of the radial distance from the
chamber axis.

the arrangement of the main experimental components. A
thin MgF, flat reflects a small fraction of the VUV beam
onto a 0.2 m vacuum monochromator and a solar blind
photomultiplier tube (PMT) (Hamamatsu R1259) for ref-
erence. The main beam propagates through the plasma to a
1 m VUV monochromator whose exit slit is equipped with
the same type of PMT to allow also absorption measure-
ments. Laser-induced-fluorescence radiation is detected
perpendicular to the VUV beam. A small volume in the
plasma center of length ~1 cm and transverse dimension
~5 mm (determined by the beam diameter) is imaged by
a MgF, lens (d = 100 mm,R = 75 mm) onto the pho-
tocathode of another gated (~1 us) solar blind PMT. It
turned out to be necessary to protect the PMT even in
the off mode by a mechanical chopper against the intense
background light. The discharge is shut off immediately
before the chopper opens the light path to the photocath-
ode. Pulse delay units allow us to trigger the laser pulse
and the detection electronics at any time within this time
window.

Fluorescence lines are recorded by scanning the wave-
length (by tuning the dye laser) over the absorption lines in
typically 50 spectral steps. 200 signal pulses are summed
up at each spectral position whereby the fluorescence light
stems from all transitions to lower levels. The signal-to-
noise ratio is excellent—even for B(6,J') — X(13,J' +
1). The translational temperature, inferred from the width
of the Gaussian line profiles, is slightly higher than 300 K.
Because of the simultaneous detection of light from tran-
sitions to lower levels, it is necessary, in order to arrive at
quantitative results, to include in the analysis the transition
probabilities, the wavelength dependence of the detection
(transmissions, quantum efficiency of the PMT), and the
detection geometry (volume, solid angle). The latter cali-
bration is performed by Rayleigh scattering from argon.
The quantum efficiency of our PMT was measured by the
manufacturer, the spectral data have been taken from the
literature [27], and the spectral transmission of the imag-
ing lens was measured in our laboratory.

Figure 3 shows the measured decay times (1/e) for
J" =1, v"" > 4 states. We are concentrating on high
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FIG. 2. Experimental arrangement.
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FIG. 3. Measured decay times of the X(v",J”=1)  FIG.4. Measured populations of the rotational substates of
populations. v” states 11-13 as a function of rotational energy, divided by

energy states and will not consider states with v below
4, where absorption would represent a complication. The
vibrational states 6 to 11 exhibit comparable decay times of
the order of 100 ws, whereas the highest levels decay much
faster. The behavior of the v = 5, J" = 1 state is irregu-
lar in the sense that the population of this state increases
during approximately 40 us before it decays exponentially
with the time indicated in the figure. We believe that these
decay times can provide, in case of low pressures of the dis-
charge, interesting information on the influence of the wall.
The decay time as a function of the rotational excitation
was measured for the v" states 4, 12, and 13. Higher rota-
tional states decay slightly faster (factor 2—4). The depen-
dence of the decay times on the discharge current is only
weak. The rotational population turns out, in agreement
with earlier results [23-25,28], to be Boltzmann for the
first 4 to 5 states, in satisfactory agreement with the trans-
lational temperatures inferred from the line profiles, and
to exhibit relative overpopulation for higher J”. Figure 4
shows the population densities of the various J” states for
v’ = 11, 12, and 13. The results for 11 and 12 are similar
to those for lower v” (temperatures 350 and 300 K, re-
spectively), whereas for v/ = 13 a “temperature” of only
150 K results (at a translational temperature from the line
profile of 310 K). Figure 5 shows the population distribu-
tion as a function of v after summation over the rotational
states. The suprathermal behavior for high v” is obvious.
Note that the relative shape is in good agreement with cal-
culations by Fukumasa et al. [7].

Our measurements of the vibrational and rotational dis-
tributions and the EEDF allow us to calculate the produc-
tion rate r'tpHrgd of the negative ions in the central section
from theoretical cross sections for dissociative attachment
according to Eq. (1):

. d
e = ne .m0 Jken, (0", J")
U//,J”
= n47 s L. (3)
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degeneracy factors.

It was assumed that the rotational distribution in lower vi-
brational states is similar to that measured for v” = 11;
this is a well-established result which was also seen in
other experiments [23-25,28]. We have verified this ex-
plicitly for v” = 4. Rotational state dependent cross sec-
tions for dissociative attachment can be obtained by scaling
the internal energy of the rovibronic states according to the
available cross sections—see [16]. Interpolation is neces-
sary for v” > 10. Figure 6 shows the contributions to the
production rate. The lower curve neglects the rotational
levels, leading to a loss by a factor of 17 in the production
rate. The main loss mechanisms for our situation for
H™ are fast electron collisional detachment, associative
detachment with atomic hydrogen, and mutual neutraliza-
tion with the positive ions (H,n > 1). The respective
rate coefficients, obtained on the basis of Janev’s cross
sections [29] are k- = 1.82 X 1072 em?®s™ !, kyryg- =
3.1 X 1078 ecm?s7L, kpyn- = 8.55 X 1072 cm?s™!
(Tyg- = Ty+ = Ty = 0.05 eV). The degree of dissoci-
ation of 0.5% (ng = 1.5 X 102 cm™3) as well as the
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FIG. 6. Vibrational state dependent contributions to the total
production rate.

hydrogen temperature Ty were determined at a similar
source in our group [25]. We assume that the rate coeffi-
cient for mutual neutralization with H;r and H;r is similar
to that for H*, hence > ny: =n, =1 X 10" cm™.
Radial losses of H™ are neglected because the ions are
trapped in the central section. The loss rate le}(fs—s is then

I/l%_(l)s—s = nH<nekeH + I’lHkHH* + (Z nH::)kH+H>

n

= ng-n4.14 X 1078 em®s ™. (4)

Production and loss rates yield the stationary H™ density
as n§° = 1.14 X 10° cm 3. We have measured the H™
density using the photodetachment technique [30] in con-
nection with a Langmuir probe. We obtain from this mea-
surement a value of n‘;{xg = (1.1 = 0.3) X 10° cm 3.

We conclude that our measurements of populations of
vibrational and rotational levels and negative ions lead,
for our discharge and the selected parameters, to a con-
sistent picture, if we consider dissociative attachment of
electrons to rovibrationally excited electronic-ground-state
molecules as the dominant mechanism.

We plan to extend our measurements to other experi-
mental parameters and to include deuterium.
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