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Chapter I

General introduction

The research described in this thesis is placed in a broader perspective. Its
relation to negative ion formation in hydrogen discharges is discussed. The need of an
efficient negative ion source for future nuclear fusion power plants is indicated.

1. The presence of negative ions in hydrogen discharges

The existence of H~ negative ions in substantial concentrations in hydrogen
discharges was established long ago. In 1959, Moak et al} reported the extraction of
11 fiA of H~ ions from a duoplasmatron, though with an accompanying electron
current of 5 mA. Four years later, Ehlers et al.1 extracted an H" current of 0.5 mA
from a Penning-type ion source, which had the significant advantage of an ion-to-
electron current ratio of up to = 0.1. Until the early 1970s, improvements on both
types of negative ion sources were reported by several authors, resulting in ion beam
currents of the order of 5 mA. A major break-through came in 1972 when
Bel'chenko et al? reported the extraction of 22 mA H~ ions from a magnetron-type
ion source, with an accompanying electron current of only 100 mA.

Meanwhile, several processes had been proposed to explain the abundance of
negative ions in discharges. From electron collision experiments in hydrogen gas, the
dissociative attachment (DA) reaction

e- + H2 -> H~ + H [1]

and the polar dissociation reaction

e- + H2 -» H" + H+ + e- [2]

11



had been identified by Schulz et al.4 and Khvostenko et at.,5 respectively. The cross
sections for these reactions were found to range between 1 0 ~ 2 2 - 10~20 cm2,
depending on the electron energy. The cross section for the production of H" through
the dissociative recombination of electrons with molecular ions according to

e~ + W\ -> H~ + H+ [3]

was calculated by Dubrovskii and Ob'edkov,6 yielding values of the order of 10"
17 cm2.

In order to calculate negative ion densities in hydrogen discharges, these
production mechanisms were taken to be in equilibrium with several destruction
mechanisms. Some of these are collisional detachment by electrons (or other
particles)

H~ + e~ -> H + 2e~, [4]

associative detachment

H" + H -> H2 + e~, [5]

or mutual neutralization with H+ ions (or other positive ions)

H~ + H+ -» 2H. [6]

Several authors undertook the modeling of the various negative ion discharges on the
basis of these processes. Unfortunately, they had to relate the calculated H~ density to
the experimentally obtained value for the extracted current, which was a source of
difficulties in itself. For a summary of the early experiments with negative ion
sources and the modeling of their results, we refer to the review by Prelec and
Sluyters.7

It was not until the middle 1970s that estimates of the in-situ H~ density in
discharges became available.8'9 From these measurements it was concluded that the H~
density was at least an order of magnitude higher than could be accounted for by the
reactions [1], [2] and [3]. Kuchinskii et a/.8 proposed that the dissociative electron
attachment rate [1] would be increased if the molecules were initially vibrationally
excited. The correctness of this assumption was proven by Allan and Wong.10 They
showed experimentally that the cross sections for dissociative attachment to
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vibrationally excited levels of the electronic groundstate of H2 (X'E*) increase by
roughly an order of magnitude for each successive increase in vibrational level up to
v" = 4. Calculations by Wadehra and Bardsley11 showed that these large
enhancements were due to H~ formation via the H2 resonance 2E*. For this specific
case, reaction [1] proceeds according to

e~ + H2(V") -> H

followed by

H" + H [7b]

e-+H2(V). [7c]

As can be seen, the 2£+ resonance has two decay channels. According to [7b] the H2

dissociates and a negative ion is formed. On the other hand, the H2 can also decay by
electron emission, leading to an H2 molecule. Note that in the latter case vibrational
excitation or de-excitation may occur. In Fig. 1 we give a simplified potential energy
diagram of the hydrogen molecule. In the lower part of this figure, the H2 electronic
ground state (X 'Ep and the H2 resonance 2£* are indicated. In the upper part, some
of the electronically excited states of H2 and the #22£ state of the H2 ion are given.
The horizontal lines correspond to the various vibrational levels of the different
states.

The electron capture cross section for [7a] is of the order of 10~15 cm2.12 The
competition between [7b] and [7c] is strongly dependent on the initial vibrational
quantum number v". For v" = 0, process [7c] is dominant and the cross section for
H~ formation is low. Increasing v" makes [7b] more likely to occur, and the cross
section for H~ formation is increased. Wadehra and Bardsley extrapolated their model
to the higher vibrational levels and found values for the cross sections of more than
10~16 cm2 for v" > 5 at threshold electron energy. From threshold on, the calculated
values strongly decrease with increasing energy.11 Note that this implies the need of a
low electron temperature in an efficient H~ ion source.

On the other hand, Nicolopoulou et al.9 concluded from the observed variation
of the H~ density with positive ion density that the H~ formation process involved an
intermediate state of excitation. They suggested that H~ could be formed by
dissociative attachment to the long-lived electronically excited state c 3n^ of
molecular hydrogen (see Fig. 1) according to

13



e- + H2(c - + H.

The cross section for this process, proceeding via the 2UU resonance of Hj, was
calculated by Boucher and Buckley13 to be of die order of 1(H* - 1 0 l 7 cm2. So far,
no experimental evidence exists for the correctness of these values.

02 04

FIG. 1. Potential energy diagram of the hydrogen molecule featuring most of the states related to
molecular hydrogen referred to in this thesis. Also indicated is a three-photon transition from the
X 'S*(u" = 0) state to the C lTlu(v" = 2) state. The absorption of an additional photon causes
ionization.

In 1979, Hiskes et a/.14 re-examined the H~ formation processes mat can occur in
a hydrogen discharge. They calculated that the ratio of the c 3 n~ density to the gas
density would be at most 2 x 10"5. From this low relative density of c 3Tl~, together
with the theoretical values for the cross section, it was concluded that process [8] could
not play an important role in the formation of H~.14 Consequently, the data of Allan
and Wong10 and Wadehra and Bardsley11 indicated that dissociative attachment to
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highly excited vibrational levels was the most probable source of IT, the dominant
contribution coming from A" lL* molecules with v" > 5.14

2. Vibrational excitation in hydrogen discharges

Several authors have discussed the processes which are believed of leading tc
formation of vibrationally highly excited molecules in hydrogen discharges.liM Low
energy electrons populate the lower vibrational levels (u"<4) according to
processes (7aJ and (7cJ. This process is often referred to as the e-V process. An
effective source for production of highly vibrationally excited molecules was found in
another two-step mechanism. In this so-called E-V process, energetic electrons excite
ground-state molecules to excited singlet states

e- + H2(v" = 0) -> e + U*2, |9aJ

after which these excited states radiate back to the vibrational levels of the ground
state

H*z -> H2(t>") + hv. |9bJ

The effective cross sections for the E-V process, proceeding via the C i{lM and B '£*
electronically excited states of H2 (see Fig. I), have been calculated by Hiskes.17 For
all vibrational levels v" , the computed values are in the range of I0"18 - 10~17 cm2,
which was confirmed spectroscopically by Graham.18

Besides the E-V process, Auger de-excitation of c 3n^ molecules19 and Auger
neutralization of H£ ions,20 both processes taking place at the wall of the discharge
chamber, have been proposed as a source for highly vibrationally excited molecules.
Recently, Eenshuistra ct at.21 and Hall et al.22 discovered independently thai
recombinative desorption of two hydrogen atoms from the wall also leads to the
formation of H2 molecules with v" > 5.

Vibrationally excited molecules are expected to be destroyed by several
mechanisms such as V-T processes (in which vibrational energy is converted into
translational energy during molecule-molecule collisions), electron ionization (e-I)
or electron dissociation (e-D) processes, wall de-excitation processes and vibrational
de-excitation via atom-exchange collisions. The vibrational excitation and de-
excitation processes hav. . oss sections for which the dependences on the initial
quantum state of the molecules involved are often unknown or at least incomplete.l5
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For a recent review of the atomic processes related to H~ formation in hydrogen
discharges we refer to Hiskcs.23

3 . Hydrogen negative ion sources

Note that the E-V process requires high energy (>1S eV) electrons, while H~
formation according to [7a] and [7b] proceeds efficiently at low energies. This
antithesis has led to the construction of so-called tandem discharges.23 In such a device
a magnetic filter divides the plasma, for instance of a bucket ion source, into a driver
and an extractor region. The actual discharge takes place in the driver, resulting in a
plasma with an electron energy distribution function containing an energetic taiL Here
the vibrationally excited molecules are formed and they drift across die filter into the
extraction region where a low electron temperature (~ 0.5 eV) plasma exists. In such
an environment the excited molecules can be efficiently converted into H~. A
fractional H~ density of 70% of the positive ion density has been reported to exist in
the extractor of such a tandem ion source.24

The E-V excitation process was used by Bacal et alP for interpreting the
measured H~ density in their discharge. From an analysis of their data it was found
that a vibrational-wall relaxation rate was required, implying up to 19 wall collisions
to explain the observed H" density. However, Karo et al.26 studied the wall-relaxation
processes theoretically using molecular dynamics methods, and concluded that the de-
excitation of the X 'Z*(D" > 5) levels on an iron wall was complete after only a few
collisions. This rapid wall relaxation rate seems to be in conflict with die proposed
explanation of the measured H~ densities.

One way of overcoming this deadlock and giving a decisive judgment as to the
processes leading to the formation of H~ ions, is to measure the vibrational population
distribution in an H~-rich discharge. Afterwards, the results should be compared with
those obtained from model calculations.15-16 For such a procedure one needs a
diagnostic technique capable of quantum-state-specific detection of molecular
hydrogen. Due to the expected strong quenching of vibrationaUy excited molecules by
atomic hydrogen,15-16 a rneasurement of the latter's density would be enlightening as
well.

4 . Quantum-state-specific detection of H2

The determination of the internal state distribution of H2 and its isotopes is of
importance not only in the field described above, but also in applications like
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recombinative desorption of H2 from surfaces,27-28 H + H2 reactive scattering,29

plasma boundary diagnostics30 and during refueling in devices for magnetically
confined high-temperature plasmas.31 However, such a measurement is particularly
difficult for H2, which has no dipole activity in the infrared and for which even the
lowest electronically excited state requires excitation wavelengths in the vacuum
ultraviolet. Still, there is the possibility of delecting H2 in a quantum-state-specific
manner by means of coherent anti-Stokes Raman spectroscopy (CARS). Pealat et al.
applied this technique to an H2 discharge.32 Unfortunately, the detection limit (10"-
1012 cm"3) was not low enough to detect higher vibrational levels than v" = 3. In
addition, CARS is unable to detect atomic hydrogen. Therefore it seemed worthwhile
to apply a different technique.

The generation of tunable light in the VUV at sufficiently high intensities is not
impossible, although it is a complicated technique. With such a technique, detection
limits down to 2 x 108 state-selected hydrogen molecules/cm3 have been reported
using laser induced fluorescence (LIF).33 This result was obtained in an ideal system
in which the hydrogen sample itself did not radiate in the wavelength region in which
the broadband fluorescence was detected. This situation v. ill be entirely different in a
plasma environment and it is expected that the detection limit for LIF will be much
worse in such a case.

The VUV radiation required for LIF is produced by tripling radiation from a
dye laser in a gas cell. Instead of tripling the photon energy prior to entering the
interaction center, one can envisage the tripling taking place at the particle under
investigation. This is multiphoton absorption, leading to excitation and, in some cases,
subsequently to ionization of the particle. The advantage over LIF lies in the fact that
ions can be collected with nearly 100% efficiency, in contrast to photons which are
collected in a small solid angle determined by the detection optics. A disadvantage is
the loss of the possibility of measuring the spatial dependence of the population
distribution in the discharge without perturbation. Detection of molecular hydrogen
in a quantum-state-specific manner with this technique of resonance-enhanced
multiphoton ionization (REMPI) was first demonstrated by Marinero, Rettner, and
Zare,34 who estimate a detection limit of 108 molecules/cm3. REMPI can detect atomic
hydrogen as well.35

In order to explore simultaneously the capabilities of REMPI for quantum-state-
specific detection of H2 and to perform relevant research in the field described in
Sec. 1, we applied REMPI to the discharge of a multicusp bucket ion source. This
type of plasma is known to contain large amounts of negative ions.36 The setup
developed for this experiment is described in Chapter II of this thesis.

For the REMPI technique, we have chosen in favour of a process in which three
photons excite H2 molecules in the X1!.* state to one of the electronically excited
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states. An example of such a process is schematically depicted in Fig. 1. The vertical
arrows represent photons with a wavelength of about 290 nm, and they excite
molecules from the XlZ+(v" =0) state to the C 1Uu{v' = 2) state. Once in this
intermediate state, the absorption of one additional photon causes ionization. The
cross section for this process is much larger than the cross section for nonresonant
four-photon ionization. In addition, the energy difference between two states matches
the energy jump associated with the absorption of the three photons only at one
particular wavelength. These two aspects of REMPI make state-selective detection
possible.

On starting the measurements, we discovered an unexpected dissociation
mechanism superimposed on the REMPI process. Not only H£ but also H+ ions were
created. Because such a mechanism might have implications for our results, it was
decided to perform additional measurements in order to reveal the responsible
processes. Part of the H+ signal could be explained by photodissociation of HJ. A more
exciting process was revealed by the discovery mat the intermediate state could also be
photodissociated first, whereupon one of the fragments is ionized. These results are
presented in Chapters Ilia and Illb.

Results concerning the scaling laws for atomic and molecular hydrogen in the
X lZ+

g(v" = 0, 1 and 2) states are given in Chapter IV. Finally, in Chapter V we
present measurements on the rotational temperature and the density of H2 molecules
in the (metastable) c 3FI; state.

5. Application of negative ions in nuclear fusion research

The interest in negative ions is related to the formation of technologically
significant intense beams of fast neutral hydrogen (or deuterium) particles. Such
neutral beams are particularly relevant for fusion experiments, where they can be
used to heat the plasma, to diagnose its properties, to provide it with fresh deuterium
(fueling) and to sustain the discharge current. Neutral beams are required because
they can penetrate the magnetic fields used to confine fusion plasmas.

Injection of more than 8 MW of 80 keV deuterium beams for several seconds
into the JET tokamak has been achieved,37 while 160 keV is planned. This system is
based on positive ions, which are extracted from a plasma source, accelerated to the
required energy, neutralized in gas cell, and subsequently injected into the tokamak.

Future devices probably require a considerably higher particle energy. The
motivation for this lies in the fact that the penetration depth in the plasma strongly
increases with increasing energy, which in turn results in an improved energy
deposition profile.38 In addition, at a given required beam power, the beam current
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can be reduced as the particle energy is increased. The transverse dimensions of the
beam line can then be reduced. For diagnostic applications, a high penetration depth is
essential if the plasma properties in the center of the device are to be probed.

10 20 50 100 200

ENERGY [keV/DEUTERON ]

FIG. 2. The maximum neutralization efficiency for deuterium ions passing through a gas cell, as a

function of particle energy.

In Fig. 2 it is illustrated that an increase of the particle energy leads to
difficulties in neutralizing the intermediate positive ions. The neutralization
efficiency for deuterium ions passing through a gas cell, as estimated by Berkner et
a/.,34 is shown as a function of particle energy. It is seen that the neutralization
efficiency for positive ions drops below 50% when their energy exceeds 100 keV per
deuteron. Not to mention technical problems, this leads to unacceptably high power
losses in future nuclear fusion power plants in the case of neutral beam heating.

It is seen in Fig. 2 that, unlike positive ions, negative deuterium ions can be
efficiently neutralized even at high particle energies. This explains the interest in
negative ions. An additional advantage of using negative ions is that the intermediate
beam is not contaminated with molecular ions, which are also present in deuterium
discharges. The D£ and D3 ions dissociate in the gas cell, resulting in neutral atoms at
a half and one third of the full energy respectively. This part of the beam has a lower
penetration depth and consequently its power is not deposited where it is wanted, i.e.
in the center of the plasma. Note that in a realistic situation, in which each type of ion
is accelerated to the same energy, the D£ and D3 ions are more easily neutralized than
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the D+ component. Therefore the molecular ions contribute progressively to a larger
share of the power in such a neutral beam when the energy is increased.

For negative ions other neutralizes can be used as well. Instead of using a gas
cell, Ivanov and Roslyakov40 applied a high density plasma and succeeded in
neutralizing nearly 85% of a 500 keV H" ion beam. However, both the use of a gas
cell or a plasma target has the disadvantage that a negative ion can have two electrons
removed, which is of course highly undesirable. This problem can be circumvented
by the use of a laser neutralizer. In such a device41 a large flux of photons with a
frequency near the peak of the photodetachment cross section is required. A
neutralization efficiency close to 100% is expected for this method, and the finite
photon energy does not lead to the production of positive ions.
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Chapter II

Resonance-enhanced multiphoton ionization for diagnosis
of a weakly ionized plasma

We describe an experimental setup in which resonance-enhanced multiphoton
ionization (REMPI) is used for diagnosis of neutral particles (atoms or molecules)
effusing from a plasma. Quantum-state-specific detection, achieved by selective
ionization with the help of REMPI, yields the distribution over their internal degrees
of freedom. Discrimination against nonlaser-produced ions is performed by means of
the combination of an electric and a magnetic field. The applicability of the setup is
demonstrated by the determination of the rotational temperature of ground-state
hydrogen molecules in a multicusp ion source. Under nondischarge conditions a
detection limit is achieved of = 2 x ]010 state-selected hydrogen molecules/cm3,
corresponding to a value of = 7 x 108/cm3 at the analysis region. Under discharge
conditions, this detection limit is deteriorated by the presence of metas table hydrogen
molecules, which are ionized in a one-photon process.

1. Introduction

In different types of devices containing a weakly ionized plasma, there is the need
of measuring the density of the various neutral components. For instance1 there is the
wall region in tokamaks. In such a device, a substantial fraction of the energy supplied
to the plasma for heating purposes is lost to the wall by energetic hydrogen atoms and
photons. These photons originate mainly from radiation by impurities, which in turn
are expected to be produced predominantly as a consequence of the bombardment of
the wall by energetic hydrogen atoms and ions. These radiation losses, among other
things, obstruct progress towards the regime where nuclear fusion becomes possible.
Therefore, one has to study the plasma-wall interaction and learn from the results
how to minimize the impurity concentration. For this purpose, measurements on the
density and energy distribution of the neutral particles in the plasma edge region are
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indispensable. Also in reactive plasmas,2-3 where process rates may depend strongly
on the internal energy of one or more of the participating particles, knowledge is
needed about the concentration and (internal) energy distribution of the relevant
species to reveal the reaction paths. These processes take place not only in the plasma
edge region2 but also in the bulk of the plasma.3 Processes of importance are reactive
etching of semiconductor materials in microelectronics industry or dissociation,
attachment, excitation, and ionization in ion sources.

Laser induced fluorescence (LIF) is one of the most promising techniques
capable of supplying the desired information.1 However, in the specific case where
atomic or molecular hydrogen is concerned, it is a complicated technique, due to the
large energy difference between the ground state and the first electronically excited
state, requiring powerful VUV laser radiation. Detection limits down to 2x 108

state-selected hydrogen molecules/cm3 have been reported,4 but this result was
obtained in an ideal system in which the hydrogen sample itself did not radiate in the
wavelength region where the broadband fluorescence was detected. This situation is
completely different from the circumstances encountered in the devices depicted
above and one can expect that the detection limit for LIF will be much worse in these
cases. The VUV radiation required for LIF is produced by tripling radiation from a
dye laser in a gas cell. Instead of tripling the photon energy prior to entering the
plasma, one can envisage the tripling taking place at the particle under investigation.
This is multiphoton absorption, leading to excitation and, in some cases, subsequently
to ionization of the particle. The advantage over LIF is in the fact that ions can be
collected with nearly 100% efficiency, in contrast to photons which are collected in a
small solid angle determined by the detection optics. A disadvantage is the loss of the
possibility of measuring the spatial dependence in a nonperturbing way. The
possibility of detecting molecular hydrogen in a quantum-state-specific manner with
this technique of resonance-enhanced multiphoton ionization (REMPI) was first
demonstrated by Marinero, Rettner and Zare,5 who estimate a detection limit of 108

molecules/cm3.

To investigate the capabilities of REMPI we decided to apply it to the hydrogen
discharge of a multicusp bucket ion source.6 This type of discharge is of great interest
because it contains large amounts of H~ negative ions.3 These negative ions are
important in the production of intense beams of fast neutral hydrogen atoms, which
are particularly relevant for heating and diagnostic application in fusion plasmas.6 In
order to explain the abundance of H~ ions in these sources it is commonly accepted,
but experimentally not proven, that these ions are produced through dissociative
electron attachment (DA) to vibrationally excited electronic ground state hydrogen
molecules7 [X^+iv")]. To test this hypothesis the vibrational distribution of
hydrogen molecules in this type of discharge has to be measured and compared with
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calculated distributions.7 Pealat et a/.8 measured this distribution up to v" = 3 using
coherent anti-Stokes Raman spectroscopy (CARS). However, the detection limit for
this method (10 n -10 1 2 cm"3)8 was not low enough to detect the higher vibrational
levels (u" > 5) which contribute predominantly to the H~ negative ion production.7

Therefore, it seemed worthwhile to apply a different technique. In addition, unlike
CARS, REMPI is also sensitive to atomic hydrogen, of which the density in these
discharges is also relevant to know. Hydrogen atoms are very effective in quenching
vibrationally excited molecules and destroying H~ negative ions through the
associative detachment process.7

2 . The principle of REMPI

In multiphoton ionization, the energy of the photons used is such that a molecule
or atom has to absorb more than one photon to overcome the ionization potential. For
such a process to occur, the light intensity has to be sufficiently high: after absorption
of one photon the molecule is excited to a so-called virtual state which is not an
eigenfunction of the molecular or atomic Hamiltonian. According to the Heisenberg
uncertainty principle, the particle can be in this virtual state during a short time
( = 10~15 s). If the light intensity is high enough, the excited particle will absorb a
second photon and a second virtual state can be reached. In this way the particle can
pick up a sufficient number of photons to become ionized. In a REMPI process, the
energy of the photons is chosen such that one of the intermediate states corresponds to
a real state, which has a much longer lifetime (= 10~8 s) than a virtual state. The
cross section for this process is much larger than the cross section for normal
multiphoton ionization. The energy jump associated with the absorption of a certain
number of photons matches the energy difference between two states at one particular
wavelength only. This aspect of REMPI makes state-selective detection possible.

In Fig. 1 a potential energy diagram is given for the hydrogen molecule, in its
ground state and in some of its electronically excited states. The REMPI principle is
indicated by the arrows which represent photons with a wavelength of about 290 nm
and the dotted lines representing the virtual states. Three photons are used to excite
the molecules from the XiI.*(v" = 0) ground state to the C ^Yl^v'^ 2)
electronically excited state, and the absorption of one additional photon causes
ionization, a process conveniently abbreviated as (3+1) REMPI. The laser power
density required to drive the three-photon excitation step is = 1014 W/m2. Of course
all vibrational levels sketched are subdivided into rotational levels, which means that
at one particular wavelength only molecules in one specific quantum state may be
ionized. By measuring the amplitude of the ionization signal as a function of
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wavelength, information is obtained about the population of the different quantum
states in the ground state.

V(R)

[eV l

0.2 0.4 1.2 1.6 2.0 2.4
R [A] •

FIG. 1. Potential energy diagram of the hydrogen molecule. Indicated is a three-photon transition
from the vibrational and electronic ground state to the i / = 2 vibrational level of the C iTl

electronically excited state, proceeding via two short-lived virtual states (dotted lines). The absorption
of one more photon leads to ionization of the molecule.

3 . The diagnostic system

3.a Principle

As depicted above, the diagnostic consists of the detection of ions produced in the
REMPI process, in the neighborhood of a discharge which produces ions as well. For
this purpose we have developed a detection system which is able to discriminate
against ions which are not produced by the laser. A schematic setup of our experiment
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is given in Fig. 2. A laser beam is focused approximately 7 mm in front of a hole in
the discharge chamber through which a hot gas jet effuses.

Z-oxis

X-axis Y-axis

FIG. 2. Schematic setup of the detection system for the ions resulting from the REMPI process.

Indicated are the discharge chamber, from which a hot jet with excited neutrals effuses; parts of the

magnetic field generating circuit preventing charged plasma particles from reaching the laser focus; the

periodic focusing transport system; the parallel plate energy analyzer and the electron multiplier.

Discrimination against unwanted ions is obtained by the application of both a
magnetic field and an electric field in the region where the photoionization process
takes place. The purpose of the magnetic field is not only to prevent plasma ions from
entering the transport channel, but also to keep the electron current, extracted from
the plasma by electric fields, as low as possible. The electric field accelerates the laser-
produced ions into a transport channel. These ions gain a specific amount of energy,
determined by the position in the field where they are ionized. Ions having the correct
energy are selected by a parallel plate energy analyzer9 and are detected. The
complete particle transport system is in fact a time-of-flight (TOF) mass-
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spectrometer which enables us to distinguish between H+ and H| ions and impurities.
Because the REMPI principle is also applicable to hydrogen atoms, this aspect of the
system makes it possible to monitor directly changes in atomic density with changing
discharge parameters.

3 .b Design of the detector

In a REMPI experiment there is of course the possibility of detecting the ions or
the electrons resulting from the ionization process. Energy-resolved detection of the
photoelectrons can be an advantage but is more complicated, especially if a high
detection efficiency is required. Although such a spectrometer exists,10 it is not suited
for our diagnostic, since it requires an electromagnet, making a small distance
between the edge of the discharge and the laser focus impossible. For a sensitive
diagnostic this is an essential requirement, since the density of particles effusing from
the discharge decreases as the distance from the edge of the discharge increases.
Therefore, we decided to build a system in which the photoions are detected.

0 5 10
SCALE Icm]

FIG. 3. Scale diagram of the detection system. The labeled parts are (1) position of the laser focus;

(2) magnetic circuit; (3) water-cooled energizing coils; (4) insulated part of the magnetic circuit that

can be biased to a positive potential of 4 kV; (5) periodic focusing transport system; (6) parallel plate

energy analyzer; (7) electron multiplier; (8) aperture in discharge wall.

A detailed diagram of the detection system, drawn to scale, is given in Fig. 3. In
this figure the laser beam travels perpendicular to the plane of the paper and is
focused at position (1). Except for the pole pieces, which are made of "ARMCO," the
material used for the rectangular magnetic circuit (2) is "st 37." The tip of each pole
piece has a diameter of 7.5 mm and the gap between them is ~ 4 mm. The magnetic
field in the gap increases linearly with the current through the water-cooled
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energizing coils (3), originally designed for a Philips EM 300 electron microscope,
up to ~ 1 T at ~ 3600 At. This value is adopted as the standard working condition as
far as the electromagnet is concerned. Under these circumstances the magnetic field at
the aperture in the discharge wall (8) is measured to be ~ 0.4 T. For H£ ions having
an estimated maximum kinetic energy of 1 eV the Larmor radius in a magnetic field
of 0.4 T is » 0.S mm and for primary electrons with a maximum energy of 200 eV
= 0.1 mm. From these observations we conclude that the aperture is closed for
charged plasma particles.

One insulated part (4) of the magnetic circuit can be biased to a positive potential
of 4 kV providing an electric field between the pole pieces of ~ 1 MV/m. The
electric field accelerates the photoions into a periodic focusing lens system (5), located
in a bore in the magnetic circuit. The hole in the pole piece, through which the ions
enter the lens system, has a diameter of 2.5 mm. The lens system transports the
particles from a high (= 1 T) to a low (= 10~3T) magnetic field region. Such low
fields are required on account of the use of an energy analyzer (6) and ion detector
(7).

3.c Periodic focusing lens system

The lens system is a unique feature of the diagnostic system, allowing essentially
100% detection efficiency. It is called a periodic focusing system because it is made up
of several, in this case eight, identical lenses. The lenses consist of cylindrical
electrodes alternatingly carrying potentials of 0 and - 5 kV. The advantage of such a
system is that charged particles can be transported over a large distance with the use of
just one additional high-vohage power supply. The electrodes have a diameter of
1 cm, a length of 1.5 cm, and a separation of 0.5 cm. In designing this system, the
tables given by Harting and Read11 were used. To test the performance of the final
design, single particle trajectories were calculated using CHEOPS,12 a modified
version of Herrmannsfeldt's SLAC code.13 Figure 4 shows trajectories calculated for
H£ ions with an energy of 1 eV, at the moment they are produced in the laser focus,
but having a different angle between their initial velocity and the axis of symmetry of
the lens system. This angle is varied from 0° to 89° in order to test the transport
properties of the system under worst conditions. In this calculation, both electric and
magnetic fields are taken into account. Calculations in which the magnetic field is
neglected give a similar result. The 1 eV is thought of as being a realistic upper bound
on the kinetic energy of H2 molecules in the discharge. It is seen that the system works
well for these energies and that its transmission is indeed 100%. At the position of the
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second "waist" in Fig. 4 the entrance slit of the analyzer is placed. This way the lens
system images the laser focus onto the analyzer.

entrance «!ii analyzer

FIG. 4. Trajectories in the periodic focusing transport system, computed for ions born in the laser

focus with 1-eV energy, but having a variable angle between their velocity and the axis of symmetry.

Both electric and magnetic fields are taken into accounL Also indicated are cqutpotential lines between

the cylindrical electrodes, alternatingly at 0 and -5 kV. On the scale indicated in this figure, the

position of the laser focus is at -43.

3 .d Energy analyzer and ion detection

Since the laser beam is focused in the middle of the gap between the two pole
pieces, laser-produced ions are created on a potential of 2 kV, whereas photo-
desorption ions (for instance generated by plasma light on one of the two pole pieces)
are created on a potential of 0 or 4 kV. With the parallel plate energy analyzer9 it is
possible to select the laser-produced ions. The faci that the discharge is a copious
source of UV radiation makes energy-selective detection of the ions necessary as
measurements did indicate! Also, of course, the transport efficiency of the periodic
focusing lens system is optimized for ions having an energy of = 2 keV. In addition,
the analyzer serves to shield the detector optically from the ionization region,
necessary because of its sensitivity to UV photons originating from scattered laser
light and plasma emission. The circular entrance and exit apertures of the analyzer
have a diameter of 1 and 1.5 cm, respectively. The = 29-cm total distance between
the laser focus and the ion detector permits TOF separation of ions of different mass
like H+ and H£.
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The ion detector is a Johnston MM1 "focused-mesh" Cu-Be electron multiplier,
employed in current mode. The electrical connections to the multiplier are such that
the backplate, where the electrons are collected, is at ground potential, and the first
dynode plate, where the ions hit the detector, is at a negative potential (between -2 and
-S kV; depending on the voltage used on the electron multiplier). This offers the
double advantage of simple detection electronics and an extra acceleration of the ions
before they hit the detector, thus increasing its sensitivity. According to specifications
from the manufacturer the quantum efficiency for this detector exceeds 90% if the ion
energy is larger than 3 keV, as is the case in our setup. From this value and the results
for the trajectory calculations (Fig. 4) we conclude that the the total detection
efficiency of the system for the REMPI ions is = 100%.

Because the performances of the parallel plate energy analyzer and the ion
detector are disturbed by the presence of stray-magnetic fields, both these components
are positioned in a box made of "st 37." This box acts as the magnetic equivalent of a
"Faraday cage" and is attached to the magnetic circuit. Measurements on the magnetic
fields in this box, when the energizing coils deliver = 3600 At, show maximum values
of = 10"3 T, which appear sufficiently low to prevent harmful effects.

After amplification by a factor of 100, the signal from the ion detector is fed into
a gated, current-integrating analog-to-digital converter (LeCroy, CAMAC model
2249A). Both H+ and H\ signals and laser pulse energy, as measured with a
photodiode, are recorded for every laser shot. The whole experiment is controlled by
a microcomputer (DEC, LSI-11/23) which stores the measured data on tape. Via an
optical link the data can be transported to the laboratory host computer (DEC, VAX-
11/785) for further analysis and plotting.

3.e Bucket source

The ion source is a magnetic multipole bucket source.6 The dimensions of the
rectangular source chamber are 14x19x14 cm3. The walls are made of oxygen-
free copper and are water-cooled. Except for the front plate, all walls are equipped
with cobalt-samarium permanent magnets, which generate a magnetic cusp field of
= 0.07 T on the inside of the wall. The front plate is electrically insulated from the
rest of the source and is biased to cathode potential. In the back plate 6 tungsten
filaments with a diameter of 1.5 mm and length of = 15 cm are mounted on
insulated, water-cooled feedthroughs. The source can be operated up to 30 A, 200 V
dc, or in a pulsed mode with a top current of 200 A, pulse length of = 2 rns and a
maximum repetition rate of 40 Hz. Working pressure in the source is between 0.1
and 5 Pa, measured by means of a heat conductance pressura gauge (Leybold
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Heraeus, thermovac), which was calibrated against a capacitance manometer (MKS,
Baratron model 227A). To bring the discharge region as close as possible to the laser
focus, a pyramidlike structure is mounted on the front plate (see Figs. 2 and 3) in the
top of which is located the aperture from which the gas-plasma mixture effuses. For
this part of the structure we used molybdenum because of the anticipated high
temperature which results from the poor heat conductivity to the rest of the water-
cooled front plate. In fact this limits the discharge current in dc mode to ~ 30 A as
the top of the pyramid starts turning red when higher currents are used. With this
setup the distance from the edge of discharge region to the laser focus is = 7 mm.
The dimensions of the aperture are 2 x 10 mm2. Under working conditions, the
pressure in the main vessel is = 700 times lower than the pressure in the discharge
chamber and is measured by an ionization gauge (Leybold Heraeus). A base pressure
of « 2 x 10"6 Pa is achieved with a 270-I/s turbo-molecular pump (Balzers, TPU
270) and a lO^l/s cryo-pump (Leybold Heraeus).

3.f Laser system

To generate the tunable UV radiation, required for the REMPI process, we use a
Lambda Physik laser system. It consists of an excimer laser (EMG 111 MSC) which
pumps a dye laser (FL 2002). To generate radiation at wavelengths below the
fundamental tuning range of the dye laser (320-970 nm), we use an additional
frequency-doubling stage (Lambda Physik, FL 532A or Inrad, model 512 auto-
tracker). The FL 582 microcomputer which controls the dye laser and the frequency
doubler (in case of the FL 532A) is connected via a homebuilt interface to the LSI-
computer to synchronize wavelength scanning and data collection. The performance
of the dye laser in pulse energy depends very much on the actual wavelength and the
dye used. Typical values, when using the frequency doubler, range from 1 to 5 mJ. In
the UV region, where we can use the fundamental light, we obtain roughly a factor of
10 more. Pulse duration is about 15 ns. According to the manufacturer the bandwidth
of the dye laser is about 0.2 cm"1 within the entire scanning range, indicating the
existence of at least 10 longitudinal modes at A = 600 nm. No information is known
to us about the transverse mode structure, but we expect several modes to be present.
As a consequence, "mode-beating" results in intensity fluctuations within each laser
pulse. Owing to the irreproducibility of these fluctuations and the strong intensity
dependence of the REMF* signal, we are forced to average over several laser shots
(typical 30) at each wavelength to reduce the influence of statistical fluctuations in the
ionization signal.
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Due to laboratory constraints the laser system is placed such that the beam has to
be transported over a distance of = 11 m, including three bends, realized by using
prisms. A two times magnifying telescope, immediately after the laser exit aperture,
is used for beamsteering. The magnification results in a two times lower beam
divergence. A lens inside the vacuum system focuses the laser beam in front of the
aperture in the source wall between the two pole pieces. After the focus the beam is
collimated by means of a second lens. Part of the collimatcd beam falls on a UV-
sensitive photodiode (EG&G Electro Optics, FND-100Q) with which the laser pulse
energy is monitored. Both focusing lens and collimator lens are mounted on one
holder. In order to bring the laser focus into the correct position and to align the
optical axis defined by these two lenses with the laser beam, the holder can be shifted
along all three axes (shown in Fig. 2) and rotated around the X and K-axes without
breaking the vacuum. Except for rotation around the X axis, all of these adjustments
can be performed independently. The distance between both lenses can be adjusted
before the vacuum vessel is closed. All optical components in the beamline are made
out of UV grade fused silica and are covered with a broadband antireflection coating
(Applied Laser Technology/Optics for Research).

Since the three-photon excitation step requires a large power density and the
laser power itself is limited to « 3 x 10s W, the laser beam has to be focused to a
small spot. Unfortunately, aspherical lenses made out of silica are not produced in
quantity and, therefore, one has to find a balance between diffraction limits and
spherical aberration in choosing the focal length of the lens that will produce the
smallest spot. We use so-called "best form" lenses, having an asymmetric shape which
minimizes spherical aberration.14 For pure third order spherical aberration the spot
size in the plane of best geometric focus (circle of least confusion) is j of the spot size
in the paraxial plane and is given by:14 bs = 0.07 d3//2, in which d and / a r e the
beam diameter at the lens and the focal length, respectively. Assuming a Gaussian
beam, the diffraction-limited spot size is given by:15 bd = 1.27 Xf/d. The optimum
focal length can be calculated as a function of d by putting bs = bd. For d = 8 mm
we find/op/ = 9 cm. In the experiment we u s e / = 8 cm and calculate the spot size
to be = 10 /an. Note that this is the minimum spot size achievable using an aspherical
lens and that the actual value, due to the multimode character of the laser beam, may
be larger.
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4. Experimental results

4.a Measurements without discharge

REMPI spectra presented in this paper are obtained using one of the vibronic
levels of the C lY\u or 5 aE* state as the intermediate, resonant level. The selection
rules for the three-photon transitions C 1Tlu <- XlZ+ and B 'E+ <- X •£+ in H2

have been discussed by Pratt, Dehmer, and Dehmer. In short, the C 1Tlu <- X'E*
vibrational bands have seven rotational branches, of which we observe the P(AJ = -
1), g(A/ = 0) and fl(A/ = +l) branches. The B ]Z+ <- X lX+

g bands have four
rotational branches, of which we observe the P and R branches. In the wavelength
region around 290 nm, the C lY\u <— X1!.* bands dominate the obtained spectra.
All these results are consistent with the results of Pratt, Dehmer, and Dehmer.16

The REMPI-ion spectrum for part of the C lUu(v'= 2) <- XlT.+(v" = 0)
band is given in Fig. 5. For this measurement the discharge was not turned on. The
upper curve in Fig. 5 represents the variation of laser pulse energy during the
wavelength scan. The lower and middle curves represent the H£ and H+ ionization
signals, respectively, for which the scales are the same. Indicated are the members of
the Q branch. The numbers between parentheses denote the rotational quantum
number J" of the specific quantum state Xx??Av" = 0, J") that is being ionized when
the laser is tuned to the indicated transition. The other peaks belong to the P and R
branches of the same band except for the peaks at X = 290.03 and 291.6 nm, which
result from three-photon excitations to one of the levels of the B 'S* state. The
assignment is performed using the energy levels for the X1!,*, C lUu and B 'Z*
states given by Dabrowski.17 From these energy levels and the abovementioned
selection rules, the value for each three-photon transition wavelength can be
calculated. As can be seen, a substantial part of the ionization signal consists of H+

ions, which was an unexpected result. An investigation of this effect has been
published elsewhere18 and will not be discussed here.

To test whether or not the detection efficiency of the system is affected by
magnetic stray fields, the flux delivered by the energizing coils was varied from 0 to
= 4000 At, while monitoring the REMPI signal. Within a few percent, no change in
signal was observed, indicating that the shielding of the parallel plate analyzer and the
electron multiplier is sufficient.
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FIG. 5. REMPI-ion spectrum for part of the C 1Ila(i>' = 2) <- X lZ+(v" = 0) band, without

discharge at a source pressure of 1.2 Pa. The lower and middle curves represent the H£ and H*

signals, respectively, for which the scales are the same. Note the indicated change in scale for these

two curves for X > 289.9 nm! Marked are the members of the Q branch. The other peaks belong to

the P and R branches of the same band except for the peaks at A = 290.03 and 291.6 nm which are

due to three-photon excitations to one of the levels of the B ' l * state. The upper curve shows the

variation of laser pulse energy with wavelength.
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4.b Detector acceptance volume

In order to prove the statement that the detector is only sensitive to particles
ionized in a small region between the two pole pieces, the REMPI signal was measured
while scanning the laser focus through this region. Since the REMPI signal emanates
from a small region ( < 10~3 mm3) in the laser focus, this can be used as a probe for
the determination of the size of the detector acceptance volume. The laser focus was
shifted in space by moving the 8-cm lens which produces the focus (see Sec. 3.f)- The
results for these measurements are given in Fig. 6, in which X and Y axes refer to the
coordinate frame given in Fig. 2. The data points are represented by the closed
circles , the solid curves serving "to guide the eye." From the full widths at half-
maximum of the solid curves in Fig. 6, we approximate the acceptance volume as a
cylinder of height ~ 0.7 mm and diameter -1.3 mm, with its axis of symmetry
along the X axis. The size of the detector acceptance volume is thus determined to be
= 1 mm3 .

The size of the acceptance volume is not fixed, but may be varied if the
experimental circumstances require such a change (see for instance Sec. 4.e).
Possibly at the expense of losing particles, the upper curve in Fig. 6 can be made
narrower by enhancing the energy resolution of the analyzer, or by increasing the
electric field in the gap between the pole pieces. The same can be done for the lower
curve in Fig. 6 by using a smaller hole in the pole piece, through which the ions enter
the lens system (see Sec. 3.b). Either of these measures will result in a reduction in
detector acceptance volume.

4.c Detection limit

To determine the detection limit in our setup, we measured REMPI spectra like
in Fig. 5 at low pressure. At a hydrogen pressure in the source of = 7 x 10~3 Pa the
J" = 3 level is detected with a signal-to-noise ratio of about 8. Assuming a gas
temperature of 293 K, equal to the wall temperature, the density of molecules in the
v" = 0, J" = 3 level is calculated to be = 1.5 x 101 Vcm3. Taking into account the
signal-to-noise ratio, we conclude that the detection limit is = 2 x 1010 state-selected
hydrogen molecules/cm3, accurate within a factor of 2 owing to the uncertainty in the
determination of the hydrogen pressure in the discharge chamber. This value is
roughly one order of magnitude better than CARS8 which is the only other technique
applied to a hydrogen discharge so far.
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FIG. 7. Similar measurement to that in Fig. 5, but now with the discharge running at a dc current of

10 A. Other discharge parameters for this measurement are arc voltage: 100 V and source pressure:

1.2 Pa. Except for the peak at A = 290.97 nm and the two small peaks immediately to the right of

the Q(3) peak, all peaks are identified as three-photon excitations from the ground state to one of the

vibronic levels of the C Tlu or 5 L* states of molecular hydrogen. Note the indicated change in

scale for X > 289.9 nm! Bj and B-, denote the background in the H4" and H | signals respectively.

The detection limit of 2 x 1010/cm3 applies to particle densities in the discharge
chamber, which is the number relevant in our setup. However, this corresponds to a
lower value at the laser focus because the density of the particles effusing from the
aperture drops due to free expansion, and one might be interested in the
corresponding density at the laser focus. In order to measure this reduction (77) we
admitted hydrogen up to a pressure Ps in the source and measured the REMPI signal
Is. This signal was compared with the ionization signal Iv, obtained when hydrogen
was admitted through the main vessel up to a pressure Pv, which we assume to be
present in the whole system, in particular at the laser focus. Via this procedure 77 was
determined from r\ = (P/Pv) (IVHS) = 30 ± 10%, resulting in a detection limit at
the laser focus of ~ 1 x 108 state-selected hydrogen molecules/cm3. However, this
number should be regarded as approximate because of the inability to measure the
exact pressure at the position of the laser focus.
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4.d Measurements with discharge

A measurement similar to the one in Fig. 5, but now with the discharge running
at a dc current of 10 A, is given in Fig. 7. Other discharge parameters for this
measurement are arc voltage: 100 V and source pressure: 1.2 Pa. From
measurements like the ones in Figs. 5 and 7 it is possible to determine the rotational
temperature of the hydrogen molecules in the X !Z*(u" = 0) state. For this purpose,
we fitted the amplitudes A(J") of the lines for the Q branch, to a Boltzmann
distribution. The amplitudes obtained from the sum of the H+ and HJ signals are
corrected for the degeneracy of the rotational levels (Z/"+l) and nuclear spin states
(27+1), in which T = 0 for even J" and T = 1 for odd J". In addition, one should
correct for the rotational line strengths, but these are not known to us for the three-
photon excitation step and, therefore, we take them to be equal. This is a general
problem in experiments in which corrections must be made for multiphoton transition
probabilities.2-5

Also the effects of "intermediate state alignment" and "saturation" on the ion
signal are neglected. Recently, these effects were studied for (1+1) REMPI spectra of
NO,19 but the implications for our (3+1) REMPI data are unknown. The resulting
Boltzmann plot for our measurements is given in Fig. 8, in which the closed circles
correspond to the measurement without discharge (Fig. 5) and the triangles to the
measurement with a dc discharge current of 10 A (Fig. 7). The straight lines are
fitted to each data set using the least-squares criterion. The slope for each line gives
the rotational temperature Tr For the measurement without discharge we find
Tr = 285 ± 25 K, in agreement with the wall temperature of = 293 K. The
measurement with the 10-A dc discharge current gives a rotational temperature
Tr = 467 ± 50 K, which is slightly less than the value obtained by Pealat et a/.8

(530 K) in a similar discharge using CARS. The fact that the data points in each set do
not deviate substantially from the corresponding line and that the measurement
without discharge reproduces the wall temperature, is considered as a justification of
the procedure.

One may wonder whether the precautions we have taken to shield the detector
from nonlaser-produced ions are necessary to perform a measurement like the one in
Fig. 7. For this reason the current through the energizing coils was lowered while
monitoring the REMPI signal under discharge conditions. This results in an increase
in background signal B2 and a corresponding decrease in sensitivity (see Fig. 7 and
Sec. 4.e). When the coils deliver less than « 500 At no stable operation of the
detection system can be achieved because of frequent sparking between the front plate
of the discharge chamber and the positively biased part of the magnetic circuit [(4) in
Fig. 3]. The value at which this starts appears to be slightly dependent on discharge
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parameters. At the standard working condition of 3600 At the sparking was not
observed. Because the magnetic field of the detection system to some extent penetrates
into the discharge, we also measured Tr at a lower current through the energizing
coils. At a flux of ~ 700 At, corresponding to a magnetic field in the gap of
= 0.25 T, we find from a measurement like that in Fig. 7, Tr = 600 ± 50 K. The
measured rotational temperature for cold hydrogen gas (i.e., without discharge) does
not show such a variation with the magnetic field, indicating that this effect is not due
to a B-field dependence of the detection efficiency for different rotational levels, but
results from the way the magnetic field affects the discharge.

J"=1 J"=2 J"=3 J"=i

FIG. 8. Boltzmann plot for the measurements in Fig. 5 (circles, no discharge) and in Fig. 7

(triangles, discharge with dc current of 10 A).

Justification for the use of the parallel plate energy analyzer is obtained by
biasing part (4) in Fig. 3 to 2 kV instead of 4 kV. In this way, ions produced on the
surface of part (4) are transmitted through the energy analyzer and detected. Under
discharge conditions, this procedure results in a strong dc detector signal which
increases with increasing discharge current. The fact that this is a dc signal, and not a
pulsed signal synchronous with the firing of the laser, proves that these ions are
released from the surface under the bombardment of discharge-produced particles.
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For this, the most probable process is photodesorption of ions by UV plasma
emission. Even at low discharge currents, this signal is comparable to the REMPI
signal and thus highly undesirable.

4.e Limitations under discharge conditions

Apart from the increase in rotational temperature, there is another important
difference between measurements with or without running the discharge. In Fig. 7
both H+ and H£ signals show a more or less wavelength-independent background
signal hereafter to be called Bj and B2, respectively. By blocking the laser beam it was
verified that both these signals originate from laser-produced ions and not ions
produced by any other process. If the discharge current is increased up to 30 A, B}

remains approximately constant while B2 increases linearly with discharge current.
The origin of B} is not yet understood. For B2 we also found that it varies linearly
with the laser intensity, indicating that it originates from a one-photon ionization
process. Since the photon energy for these measurements is = 4.3 eV, B2 might be
explained by ionization of electronically excited states of the hydrogen molecule.
Although many of these states are produced in the discharge, in general, their lifetime
( = 10 ns) is too short to travel from the edge of the discharge region to the laser
focus without decaying to the ground state. At thermal speed this requires at least
~ 1 ^ s . However, one component of the yl-doubled c 3UU state of the hydrogen
molecule (see Fig. 1) is metastable and has a lifetime of = 1 ms in its lowest
vibrational level20 and is thus able to reach the laser focus and become ionized by one
laser photon. This observation encouraged us to perform (1 + 1) REMPI
measurements in the wavelength region from 570 to 605 nm. In this region,
molecules in the c 3fT~ state (i.e., the metastable part) can be excited resonantly by one
photon to a high-lying Rydberg state, which is subsequently ionized by a second
photon. The results of these measurements have been published elsewhere21 and they
prove that B2 is indeed caused by one-photon ionization of hydrogen molecules in the
c 3n~ state.

Unfortunately, the existence of B2, and to a lower extent also B}, prevents us
from increasing the sensitivity of the detection system under discharge conditions to
values used for the measurement in Fig. 8, when the detection limit was determined.
Although the density of these metastable molecules may be much smaller than the
density of vibrationally excited ground-state molecules, they can give rise to an
ionization signal, comparable to or even larger than the (3+1) REMPI signal.
Ground-state molecules are ionized in the small region (<10~3 mm3) in the laser
focus, where the light intensity is high enough to drive the (3+1) REMPI process,
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while metastable molecules can be ionized at much lower light intensities and thus in a
much larger volume. As a result, until now we have not been able to detect
vibrationally excited ground-state molecules beyond i>" = 3. There are two possible
ways of reducing this problem: a second laser may be used, operating at such an
intensity and wavelength that it ionizes all the metastable molecules between the two
pole pieces. This can be achieved by using a small part of the beam generated by the
excimer pump laser (A = 308 nm). The timing of the two laser pulses should be such
that the metastable molecules are ionized shortly ( ~ 100 ns) before the laser pulse
which drives the REMPI process arrives between the two pole-pieces. The other
alternative is to reduce the detector acceptance volume (see Sec. 4.b). Because
ground-state molecules are ionized in a much smaller volume than metastable
molecules, the decrease in detector acceptance volume will favor the REMPI signal
above the one-photon ionization signal.
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Chapter Ilia

Influence of the vibrational quantum number of the
resonant state in resonant multiphoton

ionization/dissociation of hydrogen molecules

We have studied resonance-enhanced multiphoton ionization of molecular
hydrogen in a three-photon excitation, one-photon ionization scheme. Superimposed
on the ionization process we find a dissociation mechanism which manifests itself in a
strong H+ signal. The ratio ofH* to H\ signals depends on the vibrational quantum
number v' of the intermediate state and on the laser intensity. We present a simple
model which qualitatively reflects this dependence.

1 . Introduction

In hydrogen discharges, at gas pressures around 5 x 10~3 mbar, an
unexpectedly high H~ ion density can be found.1 Under optimum conditions this
density can amount to 30% of the electron density. Since these H" ions are easily
destroyed in the discharge, there must be a very efficient production mechanism. It is
suggested2-3 that H~ ions are produced by the reaction

H2(u") + e~ -> H" + H. [1}

The cross section of this reaction is strongly dependent on the vibrational quantum
number v".4

One way to test this hypothesis is to measure the vibrational distribution of
hydrogen molecules in such a discharge and compare it with calculated
distributions.2*3 Pealat et al.5 have tried to measure this distribution with CARS. Due
to the low detection sensitivity they were not able to measure beyond v" = 3. We
have set up an experiment to measure this distribution with resonance-enhanced
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multiphoton ionization (REMPI), which is a new technique in this field. The
possibility of detecting molecular hydrogen in a quantum state specific manner with
REMPI was first demonstrated by Marinero et al.,6 in a two-photon excitation, one-
photon ionization scheme. We have chosen in favour of a three-photon excitation,
one-photon ionization scheme, which has also been used by Pratt et al?*% If the
resonance is via one of the levels of the B lL+ state we speak of the three-photon
equivalence of the Lyman bands and if the resonance is via one of the levels of the
C lUu state we speak of the three-photon equivalence of the Werner bands.
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FIG. 1. REMPI ion spectrum of hydrogen for part of the Werner (2-0) and the Lyman (11-0) band.

The lower and middle curves represent the H£ and H* ionization signals, respectively, for which the

scales are the same. The upper curve shows the variation of laser pulse energy with wavelength.
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The diagnostic, in our apparatus, consists of the time-of-flight analysis of ions
formed in the REMPI process. We expected to be able to solve the problems related
with the detection of REMPI ions despite the continuous flow of plasma towards the
laser focus. Because of the plasma we did not attempt the more complicated detection
of photoelectrons.

On starting the measurements, initially without discharge so that all molecules
were in v" = 0, we discovered an unexpected dissociation process, leading to H+,
superimposed on the ionization process. Although the appearance of ions always
coincided with a resonance of the laser wavelength with one of the Lyman or Werner
transitions, we found strong variations in the ratio of the number of H+ to the number
of H£ ions with the vibrational quantum number v' of the resonant level. Moreover, a
laser intensity effect was observed. Pratt et a/.7-8 do not report any evidence of H+

production in the ion signal. When looking at the photoelectron spectra, they found, in
a Lyman transition, an unexpected electron peak which they tentatively assigned to the
ionization of H*(« = 2) resulting from the multiphoton dissociation of H2.7 For the
Werner bands they do not report any evidence for H+ production,8 which is in sharp
contrast with our measurements. A recent publication by Cornaggia et al.9 proves the
existence of an important dissociation mechanism in the REMPI of hydrogen. In this
experiment four photons are used to excite the molecule to the vE = 2 level of the
inner well of the E,F]7L+ state. Cornaggia et al. list and discuss several processes
which could explain the high probability of the multiphoton dissociation of H2.

2 . Experimental

A detailed description of the experiment will be given in a forthcoming paper.
Tunable UV radiation between 285 and 305 nm is generated by frequency-doubling
the output of an excimer pumped dye laser. At the top of the dye tuning curve
typically 1.5 mJ UV laser pulse energy is focused by an 8-cm lens in front of an
aperture in a discharge chamber. Pulse duration is about 15 ns. The pressure in the
chamber is roughly 10~2 mbar and in the region outside the chamber, far from the
aperture, the pressure is approximately 103 times lower. The dimensions of the
aperture are 2 x 10 mm2 and the laser beam is focused approximately 5 mm in
front of it. It must be emphasized that for all the measurements discussed in this article
the discharge was turned off. The ions, generated by the laser beam, are accelerated
by an electric field of 1 MV/m into a periodic focusing/defocusing lens system, which
takes care of the transport of the ions to the detector. This transport system is in fact a
time-of-flight mass spectrometer which enables us to distinguish between H+ and Hj
ions. The detector is a Johnston particle multiplier which is employed in current
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mode. After amplification the signal is fed into a gated, current-integrating analog to
digital converter. Both H+ and H| signals and laser pulse energy are measured for
every laser shot. The whole experiment is controlled by a microcomputer. When the
filaments in the discharge box are turned on, a large number of H atoms is created.
This offers the possibility of examining the effect of the presence of H atoms on the
measured spectra. In fact there is no effect, except for the ionization signal in the H+

channel at A = 291.8 nm, which corresponds to three-photon excitation, from the
n = 1 to n = 4 level, one-photon ionization of hydrogen atoms.

3. Results

The selection rules for the three-photon equivalence of the Lyman and Werner
bands have been discussed by Pratt et a/.7-8 In short, the Lyman bands have four
rotational branches labeled N(AJ = -3), P(AJ = -1), R(AJ = +1), and T(AJ = +3)
out of which we observe only P and R branches. The Werner bands have seven
rotational branches out of which we observe only P(AJ = -l), Q(AJ = 0) and
R(AJ = +1). All these observations are consistent with the results of Pratt et al.1'8

TABLE I. Results for the measured ratio FTVHJ for the bands investigated. The measured ratio was

deduced from the top of the resonance profile of the /?(1) transition for the Lyman bands and the 2(1)

transition for the Werner bands. The wavelength at which this transition occurs, and the pulse energy

when the laser was at this wavelength are given. The estimated ratio is the value for the ratio

that is calculated.

band

Lyman (13-0)

(12-0)

(11-0)
(9-0)

(8-0)

(7-0)

Werner (2-0)

(1-0)

(0-0)

measured ratio

H+/HJ
>10

>10

>10

5

3

1

0.6

0.1

0.02

wavelength

fnm]

286.5

289.1

291.8

297.6

300.7

304.0

289.8

296.0

302.9

pulse energy

[mJ]

1.0

1.3

1.1

0.9

1.1

0.8

1.4

0.5

1.0

estimated ratio

H+/H£
large

large

large

large

large

0.9

0.6

0.0

0.0
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The REMPI ion spectrum of hydrogen for part of the Werner (u ' = 2 -
v" = 0) band and the Lyman (t>'= 11 - u" = 0) band is given in Fig. 1. The

assignment is performed with the aid of the single-photon absorption data of
Dabrowski and Herzberg.10 The lower and middle curves represent the H | and H+

ionization signals, respectively, for which the scales are the same. The upper curve
represents the variation of laser pulse energy. The rapid oscillations in this signal are
caused by the tracking mechanism of the frequency-doubler, whereas the slow overall
decrease is due to the wavelength dependence of the dye gain. In Fig. 1 the influence
of the shot to shot variation in the laser intensity has been reduced by averaging over
30 shots for every wavelength point. The step size in Fig. 1 is 16.8 pm.

As can be seen in Fig. 1, about 40% of the ionization signal of the Werner (2-0)
band consists of H+. The Lyman (11-0) band is seen even purely as H+. Results for all
bands investigated, are summarized in Table I. In this table the measured ratios of the
H+ to the Hj signals, to which we will shortly refer as HVH2, for the R(l) transition of
the Lyman bands and the Q{\) transition of the Werner bands are given. Also given in
this table are the pulse energies used when measuring these peaks. Note the increase of
FP/Hj w ' th increasing v'!

To gain some insight into the dependence of the ratio H+/H2 on the laser intensity,
we measured the (2(1) peak of the Werner (2-0) band at different pulse energies.
Laser pulse energy was varied by detuning the frequency-doubler in a reproducible
manner. The ratio HVHj was derived from the top values of the resonance profiles.
The results of these measurements are represented by the data points in Fig. 2. The
error bars in this figure account for statistical errors only and not for systematical
errors like differences in detection efficiency for H+ and Hj or the fact that we varied
laser pulse energy and not the true laser intensity in the focus.

4 . Discussion

In our experiment the measured ratio HVH2 depends on three unrelated
parameters which we will discuss in succession.

4.a Detection efficiency ofH+ and H\

The detection efficiency for H+ is less than that for Hj. This is due to the lower
secondary emission coefficient of Copper-Berylium, for H+ ions in comparison to H£
ions with the same energy.11 With the observed decrease in HVHJ under the same
conditions over a few months, probably due to contamination effects in the particle
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multiplier, we assume that, in our experiment, H+ ions are detected less efficiently
than H£ ions by a factor of 3 at the most. Therefore, if one wants to compare
theoretically predicted ratios with the measured ratios, the predicted values must be
multiplied by a factor y which should have a value between 1 and 0.3.

0.6
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+ (N
X
N.

X

2 0.2
o

r P

if

/I I

-4t
1

l\
0 0.U 0.8 12 1.6

Laser pulse energy [ mJ]

FIG. 2. Variation of the ratio rfVHj as a function of laser pulse energy for the 2(1) transition of the
Werner (2-0) band. The data points are measured values whereas the full curve is a calculation.

4.b Type of electroniclvibronic transition

We never observed any H+ or H£ signal when the ionization process was not
resonantly enhanced. This means that the differences in the processes leading to the
formation of H+ and H£ must occur after the three-photon excitation step has taken
place. Starting from either the B lZ+ or the C 'FI,, state of H2 there are two possible
ways leading to H+ production by the absorption of two photons in succession:

H* + H [2a]

followed by

H* H [2b]
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or

H^(l)') + hv -> H£(u+) + e~ [3a]

followed by

+) + /2V-> H+ + H, [3b]

in which u+ is the vibrational quantum state in which the H2 ions are formed. From
our point of view the hydrogen molecules do not necessarily absorb the fourth photon
immediately after the three-photon excitation step. In fact they may "wait" for a time
which corresponds to the lifetime of the excited state. Also the excited atom H* and the
HJ ion may wait for a certain time before they absorb the fifth photon leading to H+

formation. Of course other H+ production mechanisms are also conceivable, but they
would require the absorption of more than two photons after the excitation step. If
reaction [2] were the only H+ production mechanism, meaning that reaction [3] would
stop after the first step, then it would be difficult to explain the observed lack of H£
ions in the Lyman (v'- 0) bands with v'> 10. It would imply that no U2 ions were
produced, which is a one-photon process after the excitation step, whereas the
complete reaction [2], which needs two photons after the excitation step, does happen.
This seems unrealistic and we therefore infer that reaction [3] is the explanation for
the dependence of the dissociation probability on the vibrational quantum number v'
of the resonant level.

Let Tij{t) and n2(v
+,t) be the number of H+ ions and Hj ions in a specific

vibrational quantum state at time t, respectively. Then the decrease 8n2(v
+,t) in a short

time interval St due to the dissociation of HJ, the second step in reaction [3], is given
by:

S«2(uV) = -n2(v
+,t) aj,v\ A) / 81 , [4]

where <rd(i>
+, A) is the cross section for the dissociation of H^u*) by photons of

wavelength A and / is the laser intensity in photons/s /cm2. Integrating this formula
over time gives the number of Hj ions that are not yet dissociated at time t = r:

n2{v+,r) = «2(u+,0) exp [-ad(v\ A) / r]. [5]

The number of H+ ions formed by dissociating H^u*) is:
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n,(r) = n2(v\O) {1 - exp \-a/v+, X) I T] }. [6]

In the experiment H£ ions are created in different vibrational quantum states. To
calculate the total ratio HVHJ one must add up [5] and [6] separately for all u+ values
and then divide the sum for [6] by the sum for [5]. Because the H+ ions are detected less
efficiently than the H | ions by a factor y, the expected result for the measured ratio
H+/H+ is:

H+ Zg(v+) {1 - exp [-ad{v\ A) / r]}
_ y _ ^ ^ _ _ - ^ _ I ̂  1

"2 £g(u+) exp {-od(v
+, A) / T]

in which the summation covers all i>+.
The weight factors g(v+) determine which fraction of the formed H | ions is in a

specific vibrational quantum state and have in fact been deduced by Pratt et a/.7'8 for
some of the bands we have investigated. Because the HJ ions are created in an electric
field of 1 MV/m, they are extracted out of the focal region in a time that is less than
the laser pulse duration. We thus expect Tto be determined by the residence time in the
focus. At this point we must make an estimate both for / and T since we cannot measure
the focal parameters in our experiment yet. We expect the diameter d of the laser
focus to be 40 fim at the most. This implies x~ 1 ns. For a 1 mj pulse the average
intensity in this focus would be = 5 x 109 W/cm2.

In Table II we give the values <xd(u
+, A)13 and £(u+)7'8 for the various bands. For

the Lyman (t / -0) bands with v' > 7 the g(v+) values are not known from literature
but because of the large internuclear separation at the right turning point in the B 'L*
state we expect that H£ ions will be formed predominantly with the energetically
largest possible l>+ value. Therefore, in Table II we give the cross sections for the
three highest possible u+ values in these bands which imply large values for H^THJ as
is indeed observed in the experiment. If we assume a linear dependence between the
laser pulse energy and the intensity in the focus and take y = 0.6 we can calculate the
ratio H+/H£ for the other bands. The results for these calculations are given in Table I
under "estimated ratio." The fact that we see some H+ in the Werner (1-0) and (0-0)
band disagrees with the calculated ratio for these bands. This may be an indication that
other H+ production mechanisms than the dissociation of HJ contribute to the total H+

signal.
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TABLE II. Cross sections od{v+, A) for the photodissociation of H^t/1") ions and weight factors

g(u+) for the various bands investigated. For the Lyman bands with i /> 7 the weight factors are

not known.

band

Lyman (13-0)

(12-0)

(H-0)

(9-0)

(8-0)

(7-0)

Werner (2-0)

(1-0)

(0-0)

od(v
+ = &,

ad(v
+ = 7,

ad(v
+ = 6,

od(v
+=7,

ad(v
+=6,

ad(v
+ = 5,

ad(v
+ = 6,

ad(v
+ =5,

<rd(v+=4.

°d(v
+ = 5,

od{v+ = 4,

cr,(t;+ = 3,

<rd(t>
+=4,

od{v = 3,

cd(v
+ = 2,

od(v
+ = 3,

<yd(v
+ = 2,

od(v
+ = 1,

<xd(u+ = 3,
(7 d (U + = 2,

<Td(U+ = 1,

ed(v+ = 2,
ad(u+ = 1,

relevant cross section

A =

A =
A =

A =
A =
A =

A =
A =
A =

A =
A =

A =

A =
A =
A =

A =

A =
A =

A =
A =
A =

A =
A =

A

[cm2]

287.5 nm) =

287.5 nm) =

287.5 nm) =

290.0 nm) =

290.0 nm) =

290.0 nm) =

292.5 nm) =
292.5 nm) =

292.5 nm) =

297.5 nm) =

297.5 nm) =

297.5 nm) =

300.0 nm) =

300.0 nm) =

300.0 nm) =

305.0 nm) =

305.0 nm) =
305.0 nm) =

290.0 nm) =

290.0 nm) =
290.0 nm) =

295.0 nm) =
295.0 nm) =

= 302.5 nm)

3

2

4

.7 x

.9 x

.0 x

5.4 x

3.5 x

5

3
6

9

7

8

1

8

9

2

7

1

8.

1.

5.
4.

3.
2.

=

.4 x

.Ox

.2 x

. 2 x

6 x

4 x

1 X

0 x

6 x

5 x

4 x

7 x

3 x

6 x

3 x
Ox

7 x

4 x

0

io-18

io-19

10-18

io-19

10-18

10-18

10-18

10-18

10-18

10-18

io-18

10-18

10-I8

io-19

10-20

io-19

10-20

io-23

10-18

,0-20

,0-22

,0-20

10-22

weight factors

g(v+

g(v+

g(v+

g(v+ --
g(v+ --

g(v+ --

g(v+ =

g(u+ =

g(v+ •

= 3)

= 2)

= I)

= 3) =
= 2) =

= D =

= 2) =

= 1) =

= 0) =

= 0.6

= 0.3

= 0.1

= 0.21

0.72

0.07

0.07

0.93

= 1.0

i
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4.c Laser intensity

The observed dependence of the ratio H+ZHj on the laser pulse energy can also be
understood from eq. [7]. If we again assume a linear dependence of the intensity in the
laser focus with the total laser pulse energy and take y = 0.6, we can calculate the
ratio H+ZHJ for the Werner (2-0) band as a function of laser pulse energy. The result
is the curve in Fig. 2, which represents the measured behavior. This intensity effect is
most likely the reason why Pratt et a/.,7-8 when they measured in the same wavelength
region as we do, did not find any hard evidence for an H+ production mechanism:
their intensity was probably too low. The assumption that they were working with a
lower intensity than we are, is also confirmed by the fact that they observed the R(0)
and R(l) peak of the Werner (2-0) band as two different peaks,8 whereas we see them
as one peak due to the AC Stark broadening of the resonance profile caused by the
laser field.13

5. Conclusions

In resonance-enhanced multiphoton ionization of hydrogen, via the three-photon
equivalence of the Lyman and Werner bands, a strong dissociation process is
superimposed on the ionization process. The degree of dissociation depends on the
laser intensity and on the vibrational quantum number v' of the resonant level. The v'
dependence can be explained in terms of the dependence of the cross section od(v

+, A),
for photodissociation of H£ ions, on the vibrational quantum number i>+. However the
measurements do not exclude other dissociation mechanisms since it might be possible
that the cross section for reaction [2a] also depends on v', as, in a similar way, the
dissociation cross section for H£ depends on v+. Ultimate proof can be obtained by
looking at the photoelectron spectra under such conditions that the dissociation
process occurs.
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Chapter IHb

Photoelectron spectroscopy on resonantly enhanced
multiphoton dissociative ionization of hydrogen

molecules

We report a photoelectron spectroscopy study on resonantly enhanced
multiphoton dissociative ionization of molecular hydrogen in a three-photon
excitation scheme. Measurements indicate two different dissociation processes. In one
process the molecule is first ionized and subsequently dissociated, whereas in the other
process the molecule is first dissociated after which one of the fragments is ionized.
For the B 'E+fu ' = 8) band both processes take place whereas for the
B l'L*u(v' = 9,10 and 11) bands only the latter process is observed.

1. Introduction

Recently a strong dissociation process superimposed on the resonantly enhanced
multiphoton ionization (REMPI) of hydrogen molecules was demonstrated.
Cornaggia et al} were the first to show this process in a four-photon excitation
scheme. More recently Bonnie et al} reported a strong dissociative ionization
mechanism using a three-photon excitation scheme. Earlier Pratt et al.3'4 used the
same scheme but, in contrast, did not report a significant H+ signal. Starting point for
an explanation of the H+ signal is the observation that both H+ and H£ ions are
produced resonantly through an electronically excited state. From such a state,
abbreviated Yfyv'), there are two possible processes, involving the absorption of two
photons, leading to H+ :

H£(u') + hv -» H£(u+) + e~ Ha]

followed by
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+ hv-> H+ + H, [lb]

or

rfj(u') + hv -> H(«/) + H(ls) [2a]

followed by

• / i v - > H + + e-, [2b]

Using calculations by Dunn7 concerning the cross sections for photodissociation
of H | ions, Bonnie et al? showed that process [1] is a likely mechanism for the
production of H+ ions. However, in the experiments1'2 it was not possible to measure
the energy distribution of photoelectrons originating from the resonantly enhanced
multiphoton dissociative ionization process. Such a measurement would make it
possible to distinguish between processes [1] and [2] as the energy spectrum of
electrons originating from process [la] shows the vibrational structure of the H£ ion
whereas the electronic structure of the hydrogen atom is reflected in the spectrum in
case of process [2b]. In this letter we present measurements on the photoelectron
energy spectra originating from the resonantly enhanced multiphoton dissociative
ionization of hydrogen molecules and we will show how the relative importance of
processes [1] and [2] changes with changing vibrational quantum number u'in the
resonant state.

2. Experimental

In the experiment5 tunable UV radiation around 300 nm is generated by
frequency-doubling the output of a NdrYAG laser pumped dye laser of which the
bandwidth is measured to be ~ 0.06 cm"1 by means of an etalon. After the beam
passes through a filter, which reduces the amount of visible light to less than = 1 /iJ,
typically 400 ̂ J UV laser pulse energy is focused by a 1.5-cm lens into the apparatus.
Pulse duration is ~ 5 ns and the diameter of the laser spot is estimated to be
~ 15 /im. From these numbers we calculate the laser intensity to be
~ 5 x 1010 W/cm2. The electron spectrometer is a TOF energy spectrometer with
50% collection efficiency for electron energies from 0 to 10 eV. The electron
trajectories are made parallel in the first 5 mm of their flight path by means of a
diverging magnetic field which has a top value of « 1 T at the laser focus. By
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applying the proper voltages in the spectrometer it is possible to detect the ions
resulting from the REMPI process as well. The influence of the magnetic field on the
ion trajectories is negligible. By using the apparatus as a TOF mass spectrometer we
can distinguish between H+ and H£ ions. However we cannot detect the photoelectrons
and the ions simultaneously. Care was taken to perform measurements on the ion
signals as nearly as possible under the same circumstances as for the electron signals.
Background pressure in the apparatus is « 2 x 10~5 Pa and when recording spectra
the hydrogen pressure is = 4 x 10~3 Pa.

The experimental procedure was the following: first the laser wavelength was
scanned while recording the H+ and H£ ion signals simultaneously. Then the TOF ion
spectra and the photoelectron energy spectra were measured at the wavelength of the
transition under study. Finally the laser was scanned over the same wavelength region
as for the ion measurements but now the photoelectron signal at specific energy
windows was recorded. The relevant energy regions were deduced from the
photoelectron energy spectrum.

3 . Results

In the present experiment, the three-photon excitation step is to one of the ro-
vibronic levels of the B *£+ or the C }T1U electronically excited states of the hydrogen
molecule. The selection rules for these transitions have already been discussed by
Pratt et al?fi For the B l2,+ <— X 1X+ bands we observe two rotational branches
labelled P and R for which the change in rotational quantum number (A/) is -1 and
+1, respectively. For the C 1F1U «- X'2* bands we also observe a Q branch for
which A/ = 0. All these findings are consistent with the results of Pratt et al}4 The
assignment of the observed transitions is performed with the aid of the single-photon
absorption data of Dabrowski and Herzberg.6

The results for part of the B '£*(u' = 8) <r- X 'S*(u" = 0) band are given in
Fig. 1. The upper and lower curve in Fig. la represent the H£ and H+ signals,
respectively, as a function of wavelength. Dissociation is clearly demonstrated by the
presence of the H+ signal. Figure lb and Id give the TOF ion spectrum and the
photoelectron energy spectrum, respectively, at the top of the P(\) transition in
Fig. la. Figure lc gives the variation of the electron peaks at 0.05, 0.28, 0.52 and
0.77 eV, in Fig. Id, with wavelength. For the B 'S+(u' = 7) and the C lT\u(v' = 1
and 2) bands we obtain similar results. There is also a laser intensity effect on the ratio
of H+ to H£ signals, as already reported by Bonnie et al.,2 which we have left out of
account in these measurements.
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FIG. 1. Results for the B 12*{V = 8) <- X lX+
g(v" =0) band: (a) gives the ion signal as a

function of wavelength; the TOF ion signal and the photoelectron energy spectrum at the top of the

P(l) transition in (a) are given in (b) and (d), respectively, and (c) gives the electron signal at 0.05,

0.28,0.52 and 0.77 eV in (d) as a function of wavelength.

For the B ^ ( u ' = 9, 10 and 11) bands we obtain different results, as can be
seen in Fig. 2 where the results for the B 1X*(v'= 10) band are shown. In Fig. 2a
the wavelength dependence of the H+ and H£ ion signals is again given as a function of
wavelength. A striking aspect of Fig. 2a in comparison with Fig. la is the absence of
HI signal and, the fact that the rotational structure of the B !2J(u'= 10) band is only
partially resolved. Figures 2b and 2d give the TOF ion spectrum and the
photoelectron energy spectrum, respectively, at the top of the R{\) transition in
Fig. 2a. Remarkable in Fig. 2d is the absence of structure in the electron signal
below 2 eV and the appearance of a single peak at 2.75 eV. The electron signal below
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2 eV is due to ionization of background gas, as it did not vanish when the hydrogen
gas inlet was closed. Figure 2c gives the variation of the electron peak at 2.74 eV
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FIG. 2. Results for the B ' £+(1 / = 10) <- X xVg{v" = 0) band: (a) gives the ion signal as a
function of wavelength; the TOF ion signal and the photoelectron energy spectrum at the top of the
R{\) transition in (a) are given in (b) and (d), respectively, and (c) gives the variation of the electron
peak in (d) as a function of wavelength.

with wavelength which appears to follow the rotational structure in the ion signal in
Fig. 2a. For the B ]2+(u' = 9 and 11) bands we obtain similar results except that for
the B ' ^ ( u ' = 9) band no rotational structure in the wavelength dependence of the
H+ ion signal is observed. Still we do ascribe this ionization signal to the
B xl^{v' = 9) band because it vanishes as soon as the laser is tuned away from the
region where transitions for this band should be found.6

61



4 . Discussion

The energy needed for dissociation of H2 molecules in the lowest vibronic level
of the ground state into H(nl) + H(\s) is given by8

E(n)d [eV] = 18.0758 - 13.5979 n~2. [3]

If this energy has to come from the absorption of four photons by the molecule (three-
photon excitation to the intermediate level plus process [2a]) it means that in the
wavelength region in which we performed the presented measurements, only
hydrogen atoms with n = 1, 2 or 3 can be produced (the latter only if the laser
wavelength is below 299.4 nm). The energy of the photoelectrons originating from
the ionization of the excited atoms (process [2b]) is given by:

£(w,A) [eV] = hcieX - 13.5979 n~2. [4]

The electron energies calculated from eq. [4] are indicated in Figs. Id and 2d for the
different values of n. For the B '2£(i/ = 9, 10 and 11) bands the single electron peak
in the photoelectron energy spectrum coincides with the value calculated from eq. [4]
for n = 3. Therefore, we conclude that for these bands only process [2] with n = 3
occurs.

The energy of photoelectrons originating from the four-photon ionization of
hydrogen molecules (the three-photon excitation step plus process [la]) is given by:

E(v+,X) [eV] = AhcleX - IP(u+), [5]

in which IP(t>+) is the energy needed to ionize a molecule and leave the H£ ion in the
vibrational state t>+. In this formula the small difference in rotational energy in the
molecule before and after it is ionized is neglected, which leads to deviations in the
order of 20 meV. The different energies, at which photoelectrons are expected
according to eq. [5], are indicated by the u+ values in Figs. Id and 2d.

In practice a combination of [1] and [2] may take place and the relative
importance of these processes must be deduced from the relative amplitudes of the
photoelectron peaks at the calculated values. As can be seen in Fig. Id the majority of
the electron signal can be attributed to process [la]. Unfortunately, the difference
between the energy of electrons originating from process [la] with v+ = 1 (0.77 eV)
and that of electrons from process [2b] with n = 2 (0.72 eV) is only 50 meV, which
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is within the resolution of the present experiments. There are indeed two indications
that the 0.77-eV peak consists of two contributions: it is significantly broader than the
other peaks and it is much higher than would be expected on the basis of Franck-
Condon factors (FCFs) for the H+

2(X
 2Z+, v+ = 0-4) <- H*2(B

 ]Z+, v' = 8)
ionizing transition. We have calculated these FCFs using the potential energy curves
of Sharp8 and the results are given in Table I. In this table we also give the
normalized electron signals at the different v* values in Fig. Id. These signals have
been normalized such that the value at t>+ = 4 is the same as the corresponding FCF.

TABLE I. Franck-Condon factors for the H^X 2L+, v+ = 0-4) <- H*2(B ' s+ , v' = 8) ionizing

transition and normalized electron signal at the corresponding v+ values as indicated in Fig. Id.

Normalization was done in such a way that the electron signal for o+ = 4 has the same value as the

corresponding FCF.

0
1

2

3

4

Franck-Ccndon

factor

0.0001

0.0026

0.0201

0.0676

0.0974

normalized

electron signal

0.005

0.071

0.042

0.082

0.0974

Though quantitative agreement with FCFs for this kind of processes is known to
be poor, qualitative agreement is rather good,4'9 as is also the case for the peaks
corresponding to u+ = 2, 3 and 4 for this particular result. We therefore conclude
that the 0.77-eV peak partially consists of electrons originating from process [2b] with
n = 2. Still the total H+ signal in Fig. lb cannot be explained by only these electrons:
even if the complete peak at 0.77 eV in Fig. Id is attributed to process [2b] it still
accounts for only = 25% of the total ionization signal whereas = 50% of the total
ionization signal consists of H+. We therefore conclude that at least 50% of the H+

signal is generated by process [1]. For the peaks at 0.28 eV, 0.52 eV and 0.77 eV in
Fig. lc the P(l) peak is larger than the R(\) peak, as is also the case in the HJ ion
spectrum in Fig. la, whereas the opposite is true for the peak at 0.05 eV and the H+

signal. This aspect of Fig. la and lc strongly suggests that predominantly H£ ions
with v+ = 4 are photodissociated as is also to be expected on the basis of the
calculations by Dunn.7 As can be seen in Fig. 1 the ratio of H+ to HJ signals also
changes with the rotational character of the transition, but as this effect is by no means
as pronounced as the influence of the vibrational level in the intermediate state, it is
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ignored in the present discussion. However we remark that in their calculations
concerning the REMPI of H2 via the B xl^{v' = 7) state, Lynch et al.9 did find the
rotational character of the transition to be of importance.

As to the abrupt differences in the ion signals and the photoelectron energy
spectra for the B !S+(t/ = 8) and (v'= 9) bands we mention that process [2] with
n = 3 is not possible for the B lI,*(v' = 8) band, due to the too low energy of the
photons used to excite this band (see eq. [3] and the remark thereafter) whereas it is
possible for the B lI£(v'= 9) band. Measurements show that for the B J2*(u' = 9,
10 and 11) bands the rate for process [2] with « = 3 is much larger than the rate for
both process [1] and process [2] with n = 2, as no electron signal at the energies
calculated for these processes is observed (see Fig. 2d).

Also for the C ' n ^ / i / = 1 and 2) and B 'Z+fi/ = 7) bands there is the problem
of possibly overlapping peaks. Only for the C xTlu(v' = 2) band we can conclude
from the measurements that H+ is formed mainly through process [1], whereas for the
other two bands both process [1] and process [2] with n = 2 may play a role, the
relative importance of which cannot be deduced from the present experiments. For
the C lYlu(v'= 1) band it is however doubtful that process [lb] plays an important
role, as has already been indicated by Bonnie et al.2 In the electron energy spectrum of
the C 1riM(t>' =1) b?nd, a small peak is observed at the calculated value for process
[2b] with n = 3 (« 2. / eV). The intensity of this peak has the same wavelength
dependence as the ion signal, which indicates that for this band process [2] with n = 3
also contributes to the H+ signal.

We have done Franck-Condon calculations on the H^C f̂ 2£*,u+) <—
H (̂Z? *?^,\)' = 7-11) transitions and found that the maximum FCF for a specific v'
was always at a u+ value that is energetically not attainable with one photon from the
resonant level. The fact that the FCFs peak at such large v+ values is quite
understandable considering the large internuclear separation at the right hand-side
turning point in the B JE+ state. This is quite different from the H£(X2I+,u+) <-
Hj£(C 1 n u , u ' = 0-4) transition, for which both Franck-Condon calculations and
experimental results of Pratt et al.4 and our own results indicate a strong preference
for Av = 0 transitions (v' = v+). This feature is not surprising, since the C xTlu state
closely resembles the X 2E£ state, especially for low v' and i>+ values. This difference
between the B 'Z* and the C 'FI,, states is also reflected in the resonantly enhanced
multiphoton dissociative ionization process: for the C lTlu bands the ionization
channel (process [la]) is dominant whereas for the B !££ bands with u ' > 8 the
dissociation channel (process [2a]) is dominant.
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5. Conclusions

In resonantly enhanced multiphoton dissociative ionization of hydrogen
molecules via the C lUu and B JE£ bands, two dissociation processes can be
distinguished. In one process the molecules are first ionized, after which the H£ ions
are photodissociated, whereas in the other process the molecules are first dissociated
into an atom in the ground state and an atom in an excited state, of which the latter is
photoionized. For the C 1 n u ( t / = 2) and B lI,+(v' = 8) bands the first process
accounts for the observed H+ signal for at least 80% and 50%, respectively. The
relative importance of these two processes may depend on the laser intensity but we
have not investigated this effect. For the B iZ*(v' = 9, 10 and 11) bands only the
second process occurs. Further measurements will be necessary to determine whether
the molecule is directly excited to a pre-dissociating state or whether a bound
intermediate state is involved in the dissociation process.
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Chapter IV

Scaling laws for atomic and molecular hydrogen in a
multicusp ion source

We have determined scaling laws for the densities of atomic and molecular
hydrogen in a discharge. For diagnosis we use a multiphoton ionization technique.
Both atoms and molecules are detected in their electronic ground state. The lowest
three vibrational levels of the molecules, with vibrational quantum numbers v" = 0,
1 and 2 are investigated separately. From the scaling laws for the v" = I and 2
populations, we obtain experimental evidence that they are produced by low energy
electron collisions with unexcited molecules, and are destroyed predominantly by
collisions with other discharge produced particles, presumably atoms and/or thermal
electrons. Scaling laws concerning the atomic density are found to be compatible with
production mainly via primary electron excitations of electronic ground-state
molecules and destruction dominated by wall collisions.

1. Introduction

During recent years considerable effort has been put into the generation of
intense beams of negative ions, extracted from so-called "volume sources," containing
magnetically confined hydrogen plasmas.1 Despite the impressive progress in this
field and the work that has been done on the fundamental processes occurring in these
devices, both theoretically and experimentally,2.3.4,5,6,7,8,9,10 opinions still differ as to
the explanation for the abundance of negative ions. However, the presumption has
found wide acceptance that these ions are produced through dissociative electron
attachment (DA) to rovibrationally excited electronic ground-state molecules,4

generally designated by the symbol Xx?L*(v", J") with v" and J" the vibrational and
rotational quantum numbers, respectively. The dependence of the cross section for
this reaction on v" and J" has been investigated experimentally11 (up to v" = 4) as
well as theoretically.12 Due to the strong increase of the cross section with v",



molecules with v" > 5 are the chief contributors to the total H~ density.5-6 The
dominant processes which are believed to lead to vibrationally excited molecules in
hydrogen discharges have been discussed by several authors.5*6 Low energy electrons
populate the lower vibrational levels (u" < 4) through a resonant mechanism
involving the temporary formation of Hj which is called the e-V process. On the
other hand, in the E-V process high-energy electrons excite the molecules to singlet
electronically excited states followed by radiative decay back to the electronic ground
state with v" > 0. Depending on the discharge parameters, either the E-V process or
Auger neutralization of H| ions impinging on the chamber wall is believed to be the
main source of molecules with v" > 5.6 Vibrationally excited molecules may be
destroyed by several mechanisms like V-T processes (in which vibrational energy is
converted into translational energy during molecule-molecule collisions), electron
ionization (e-I) or electron dissociation (e-D) processes, wall de-excitation processes
or vibrational de-excitation via atom-exchange collisions.5-6 Not only the DA process,
but also the vibrational excitation and de-excitation processes have cross sections for
which the dependences on the initial quantum state of the molecules involved are often
unknown or at least incomplete.5

In order to test the assumptions made in and results deduced from models
describing the plasma chemistry of volume sources, the vibrational distribution of the
hydrogen molecules in such a discharge must be measured. For this purpose Pealat et
a/.8 measured this distribution up to v" = 3 using coherent anti-Stokes Raman
spectroscopy (CARS). Due to lack of sensitivity they were unable to detect the higher
vibrational levels. Therefore we have set up an experiment13 to measure this
distribution by means of resonance-enhanced multiphoton ionization (REMPI), which
promises to give a much better sensitivity than CARS. In addition, unlike CARS,
REMPI is also sensitive to atomic hydrogen, allowing a direct measurement of its
density (in the electronic ground state) in a volume source. This new possibility is of
great importance since hydrogen atoms are very effective in destroying negative ions
through the associative detachment process, and in quenching vibrationally excited
molecules.5'6

In this paper we will present results obtained with the REMPI technique on molecules
in the levels v" = 0, 1 and 2 and on atomic hydrogen, all in their electronic ground
state. Some of our results confirm facts already known from the CARS data,8 others
are an extension enabled by the fact that we can run our discharge at higher current
and lower pressure while still observing a measurable signal.
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2. Experimental setup

Details of the experimental setup and the REMPI technique have been published
elsewhere.13 In short, the ion source is a rectangular magnetic multipole bucket
source with dimensions 14 x 19 x 14 cm3. Except for the front plate, all walls are
equipped with permanent magnets generating a cusp field of = 0.07 T on the inside.
The front plate is electrically insulated from the rest of the walls and is biased to
cathode potential. Three sets of two tungsten filaments each are mounted in the back
plate. The source is operated up to 30 A, 200 V dc. Working pressure in the source is
between 0.2 and 5 Pa. The source is not equipped with a magnetic filter and as a
consequence we investigate the properties of the discharge in the "driver region," i.e.
the region in a tandem source where the vibrational excitation is assumed to occur.4

The actual analysis with the REMPI technique takes place outside the discharge.
Through an aperture in the front plate, which also serves as a pumping hole, a hot gas
jet effuses into the main vacuum vessel. The pressure in this vessel, far from the
aperture, is ~ 700 times lower than in the discharge chamber. Light from a pulsed
tunable dye laser is frequency-doubled and subsequently focused at a point = 7 mm
in front of the aperture. Quantum-state-specific detection of particles effusing from
the discharge is achieved by means of selective ionization using the REMPI principle,
after which the resulting ions are detected. By measuring the REMPI signal as a
function of wavelength, information is obtained about the population of the different
quantum states that are ionized. All measurements presented in this paper where
obtained using three photons to excite the molecule or atom to an intermediate state,
after which the absorption of one additional photon causes ionization, a process
abbreviated as (3+1) REMPI. Discrimination against unwanted ions (like plasma ions)
is achieved by the combination of a magnetic (= 1 T) and an electric field
(= 1 MV/m) at the laser focus. For each laser shot both H+ and H£ ionization signals
and the laser pulse energy (as registered by a photodiode) are measured. To reduce
the influence of shot to shot variations in laser intensity on the ionization signals, the
measured signals are averaged over 30 laser shots at each wavelength. After each
scan, these averages are stored on tape for plotting and further analysis.

3 . Measuring procedures and data-handling

In Fig. 1 we give a simplified potential energy diagram of the hydrogen
molecule, featuring all electronic states that are referred to in this paper. For
measurements on molecules in the XlL*(v" = 0) state one of the vibronic levels of
the C lUu state was used for the intermediate level. In principle the n u <- T+
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vibrational bands have seven rotational branches of which we are able to observe the P
(A7 = -1) , Q (A7 = 0) and R (AJ = +1) branches. Ay is the change in rotational
quantum number in the three-photon excitation step. An example of such a transition
is indicated in Fig. 1. The arrows represent photons around = 290 ran, which excite
molecules in the X ^(v" = 0) state, via two so-called virtual states indicated by the
horizontal dotted lines, to the C ^Tljiv' = 2) state.13 The absorption of one additional
photon causes ionization. Because the Q branch is the strongest of the three branches
observed, the Q lines were used to derive the relative populations of molecules in
different rotational levels in the v" = 0 level. As we reported previously,14 a large
share of the REMPI signal, when using the C 1UU <— X lZ+ bands, consists of H+

ions. Therefore the relative populations determined from these measurements were
deduced from the sum of H+ and H£ signals.

0.2 CK 1.2 1.6 20 2.4
R IA] •

FIG. 1. Potential energy diagram of the hydrogen molecule. Indicated is a three-photon transition

from the X ^ ( u " = 0) state to the i>'= 2 level of the C }UU state, proceeding via two virtual

states represented by the dotted horizontal lines. The absorption of an additional photon causes

ionization of the molecule.

For measurements on molecules in the Ar]Z*(i>" = 1 and 2) states, the
Z*(u' = 0) level (see Fig. 1) was used for the intermediate level. The
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'Z£ <— ]E+ vibrational bands have four rotational branches, of which we observe the
P and R branches. This time we choose the R branch for deriving relative populations;
again because these are the strongest lines, making it possible to observe the largest
number of rotational levels. Unfortunately, the /?(0) and R(l) peaks overlap for these
bands and therefore we construct the intensity at the R(l) peak from the measured
intensities of the P(l), P(3) and /?(3) peaks. The relative intensity for the P(l) and
P(3) peaks also gives the relative intensity for the R(l) and /?(3) peaks. Multiplication
of this ratio with the measured intensity of the /?(3) peak then gives the constructed
intensity of the R(\) peak. Measurements show that when using the B' 'Z£(i>' = 0)
level for the intermediate level, less than 20% of the ionization signal consists of H+

ions. Moreover, the peaks for the v" = 1 and 2 measurements in the H+ signal
partially overlap with peaks resulting from other transitions, like those proceeding
via C ynu(v"> 3) or B ! S ^ ( D ' > 10). Therefore only the HJ signals were used in
these measurements.

The assignment of the peaks in the REMPI spectra is performed using the energy
levels for the X '£+, C ' n u and 6 '1+ states given by Dabrowski15 and those for the
B' ]E* state from Namioka.16 From these energy levels and the above-mentioned
selection rules, the value for each three-photon transition wavelength can be
calculated.

The measured intensity of each transition [5(0] is determined from the spectra by
summing the ionization signals, corrected for the background, within a wavelength
interval associated with the corresponding peak. The width and position of the
interval and the magnitude of the background is determined from the spectra "by the
eye."

Because of the nonlinearity of the REMPI process, the resulting ionization
signals (5) depend in a nonlinear fashion on the laser intensity (/), i.e. S = aN 1N,
where aN is the generalized cross section for the multiphoton ionization process and N
is the coefficient of nonlinearity. Therefore, if one wants to correct the measured
spectra for variations in laser intensity, the spatial intensity distribution in the laser
focus should be measured at each wavelength. With this distribution it is then possible
to correct the ionization signal, as was demonstrated for nonresonant four-photon
ionization of Cs atoms at 1.06 jum.17 Because of the complexity of such a
measurement and the time it takes to perform the required calculations in the
correction procedure, we decided to correct the ionization signals just for variations
in laser pulse energy. By doing so, we in fact assume that the intensity in every point
of the laser focus scales with the laser pulse energy E and that during a wavelength
scan this scaling remains the same. For scans, for instance over the lines of a rotational
branch, in which the laser pulse energy does not vary too dramatically (i.e. not more
than = 10%) we consider this assumption to be valid. The correction procedure is
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now the following: the mean pulse energy (Em) within that particular scan and the
mean pulse energy [Em(i)]t within the wavelength interval corresponding to the i t n

peak, is determined from the averaged photodiode signals at each wavelength; the
corrected intensity [A(i)] for this transition is then obtained from the relation:

[1]

In general it is reasonable to assume that for a REMPI process, the step in which the
largest number of photons is involved is rate limiting, and that the order of
nonlinearity of the total process is equal to this number of photons. Consequently we
use N = 3 in eq. [1]. The validity of this assumption has been demonstrated for
instance for (3+1) REMPI of atomic hydrogen at = 307.6 nm18 and = 365 nm,19

and for (3+2) REMPI of Xe at = 440.5 nm.20

The relative intensities within one rotational branch do not directly give the
relative populations of the different J" levels. In principle one should correct for the
rotational line strengths, but these are not known to us for the three-photon excitation
step and therefore we have taken them equal. This is a general problem in experiments
where corrections should be made for multiphoton transition probabilities.21

Consequently we take the relative intensities within the Q branch for the v" = 0
measurements and within the R branch for the v" = 1 and 2 measurements to be
equal to the relative populations of the J" levels within each vibrational level.

4. Rotational distributions for X ^(v" = 0, 1 and 2)

4.a Measurements

In Fig. 2 we present (3+1) REMPI spectra appropriate to the ionization of
molecules in the X'E^(t)" = 0, 1 and 2, states as was discussed in Sec. 3. Discharge
parameters during the recording of these spectra are: current Id = 10 A, voltage
Vd = 100 V and pressure Pd = 1.2 Pa.

Figure 2a gives the result for the C 1Uu(v' = 2) <-X1I.+(v" = 0) transition.
Indicated are the members of the Q branch and, between parentheses, the rotational
quantum number / " of the level that is being ionized when the laser wavelength is at
corresponding position. The peak marked IQ(l) is the Q(l) transition belonging to
the C 1Uu(v' = 4) <- Xl"L+(v"= 1) transition, which will be discussed in Sec. 5.a.
Except for the peak at X ~ 290.97 nm and the two small peaks immediately to the
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right of the peak marked g(3), all other peaks can be identified as three-photon
excitations from the ground state to one of the vibronic levels of the C lTlu or B lI%
states. The more or less wavelength-independent background signal in the scans in
Fig. 2 is caused by one-photon ionization of metastable hydrogen molecules in the
c 311- state9 (see Fig. 1).

289.67 290.17 290.67 291.17 291.67

R«))R(I) R(2) 1 R(3) K(4) R(5)

/

I'd) 1 |.(2) l'(3) (IK «
1

28). 95 282.45 282.95 283.45 283.95

292.77 293.27 293.77 294.27

waveliMigih | nin 1

294.77

FIG. 2. (3+1) REMPI spectra for Xllt(.v" =0, 1 and 2) molecules. The marked peaks in (a)

originate from the C lTlu(v' = 2) «- X'l+(u" = 0) transition, except for the peak marked 1£>(1)

which is due to the C XUu{v' = 4) <- X lT.*(v" = 1) transition. The marked peaks in (b) and (c)

result from the B' !S*(u ' = 0) <- X lZ+
g(v") transitions with v" = 1 and 2, respectively, except

for the peak marked Qff(0)/?(l) in (b), which originates from the C ' i T ^ u ^ 3) <- X ̂ (v" = 0)

transition. Note the indicated change in scale in each spectrum! Discharge parameters for these

measurements are ld = 10 A, Pd=l.2 Pa, and Vd = 100 V.
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Figures 2b and 2c give the results for the B' lX+
u(v' = O) <- X]Z+(t/')

transitions with v" = 1 and 2, respectively. Indicated are the members of the P and R
branches, using the same notation as in Fig. 2a. The peak marked 0/?(0)/?(l) in
Fig. 2b, which is the sum of the /?(0) and /?(1) peaks belonging to the C }Tlu(v' = 3)
<— X]L+(v" = 0) transition, is the small part of the total ionization signal that
appears in the H£ channel. In the H+ channel this peak is about 25 times as high. The
fact that peaks related to different vibrational levels appear in the same wavelength
interval, i.e. the \Q(\) peak in Fig. 2a and the 0/?(0)/?(l) peak in Fig. 2b, makes it
possible to determine the vibrational temperature from these measurements (see
Sec. 5.a).

From the spectra in Fig. 2 the relative populations of the 7" levels within each
vibrational level were determined as described in Sec. 3. Provided the occupation of
the rotational levels is in thermal equilibrium, then the normalized distribution over
the different rotational levels is given by:

(27" + 1) (27 + 1) exp( -Er(J")/kTr )
Fj" ~ £ (27" + 1) (27 + 1) exp( -Er(J")/kTr ) I2]

7"
in which E,(7") is the rotational energy15 of level 7", k is Boltzmann's constant and Tr

the rotational temperature. (27" + 1) and (27+ 1) refer to the degeneracy of the
rotational levels and nuclear spin states, respectively. 7 = 0 for even 7" levels (para-
hydrogen) and 7 = 1 for odd 7" levels (ortho-hydrogen).

In order to see whether our measured populations are in line with eq. [2], we
plotted the quantity In {(A(J")/(2J" + 1)(27 + 1)] as a function of £,/k for each of
the measurements in Fig. 2. The results of these "Boltzmann plots" are shown in
Fig. 3. If eq. [2] were the correct distribution, the data points in each set should fall
on a straight line with a slope equal to - l /7 r . The straight lines in Fig. 3 have been
fitted to the data for J" = 1, 2 and 3 using the least-squares criterion. The
corresponding rotational temperatures are 390 K, 400 K and 410 K for molecules
with v" = 0, 1 and 2, respectively. The uncertainty in these temperatures, estimated
from the error bars in the individual data points is = 10%. It is arguable whether the
7" = 4 populations are in equilibrium with the lower 7" levels, since the
corresponding error bars still touch the straight line. However, it turns out that for
almost all the measurements we have done on the rotational distributions with the
discharge on, the data point for 7" = 4 is above the straight line calculated from the
7" = 1, 2 and 3 levels. For the 7" = 5 level there is no doubt that it is more populated
than would be expected for Boltzmann equilibrium at a temperature calculated from
the lower levels. Similar deviations from Boltzmann equilibrium have been found by
Pealat et al.8 as well. In order to quantify these results we calculated the over-
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FIG. 3. Boltzmann plots for the corresponding measurements in Fig. 2. The straight lines were

fitted to the data points for J" = 1,2 and 3, and their slopes correspond to a rotational temperature of

Tr = 390 K, 400 K and 410 K for X *!,+ molecules in v" = 0, 1 and 2, respectively.
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population O(J") of the J" = 4 and 5 levels, which we define as the ratio of the
measured population to the population calculated from eq. [2], fitted to the data points
at J" = 1, 2 and 3. In a Boltzmann plot this corresponds to the vertical distance
between the data points and the straight line. Due to the uncertainty in Tr (= 10%) and
in the signals for J" = 4 and 5, we obtain relatively large uncertainties in the
calculated over-populations. The results for Tr and O(J") for v" = 0, 1 and 2 at
various discharge currents are summarized in Table I. In addition, we measured Tr

for v" = 0 while varying Vd from 75 to 150 V and Pd from 0.3 to 1.7 Pa at constant
/d. Within the mentioned uncertainty no change in Tr was observed. Note that the
values quoted for Tr are lower than those stated previously9 due to the fact that Tr is
determined from the signals at J" = 1, 2 and 3 only, while for the previous values we
used all measured levels.

TABLE I. Rotational temperatures (in kelvins, ± 10%) and over-populations (see text for definition)

for X £*(y" = 0, 1 and 2) molecules at different discharge currents. Other discharge parameters are

Vd= 100 V and Pd= 1.2 Pa.

V

V

V

State

" = 0

" = 1

" = 2

ldlA]

Tr

0(4)

Tr

O(4)
0(5)

Tr

0(4)
O(5)

10

370

2.0 ± 0.4

390

1.4 + 0.7
4.8 ± 1.3

390

2.1 ±0.5
5.2 ± 1.5

20

420

1.9 + 0.4

510

1.2 + 1
3.9 ± 1.8

450

2.8 ± 0.5
5.9 ± 2

30

430

1.8 ± 0.4

520

1.9 + 0.6
4.0 ± 1.4

520

1.5 ± 1
5.3 ± 2

An unexpected result is that when the discharge power supply is turned off,
leaving the filament current and the gas flow running, scans like those in Fig. 2 still
show the presence of vibrationally excited molecules in the discharge chamber,
though at a much lower density.22 At a filament current setting equal to the one used
for a measurement at Id = 30 A we obtain Tr ~ 350 K for v" = 0, and
Tr « 400 K for v" = 1 and 2 molecules.
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At present we can only test the validity of our measuring procedures and analysis
for molecules in the X ^Uv" = 0) state, when the discharge is turned off, giving
hydrogen molecules in thermal equilibrium with the water-cooled discharge chamber
wall (= 288 K). From a measurement like the one in Fig. 2a we find under these
conditions 7 r = 2 8 0 ± 1 5 K and 0(4) = 1.1 ± 0.3. This result confirms the
reliability of our approach for the rotational distribution of v" = 0 molecules. Since
we do not have a calibrated source for the higher vibrational levels yet, we also use it
as a proof for the correctness of the results concerning the other levels.

4.b Discussion

Several processes come to mind which could be responsible for populating the
higher rotational levels. We recall from the introduction, that the e-V process,
proceeding via the H2 resonance 2E*, is believed to play an important role in
populating the lower vibrational levels in the discharge. However, with this process
not only vibrational but also rotational excitation can be achieved.23 Such in contrast
to the E-V process, for which it is unlikely that a change in rotational quantum
number will occur: Koot, van der Zande, and de Bruijn showed24 that the rotational
quantum number during ionization of H2 molecules, in the X'Z^(i>" = 0) state, by
90-eV electrons remains unchanged, an aspect which we expect to be the same for
excitations to the singlets of H2. In addition, wall collisions, in which vibrational
energy is converted into rotational and translational energy, provide an effective
mechanism for populating high rotational levels,25 just as the atom-exchange
process.26 Finally we observe that Kubiak et al.21 and Zacharias and David28 find non-
Boltzmann rotational distributions for hydrogen molecules produced via
recombinative desorption of atomic hydrogen after permeation through Cu and Pd,
respectively. Although the hydrogen atoms in our experiment are produced in the
bulk of the discharge or on hot filament surfaces, recombination on the discharge
chamber wall followed by desorption may contribute to the measured over-
populations. Especially the fact that vibrationally excited molecules are present in the
discharge chamber with only filament current and gas flow running is an indication
that this process takes place, seeing that we also detect hydrogen atoms under these
conditions (see Sec. 6.).
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5. Scaling laws for A'1Z*(u" = 0, 1 and 2) molecules

5.a Measurements

Provided the rotational distribution within a vibrational level is known, it is
possible to obtain a measure for the total population in that level from the intensity of
the Q(\) orR(0)R(l) peak only. For mis purpose we used the Boitzmann distribution
given by eq. [2], in which we evaluate the partition function in the denominator over
the lowest six rotational levels using the measured value for Tr In this way we neglect
the measured deviations from Boitzmann equilibrium for the J" = 4 and 5 levels, and
possibly of the higher J" levels, which is justified by the observation that these levels
contribute less then ~ 5% to the total population in each vibrational level.

Application of this procedure to the (20) a°d 1*2(1) peaks in measurements like
the ones in Fig. 2a yields a relation between the densities of molecules in the v" = 0
and 1 states, respectively. In order to determine the ratio of their densities on an
absolute scale, the obtained values have to be corrected for the change in ionization
efficiency when employing the three-photon excitation step via different vibrational
bands. To this end it seems reasonable to correct the ionization signals for the change
in Franck-Condon factors for the C ' n - ( v ' = 2) «- X ' £ + ( « " = 0) and the
C *Tl-u(v' = 4) <- X ^(v" = 1) transitions: 0.1886 and 0.03904 respectively.29 In
this way we obtain the absolute ratio, (r), for the density of v" = 1 over v" - 0
molecules. Together with the energy difference between these two states, (E0l),

15 we
derive a vibrational temperature (Tv) from the relation Tv = E01/(k In r ). For lack
of a calibration source, it is not yet possible to test the correctness of this procedure.
The values of Tv thus obtained, as a function of discharge current, are given by the
circles in Fig. 4. Note that these results are in agreement with those obtained by
Pealat et al. (Tv = 2390 K at Id = 10 A, Pd = 5.5 Pa).8

For measurements like those in Fig. 2b we obtain the /?(0)/?(l) peak for v" = 0
and 1 molecules within one scan, though via different electronic transitions (see
Sec. 4.a). This prevents us from calculating the absolute ratio of densities for
molecules in v" = 0 and 1 from these measurements, since the relative intensities of
the two transitions involved are unknown. Therefore, we use the measured ratio at
10 A from measurements like those in Fig. 2a for calibration. The results are given
by the triangles in Fig. 4 (circles and triangles coincide for Id = 5 A and 10 A). The
advantage of this procedure lies in the fact that the peak from which the
X 'Z*(u" = 1) population is derived is much larger in Fig. 2b than in Fig. 2a. Thus
we are able to measure with a larger sensitivity and now we can also determine the
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vibrational temperature with only the filament current and gas flow running. Again at
a filament current setting equal to the one used for a measurement at ld = 30 A we
find in this way T « 1400 K.

Id [A]

FIG. 4. Variation of the vibrational temperature, calculated from the X iL*,(v" = 0 and 1)

populations with discharge current at Pd=\.2 Pa and Vd = 100 V. Circles were derived from the

peaks 2(1) and 10(1) like those in Fig. 2a, and triangles from the peaks R(0)R(\) and 0R(0)R(\)

like those in Fig. 2b (circles and triangles at Id = 5 A and 10 A coincide). For details on the

correction procedure, necessary to account for the change in transition strength, see text.

In order to obtain the variation of the density of molecules in a particular

vibrational level with discharge parameters, we cannot measure complete spectra like

in Fig. 2 for each parameter setting and then deduce, from the change of the peak
intensities, the required information. Such a procedure calls for measuring times
longer than the time over which the laser system is stable. This gives rise to changes in
the relation between laser pulse energy and light intensity in the laser focus, and it is
no longer possible to relate signals obtained in one scan to those in another scan.
Therefore, we only measure the ionization signal at the top of the Q{\) or R(0)R(l)
peak, i.e. at fixed wavelength, and immediately beside the peak, to obtain the
background level. In this way, a measure for the intensity of the peak is obtained,
which is converted to a measure for the total population, in the corresponding
vibrational level, via the procedure described above.

The results of these measurements for v" = 0, 1 and 2 are shown in Fig. 5 in
which Vd was kept at a constant 100 V. We observe that the population of the v" = 0
level declines with increasing discharge current ld and is proportional to the source
filling pressure Pd (with discharge on) up to = 1 Pa. Above this pressure, the fraction
with which the v" = 0 density declines, becomes smaller. In the pressure regime
studied, the population of the v" = 1 and 2 levels is proportional to Pd and
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independent of discharge current variations between 10 and 30 A. Therefore, in this
regime the increase of Tv with ld (see Fig. 4) is not caused by an increase of the
v" = 1 population but by a decrease of the v" = 0 population.

5.b Discussion of scaling laws for X^lZ(v" = 0) molecules

The linear dependence of the v" = 0 density on Pd without discharge is, of
course, not surprising, nor is its decrease with increasing Id, since they form the
material for all discharge produced particles. Removal of a molecule from the
X ^ ( u " = 0) population, for instance by vibrational excitation or dissociation,
requires a certain amount of energy. Therefore, the fraction of molecules removed
from the v" = 0 population cannot remain constant with increasing pressure, but has
to decrease because the total amount of energy put into the discharge is limited. The
onset of this effect is seen in our measurements on the v" = 0 population at ~ 1 Pa
(see Fig. 5a). In fact, for processes in which high energy (> 11 eV) electrons are
required, it has been shown that this effect plays a role already above = 0.4 Pa.9

In order to be more quantitative about the reduction of the v" = 0 population,
we note that the total particle flux through the aperture in the front plate has to remain
constant since the source is operated at constant gas flow. Because of the magnetic
field of our detection system,13 only neutral particles are able to pass the aperture, so
that the flux consists of H2 molecules in the electronic ground state, X l?L*g, the
metastable state, c Jn~, and H atoms. Measurements have shown that the c 3n~ density
is at most 10̂ * times the gas density9 and therefore we neglect them in the following
analysis. Assuming that the velocity distribution of the X]Y.+ molecules and atoms can
be characterized by a temperature, we obtain from the fact that the flux through the
aperture remains constant:

[3]

In eq. [3] n0, To, n, T, nH and TH are the total density and translational temperature of
X 'E* molecules with the discharge off and on and the atomic density and temperature
respectively. The factor V2 in front of TH arises from the fact that it takes two H atoms
to remove effectively one H2 molecule from the discharge chamber and that an atom
moves y[2 times as fast as a molecule with the same amount of kinetic energy.
Assuming Boltzmann equilibrium between the lower rotational levels and translation,
we use for To and T the measured value of Tr for v" = 0 molecules under various
conditions. For TH we do not have a measurement and therefore we use
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Vd = 100 V in these measurements.
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T// = 4560K quoted by Pealat et al* for Id = 10 A. By defining the relative
residual molecular density as a,l = nln0, the relative atomic density as aN = «///«0

and substituting the values for To (288 K) and Tfl we derive from eq. [3]:

a,, = 0.021 ( 17 - a, ) . [41

at can be calculated from the data points in Fig. 5a, which give the decrease of
molecules in v" = 0 level, and the values for the vibrational temperature in Fig. 4,
necessary to account for the molecules in the higher vibrational levels (at this point we
assume Boltzmann equilibrium between the vibrational levels). Tr is obtained from
Table I. The results for a, and a/{, expressed in %, are given in Table II.

TABLE II. Relative residual molecular density (of;) and relative atomic density (ctfj) for different

discharge currents and pressures. Vd = 100 V in these measurements.

2.2

1.0

0.6

0.3

'AM

aH

a,

a,

%

ai

74
6

55
13

55
13

57

13

10

+

+

±
±

+
±

±

±

11
6

8
5

14
7

14

8

61
9

44
17

48
15

55

12

20

±
±

±
±

±

±

±
±

9
6

7
4

12
7

14

8

30

52 ±
13 ±

41 +
18 ±

44 ±
16 ±

48 ±

15 ±

8
5

6
4

11
6

12

7

Barring the possible error in the value taken for TH, the procedure followed
results in an upper limit for ccH: the deficiency of H2 molecules is entirely ascribed to
atoms. Fair agreement is obtained with the value of the relative residual molecular
density, a ; , found by Pealat et a/.8 (71% at ld = 10 A, Pd = 5.5 Pa), whereas the
figures for the relative atomic density, aH, both from Pealat et a/.8 (5%) and
Nightingale et a/.10 (2 - 3% at ld = 25 A, Pd = 0.4 Pa) are obviously lower than
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our results. Note, however, that these results were derived from measured excited-
state populations using high resolution spectroscopy and laser induced fluorescence,
respectively. Due to the relatively large uncertainties in al{, it is not possible to derive
conclusions from Table II other than that the atomic density is of the order of 10-
15% of the molecular density without discharge. However, aH shows a tendency to

increase with discharge current while (Xj clearly decreases, resulting in a pronounced
increase in the ratio of atomic to actual molecular density, which in our notation is
equal to aH/a}.

5.c Discussion of scaling laws for Xl2Z(v" = 1 and 2) molecules

We start our analysis for the scaling laws of the density of molecules in v" = 1
and 2 levels («; and n2, respectively) with the observation that the primary electrons
are the source of all excitation. Knowledge of the dependence of their density n and
energy distribution function on discharge parameters is indispensable to gain insight
into the processes taking place. Primary electrons are emitted from the filaments and
obtain an initial velocity v . They are lost either to the walls of the discharge chamber,
with a characteristic time TW, or by inelastic collisions with other particles. The
characteristic time xin for the latter process may be expressed by

with <oinvp> the total reaction rate for inelastic collisions with unexcited gas
molecules having a density n . By using eq. [5] we neglect inelastic collisions of
primary electrons with other than unexcited gas molecules, n may be calculated from
the relation30

h , 1 1
ey=np (-+p, [6]

in which e is the electron charge and V the volume of the discharge chamber. As soon
as the gas density is so high that primary electron losses due to inelastic collisions
dominate over those by wall losses, i.e. ng<ainv > > 1/T^, both density and energy
distribution function of the primary electrons are affected by n . From eqs. [5] and
[6] it is immediately clear that n becomes a decreasing function of n under these

r o

conditions. Following a similar calculation as was done by Bacal, Bruneteau, and
Nachman,7 it can be shown that this energy degradation effect becomes important in
our source if Pa > 0.2 Pa.
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The equilibrium density « of any type of particle produced directly by primary
electron excitation or ionization of unexcited molecules in the discharge is given by

n. Id <a,v_> T,

in which <crv > is the reaction rate for the production of '7-particles" and T is their
average lifetime in the discharge. In general T, is also a decreasing function of « and
Id. As a consequence, eq. [7] predicts a proportional increase of n- with n in the low
pressure regime where energy degradation can be neglected. For the higher
pressures, « will become independent of n or even decrease with n , depending on
the degree to which n& affects Ty In addition, « ; is seen to be proportional to the
discharge current Id, as long as the lifetime T; is not affected by Id. For instance, the
variation of the density of metastable H2 molecules (c 3FI~) with n and ld can be
understood on the basis of eq. [7] if both energy degradation and a reduction of their
lifetime in the discharge (TC) with increasing n are incorporated.9 Eq. [7] also
describes the density of particles produced via two-step processes in which X 1 ^
molecules are excited or ionized by primary electrons, after which these particles are
converted into other particles as a result of radiative decay or wall collisions, but not
by collisions with other particles present in the discharge chamber. Examples of such
a two-step mechanism are the production of hydrogen atoms via triplet excitations and
the production of vibrationally excited molecules by the E-V process or by Auger
neutralization of H£ ions. Not described by eq. [7] are, for instance, the density of H~
ions or the density of vibrationally excited molecules produced by the e-V process.
An extra complication lies in the fact that particles may be produced only partially by
processes that can be described by eq. [7], like vibrationally excited molecules that
may very well be produced by both E-V and e-V processes, low energy electrons or
atomic hydrogen.

The fact that nl and n2 vary linearly with pressure implies that that they are
produced by means of a mechanism which, at least up to Pd = 2.2 Pa, does not suffer
from energy degradation, and that the collisional de-excitation by other gas molecules
still can be neglected at this pressure. From the observations that the cross sections for
electron excitation to c 3 I l ; (u" = 0)3 1 and to X lZ+(v" = 1 and 2) via the E-V
process32 have comparable threshold energies (11 - 1 2 eV), and that for c 3n~
formation the influence of energy degradation has been demonstrated,9 we conclude
that the E-V process cannot be responsible for the production of X lTZ(v" = 1 and 2)
molecules in our discharge. The same reasoning also rules out formation of these
molecules via Auger neutralization of H£ ions at the discharge chamber walls.
Although these conclusions were drawn earlier from model calculations,5-6 ours is the
first experimental evidence of their correctness. Production of XlI.+(v" = 1 and 2)
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molecules via the e-V process is, as a consequence of its low threshold energy, not in
contradiction with our results, provided the plasma electron energy distribution
function around 1 eV is insensitive to Pd in the range studied, which seems plausible
on the basis of calculations for electrons in a discharge similar to ours.33

Taking these observations into account, we write, analogous to eq. [7], for the
equilibrium density n, of molecules in the X 'Z+(u" = 1) state:

rij « ng ne «r,ve> t,. |8]

In eq. [8] ne and ve are the plasma electron density and velocity, respectively, «7 ;ve>
is the reaction rate for production of X^IfAv" = 1) molecules from X ^ ( u " = 0)
by plasma electrons, and T ; , which is a function of ng and Id, is theX S*(u" = 1)
lifetime in the discharge. The important difference between eqs. [7] and [8] lies in the
fact that in the latter the plasma electrons provide the source for the excitation,
whereas in eq. [7] the excitation comes directly from the primary electrons. In
accordance with eq. [7], the plasma electron density may be approximated by

ne » ng np <atvp> T , [9]

with <o;vp> the reaction rate for ionization of X'S+(u" = 0) molecules by primary
electrons and T the plasma electron lifetime. For the X'£+(u" = 1) lifetime in the
discharge we write

T / * Vj/bjL + ng <agvg> + np <apvp> + ngnpZ <ajVp> T;. <adjVj>
j

in which the summation in the denominator covers all particles described by eq. [7].
In eq. [10] v ; , vg and vy denote the speed of X xI.+g(v" = 1) and X ^{v" = 0)
molecules and "./-particles," respectively. The reaction rates for destruction of
X 1 E^(u"= 1) molecules by XlI.*(v" = 0) molecules, primary electrons and "/-
particles" are given by <a v >, « r v > and <adjv>, respectively; bj is the number of
wall collisions it takes to de-excite XxI,+(v" = 1) molecules and L is the average
distance to the wall . The four terms in the denominator in eq. [10] represent the
losses ofXl2.+(v" = 1) molecules caused by collisions with the walls, XlI,g(v" = 0)
molecules, primary electrons and "./-particles," respectively. Neglected are the losses
caused by collisions with other discharge-produced particles, which is justified from
the observation that their density is at least an order of magnitude lower than the
X lZ+

e(v" = 0) density.
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Combination of eqs. [8], [9] and [10] leads to an expression for the equilibrium
density n} ofX1Z*(u"= 1) molecules

; v i l b i L + n
8 « V * > + n

P
 < O P V

 + n s n p Z < a i v
P

> j d j j
j

For X l2.+(v" = 2) molecules similar formulas like eqs. [8], [10] and [11] hold.
Without performing sophisticated calculations combined with knowledge of all

relevant cross sections, it is impossible to draw a priori conclusions from eq. [11 ].
However, with our measurements in hand, it is possible to determine the dominant
term in the denominator. For this purpose we write down eq. [11] four times, in each
case assuming that one of the four terms in the denominator is dominant over the
other three. In addition we make the first order approximations that T, «TjVe> and
the ratios <aivp>/<apvp> and <Givp>l<a-vp> are independent of ng. Eqs. [5] and [6]
are used to eliminate n0 and we obtain successively:

;~^V/&L(n<cTV+l/Tj '

eV <ogvg> (ng<ainvp>

and

n\ Cj c2 [12c]

j

with c}, c2 and c3j constants. Similar formulas apply to X*I.+(v" = 2) molecules.
If the first term (wall losses) in the denominator in eq. [11] were dominant,

according to eq. [12a] n7 would vary linearly with ng only if ng«Jinv > » 1/T,,,,

which implies complete energy degradation. However, this seems unrealistic since ne

still increased with n in this pressure regime as was measured by others.7 In addition,
rij would vary linearly with Id, which is clearly in contradiction with our
measurements. It is seen that eq. [12b] only predict? the linear increase oin} with n if
there were no energy degradation at all, which is in contradiction with our own
measurements on the c 3n~ density9 and those by others.7 In this case, too, we obtain
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the wrong linear increase of « ; with Id. The dominance of the third term could account
for n1 and n2's independence of ld. However, eq. [12c] predicts a quadratic increase
with ng, which is again in contradiction with our measurements. Only if the last term
is dominant we obtain complete agreement with the measured scaling laws, regardless
the extent to which the primary electrons are degraded in energy. The most
prominent candidates in the denominator of eq. [12d] which might be responsible for
destruction of X^+iv" = 1 and 2) molecules are H atoms, having a large
deactivation coefficient for vibrational energy,5-6 and plasma electrons, for which
measurements in post-discharges indicate that a coupling exists between their kinetic
energy and the vibrational energy of H2 molecules by super elastic collisions.34

05 1.0 1.5 2.0

FIG. 6 Variation of the atomic density with discharge current and pressure. Vd = 100 V in these
measurements.

6. Scaling laws for atomic hydrogen

6.a Measurements

Measurements on scaling laws for atomic hydrogen were performed using a
(3+1) REMPI scheme at X ~ 364.4 nm where three photons are resonant with the
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ls-2p Lyman-or transition. Again we measure at a fixed wavelength at the top and
beside the peak in order to obtain a direct measure for the atomic ground-state
population as a function of discharge parameters. The results, at Vd = 100 V, are
given in Fig. 6. Plotting this data as a function of Id, at constant Pd, indicates that the
atomic density is proportional to Id, with a start of saturation for the highest current
used. Just as with vibrationally excited molecules, measurements also show the
presence of atomic hydrogen with only the filament current and gas flow running.
The atomic density, immediately after the discharge power supply was switched off, is
proportional to n with a somewhat more gradual slope than the straight lines drawn

o

in Fig. 6, indicating that the density of atomic hydrogen, "not produced by the
filaments," only shows a weak increase with n .

6.b Discussion

We ascribe the presence of H atoms without discharge current to thermal
dissociation of H2 molecules on the hot tungsten filament surfaces.22 At an estimated
temperature of the filaments of = 2500 K and a pressure of = 1 Pa, we calculate
from the equilibrium constant Kp for the reaction H2 <=> 2H 35 that the equilibrium
degree of dissociation nn/(nH + 2nl{ ) ~ 0.94. However, due to the finite residence
time of particles on the hot filament surface, it is doubtful whether equilibrium can be
reached. Apparently the filament surface itself functions as a catalyst, making it
possible that a measurable amount of H2 molecules can be thermally dissociated
during the residence time. Recombinative desorption of atomic hydrogen from the
discharge walls may then contribute to the XlY.+(v" > 0) population,27-28 which we

o

presume to be the mechanism responsible for the presence of vibrationally excited
molecules with only gas flow and filament current on (see Sec. 4.).

According to eq. [7], production of atomic hydrogen in the discharge by
primary electron excitation of XlY?(y" = 0) molecules followed by dissociation, is
in agreement with the measured scaling laws, provided that the atomic i''>*ime in the
discharge xH is independent of ng and Id (at least up to 20 A), i.e. destruction of atomic
hydrogen is dominated by waif collisions in this regime. If such were not the case, the
density of atomic hydrogen in the discharge, corrected for the amount produced on
the filaments, would show a decrease as a function of pressure, just like the density of
c 3n~ molecules.9 The start of saturation of the atomic density above Id = 20 A may
be an indication of the existence of an additional mechanism, for which the
corresponding atomic destruction rate becomes comparable to the losses suffered by
wall collisions.
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We note that the small increase of an with ld at constant Pd (see Table II) seems
to be inconsistent with the measured proportionality of the atomic density to ld (see
Fig. 6). This would imply that we cannot ascribe the measured deficiency of H-,
molecules entirely to atomic hydrogen, i.e. our analysis that leads to eqs. |3] and |4) is
partially incorrect. One of the major assumptions leading to eq. |4] is the fact that the
velocity distribution of the hydrogen molecules (and atoms) can be characterized by a
temperature, which in addition is taken to be equal to the measured rotational
temperature. However, Otorbaev et a/.36 reported that the molecular velocity
distribution in a similar plasma is not Maxwellian but contains a high velocity tail. If
this was the case in our discharge as well, the actual molecular deficiency would be
less and consequently the calculated atomic density would also be lower. The latter
aspect would also enhance the consensus with measurements by others8-10 concerning
the atomic level population.

7 . Conclusions

In the pressure regime from 0.3 to 2.2 Pa, the density of H, molecules in the
X lI.*{v" = 1 and 2) state is measured to be proportional to the gas density and
independent of discharge current variations between 10 and 30 A. Analysis of these
results, using simple rate equations and taking into account the effect of energy
degradation of the primary electrons, leads to the conclusion that these molecules are
produced via low energy electron collisions with X '£+ molecules |(e-V) process| and
that their destruction is dominated by collisions with other discharge produced
particles, most probably H atoms and/or thermal electrons.

In the same regime, the ground-state atomic hydrogen density is found to be only
weakly dependent on the gas density and proportional to the discharge current. These
observations are explained with formation of atomic hydrogen by primary electron
excitations of A'1!* molecules, followed by dissociation, and destruction dominated
by wall collisions.

If the heating current through the filaments and the gas flow is turned on, but the
discharge power supply left off, both atoms and vibrationally excited molecules are
still detected. For these phenomena we only give a tentative explanation, which has to
be verified by additional measurements.
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Chapter V

Rotational Temperatures and Densities of Metastable H2

in a Multicusp Ion Source

We present measurements on the rotational temperature and the density of H2 in
the metastable c 3n~ state in a multicusp ion source. The temperatures, determined by
using resonance-enhanced multiphoton ionization, are in the range of 400 to 600 K.
The density is obtained by the application of a one-photon ionization process, yielding
a value of 3 x 109 I cm3 at a discharge current of 30 A. The variation of the
metastable molecule density with discharge parameters can be qualitatively
understood with a simple model which includes energy degradation of the primary j

electrons and quenching due to gas collisions. j

1 . Introduction

The various approaches1 to the production of technologically significant intense
beams of fast neutral hydrogen atoms have converged to the generation of H~ ions in
the so-called "volume" sources,Ii2>3'4 from which these negative ions are extracted3

and subsequently accelerated to the required energy. Such an energetic H~ beam can
be efficiently neutralized.1 These neutral beams are particularly relevant for heating
and diagnostic applications in fusion plasmas.1 The answer to the question, which is
the dominant mechanism responsible for the abundance of H" ions in hydrogen
discharges,2 '3 '4 is still a motivation for experimental and theoretical research.
Dissociative electron attachment (DA) to rovibrationally excited electronic ground-
state hydrogen molecules [X ll,+(v", J")] is commonly accepted as the most prominent
candidate for the solution to this problem. Due to the strong increase of the cross
section for DA with v",6 molecules with u " > 5 are believed to contribute
predominantly to the total H" density.7-8 Therefore it has to be verified that these
molecules are present in the discharge, to a sufficient degree to explain the measured
H~ density. In our experiment we are working on such a measurement using
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resonance-enhanced multiphoton ionization (REMPI) to detect the XlT.*(v",J")
molecules.9 We have obtained the first successful measurement using this technique to
diagnose conditions in a discharge. Until now we have detected9'10 ground-state
molecules, up to v" = 3, and atomic hydrogen, in a three-photon excitation, one-
photon ionization scheme [(3+1) REMPI]. In addition, we have detected11 metastable
c 3n~ molecules in the same discharge, and we concentrate on that work in this paper.

To distinguish between the different quantum states in c 3Yl~ we used a one-
photon excitation, one-photon ionization scheme [(1+1) REMPI], making it possible
to obtain the rotational temperature (Tr) of these molecules in the vibrational levels
v" = 0, 1 and 2. We also employed a nonresonant, one-photon ionization process to
ionize c 3n~ molecules irrespective of their internal quantum state. From this
measurement we deduce the total c 3U~ density. An interesting aspect of this work is
the indication that metastable H2 molecules may play a more significant role in the
production of H~ ions in discharges than has been considered so far.12'13 This
conclusion is based on the variation of the c 3FI~ density with neutral gas pressure,
which shows an interesting similarity to the dependence of the H~ ion density as
measured by Bacal, Bruneteau, and Nachman.4 Moreover, our results provide
additional experimental information that can be used as a test for theoretical
models.7'8

2. Measuring procedures and data-handling

2.a Experimental setup

Details of the experimental setup and the REMPI technique have been published
elsewhere.9 In short, the ion source is a rectangular magnetic multipole bucket source
with dimensions 14 x 19 x 14 cm3. Except for the front plate, all walls are
equipped with permanent magnets generating a cusp field of ~ 0.07 T on the inside.
The front plate is electrically insulated from the rest of the walls and is biased to
cathode potential. Three sets of 2 tungsten filaments each are mounted in the back
plate. The source is operated up to 30 A, 200 V dc. Working pressure in the source is
between 0.2 and 5 Pa. The source is not equipped with a magnetic filter and as a
consequence we investigate the properties of the discharge in the "driver region," i.e.
the region in a tandem source where the vibrational excitation is assumed to occur.5

The actual analysis with the REMPI technique takes place outside the discharge.
Through an aperture in the front plate, which also serves as a pumping hole, a hot gas
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jet effuses into the main vacuum vessel. The pressure in this vessel, far from the
aperture, is ~ 700 times lower than in the discharge chamber. Light from a pulsed
tunable dye laser is focused = 7 mm in front of the aperture. Quantum-state-specific
detection of particles effusing from the discharge is achieved by means of selective
ionization using the REMPI principle, after which the resulting ions are detected. By
measuring the REMPI signal as a function of wavelength, information is obtained
about the population of the different quantum states that are ionized. Discrimination
against unwanted ions (like plasma ions or photodesorption ions from nearby
surfaces) is performed by the combination of a magnetic (« 1 T) and an electric field
(= 1 MV/m) at the laser focus. The detection system is in fact a time-of-flight mass-
spectrometer, which makes it possible to distinguish between H+ and H£ ions. For each
laser shot both H+ and H^ ionization signals and the laser pulse energy are measured.
To reduce the influence of shot-to-shot variations in laser intensity on the ionization
signals, the measured signals are averaged over 30 laser shots at each wavelength.
After each scan these averages are stored on tape for plotting and further analysis.

2. b (1+1) REMPI measurements

In order to detect the different quantum states of c 3FI~ separately, (1+1) REMPI
measurements were performed in the wavelength region from 570 to 605 nm. In this
region, not only one-photon excitations from c 3n~ to the four n = 3 triplet gerade
states of molecular hydrogen have been found, but many of the peaks in the spectra we
recorded are due to the electric-dipole-forbidden transition d 3FIU <— c 3I7~. The
wavelengths for the different lines of this transition can be calculated from the level
positions of the c 3F1~ and the d 3Ylu states of the hydrogen molecule, given in
Ref. 14.

We decided to deduce the relative populations of molecules in different
rotational levels from the forbidden transition. These peaks are well resolved in the
spectra, unlike those from the allowed transitions, which appear as rather broad
peaks, often (partially) overlapped by other peaks. Moreover, the rotational branches
for the forbidden transition are located in conveniently small wavelength regions.

For the d 3UU <- c 3n~ vibrational bands we observe P (AJ = -1), Q (AJ = 0)
and R (AJ = +1) branches. In this notation AJ is the change in rotational quantum
number when exciting from the c 3n~ to the d 3UU state. As a measure for the
population in a particular rotational level / " of c 3Yl~(v"), we use the heights H(J") of
the corresponding peak in the Q branch. Since the Q branch has the strongest lines of
the three branches observed, this choice makes it possible to detect the largest number
of rotational levels, i.e. up to / " = 5 for v" = 0 and 2, and up to / " = 4 for v" = 1.
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In order to allow for changes in laser pulse energy during the recording of a Q
branch, the values for H(J") were corrected linearly with respect to changes in laser
pulse energy according to

[1]

In eq. [1J A(J") is the corrected peak height, Em is the mean pulse energy within the
wavelength scan, and Em{J") is the mean pulse energy at the top of the Q(J") peak,
averaged over 30 laser pulses as explained in Sec. 2.a. Because the laser wavelength
has to be scanned over only = 1 nm, to cover the measurable part of each Q branch,
the corrections in eq. [1] are less than 5 - 10% for the measurements presented in
this paper.

Note that the relative intensities within one rotational branch do not directly give
the relative populations of the different J" levels. In principle we should correct for
the rotational line strengths, but these are not known to us for the forbidden
transitions, and therefore we have taken them to be equal. As a consequence, the
values for A(J") are used to derive the relative populations of the different J" levels
within each vibrational level.

2.c One-photon ionization measurements

To obtain quantitative results on the total c 3FI~ density in the discharge we used
photons at X = 337 nm. These photons have enough energy to ionize c 3n~ in a one-
photon process, regardless of their internal quantum state.15 Moreover, at this
wavelength the dye laser delivers a high enough pulse energy to saturate this
ionization process, which was verified by measuring the ionization signal as a function
of laser pulse energy. In order to perform quantitative measurements, we also need to
know the overall efficiency of the detection system, the size of its acceptance volume,
and the detector current corresponding to one single ion. Computer calculations on
the transmission of the detection system show9 that it can be taken as unity. According
to specifications from the manufacturer the quantum efficiency of the detector
exceeds 90% if the ion energy is larger than 3 keV, as is the case in our experiment.9

We therefore take the overall efficiency of the detection system, which is the product
of transmission and detector quantum efficiency, equal to 1. Note, however, that the
error that might be introduced in this way causes an underestimation of the density of
c 3FI~. We determined9 the size of the acceptance volume, i.e. the volume from which
ions can reach the detector, by scanning the laser focus through this volume.
Simultaneously, we detect the (3+1) ^EMPI .-;gnal, obtain id by ionizing ground-state
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hydrogen molecules at A = 289.83 nm, as a function of focal position. The (3+1)
REMPI signal emanates from a small volume (= 10~3 mm3) at the laser focus and
therefore can be used as a probe in this procedure. The acceptance volume WHS found
to be ~ 1 mm3.9 For the measurements at 337 nm the laser beam was only weakly
focused in order to be sure that this whole volume was illuminated. By decreasing
laser pulse energy and discharge power to reach the regime where ion counting
becomes possible, the detector signal arising from a single ion could be determined.
Finally, as the hydrogen molecules flow from the discharge through the aperture
towards the laser beam, their density decreases by a certain factor. This factor was
determined experimentally to be = 30 for ground-state molecules when the discharge
was turned off.9 We assume that this is the same for c 3n~ molecules when the
discharge is on. A point of uncertainty arises from the fact that the magnetic field of
the detection system penetrates to some extent into the discharge, and therefore
influences its properties. For the measured c 3I~I~ ionization signal it is found that it
increases when the magnetic field is decreased. However, we cannot perform
measurements at zero magnetic field, when the discharge is on.9 Therefore, the values
for the metastable molecule density reported in this paper are essentially those at the
laser focus, multiplied by a factor of 30!

3 . Origin of the d 3U u <— c 3I~I~ transition

The d 3riu <— c 3 n ~ transition is electric-dipole-forbidden since in
homonuclear diatomic molecules like H2 even (#) electronic states only combine with
odd (w) states and vice versa but not odd states with other odd states.16 Therefore, the
origin of the d 3I~IW <— c 3n~ transition has to arise from a magnetic dipole or an
electric quadrupole transition moment, for which odd electronic states do combine
with other odd states.16 Apart from that, there is also the possibility that the selection
rule, although rigorously true for a free molecule, is violated by the presence of
external fields. Such a transition is of the electric dipole type and is referred to as an
enforced dipole transition.16 Since the d lUu <— c 3n~ transition takes place when
the metastable molecules are in the electric and magnetic fields of our detection
system (see Sec. 2.a), the latter possibility has to be examined in order to give a
decisive answer as to the origin of this forbidden transition.

In our experiment, we cannot conclude from only the variation with the electric
and magnetic fields of the REMPI signal at one of the peaks from the forbidden
transition, whether or not we are dealing with an enforced dipole transition. Such a
procedure would result in the measurement of a convolution of the dependence of the
d 3 n u <— c 3 n~ transition strength on the electric and/or magnetic field (if any), and
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instrumental effects which are difficult to quantify. Some of these effects are for
instance that: variation of the electric field of the detection system results in a change
of the energy with which the REMPI ions strike the detector, causing it to respond
with a different output signal; lowering of the electric field too much will affect the
transmission efficiency of the particle transport system;9 variation of the magnetic
field affects the discharge, which results in a variation of the c 3n~ density at the laser
focus (see Sec. 2.c).
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c 3n~ (one-photonFIG. 1. (1+1) REMPI spectra when ionizing c 3 n u molecules via the / 3FI p

allowed) transition or via the d 3I1W <- c 3U~ (one-photon forbidden) transition. In the upper trace
the electric field of the detection system, in which the REMPI process takes place, is 1 MV/m, while
in the lower trace it is 0.25 MV/m. The change in relative intensity of the two /?(1) peaks proves that
the forbidden transition is of the enforced dipole type.

In order to circumvent these instrumental effects, we measured the (1+1)
REMPI signal between 597.4 and 598.2 nm. In this region we find the R(l) peak of
both the forbidden d 3nu(i; ' = 2) <- c 3n~u(v" = 2) transition at X = 598.05 nm,
and the electric-dipole-allowed i 3FIg(u'= 2) <~ c 3n~(u" = 2) transition at
A = 597.71 nm.14 Note that these two transitions originate from the same lower
level, i.e. c 3n-(i>" = 2, J" = 1), which is essential in our analysis! We can now
eliminate instrumental effects from our data by measuring the ratio of the peak
heights of these two transitions as a function of the electric and magnetic field
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strength. In Fig. 1 we show the result for two of these wavelength scans, one in which
the electric field was at the standard working value of 1 MV/m (upper trace) and one
in which the field was kept constant at 0.25 MV/m (lower trace). From this
measurement it is immediately clear that the strength of the electric field has a
pronounced effect OP the intensity of the forbidden transition and therefore we
conclude that the origin of the d 3IIU <— c 3n~ transition in our apparatus is from
the enforced dipole type. A more detailed discussion of the dependence of the
d 7>Y\U <— c 3 n~ transition strength on the electric field is beyond the scope of this
paper. Variation of the magnetic field, between = 0.2 and = 1 T, did not show a
measurable effect on the relative intensity of the two peaks.

Both calculations by Freis and Hiskes17 and measurements by Johnson18 show
that electric fields of the order of 1 MV/m are strong enough to reduce the
c 3n~(u" = 0) radiative lifetime which is ascribed to mixing of the metastable state
with other excited states.17'18 This mixing weakens the selection rule enough to allow
the transition in our system. Note however, that transgression of the selection rule can
also be caused by mixing of the d 3F1U state with other electronically excited states.
Although we are not aware of calculations or even experiments in which this
particular mixing is studied, it seems to us that, due to the smaller energy differences
between electronically excited states in the n = 3 manifold compared to those in the
n = 2 manifold, mixing involving the d 3flu state is a more plausible explanation for
the occurrence of the d 3F1U <— c 3FI~ transition in our experiment than mixing of
the c 3n~ state with other states.

4. Rotational temperatures for c3n~(t>" = 0, 1 and 2)

In Fig. 2 we give the Q branches for the (0-0), (1-1) and (2-2) vibrational
bands of the d 3FIM <— c 3FI~ transition. Most of the P and R lines for these bands
were also found in the spectra. When recording the spectra presented in Fig. 2, the
discharge current Id was 30 A, the discharge voltage Vd was 100 V, and the source
filling pressure Pd was 0.4 Pa. To determine the rotational temperature Tr of the
metastable molecules in each vibrational level, we fit the values for A{J") (see
Sec. 2.b), from measurements like those in Fig. 2, to a Boltzmann distribution. The
result for the v" = 2 scan in Fig. 2, is given in Fig. 3 in a so-called Boltzmann plot.
The A(J") values are corrected for the degeneracy of the rotational levels (27" + 1)
and nuclear spin states (27+ 1), with T= 0 for even J" values (para-hydrogen) and
T = 1 for odd J" levels (ortho-hydrogen). The error bars at each data point reflect
the uncertainty in the determination of the peak heights, / /(/"), due to the variation of
the background signal in the spectra (see Fig. 2). The data points prove to fall on a

99



straight line, which supports the fact that we have taken the rotational line strengths
equal (see Sec. 2.b). The slope of the straight line, which is fitted to all 5 data points
by the least-squares criterion, gives Tr = 450 K. From the uncertainty in the
individual data points we estimate the error in the temperatures to be = 10%. The
results for the variation of Tr of c 3n~ with discharge current are given in Table I.
For comparison, we also give Tr of XxZ+(v" = 0, 1 and 2) obtained10 with (3+1)
REMPI in the same discharge. Triplet and singlet temperatures are seen to be of the
same magnitude. Note that the values for X 1L+ are lower than those stated
previously" due to the fact that Tr for these molecules is determined from the
populations in J" = 1, 2 and 3, whilst previously all measured levels were used. The

595.70

601 .HO MI2..10

wavelength |um|

(i<)2.80

FIG. 2. H^ signals obtained when employing (1+1) REMPI. Indicated are the line positions of the Q
members of the (0-0), (1-1) and (2-2) vibrational bands (from above to below, respectively) for the
d Tlu<- c n~ transition. Discharge parameters for these measurements are: ld = 30 A,
Vd = 100 V, Pd = 0.4 Pa.
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higher rotational levels are not included because they are more highly populated than
would be expected on the basis of thermal equilibrium with the lower J" levels, which
is in line with the findings by Pealat et al.19 However, we do not observe such
deviations from thermal equilibrium between the rotational levels of c 3n~, as can be
seen for instance in Fig. 3.

J"=2 J"=5

Er(J")
702

[Kl

1086

FIG. 3. Boltzmann plot for the u" = 2 measurement in Fig. 2. The slope of the straight line

corresponds to a rotational temperature Tr = 450 K.

The distinct difference between the distributions over the rotational levels in the
various vibrational states of c 3FI~ and X ' 2* indicates that these molecules are
involved in different reaction mechanisms. Indeed, from measurements10 concerning
scaling laws for the density of X^T?g(v" = 1 and 2) molecules in our discharge, we
concluded that these levels are populated by low energy electron collisions with X 'S*
molecules, the so-called e-V process,7*8 such in contrast to the formation of c 3FI~
molecules, for which high energy electrons are indispensable, considering the energy
required (= 11 eV) to excite c 3n~ fromX'S^u" = 0).

Still there is an aspect of the rotational temperature of c 3fljj in our discharge
which needs further discussion. Koot, van der Zande, and de Bruijn showed20 that
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during ionization of H2 molecules in the X'Z£(t/' = 0) stale by 90-eV electrons, she
rotational quantum number remains unchanged, which we expect to be die same for
excitations to c Hl~. If such is die case, die rotational temperature Tf of c 3 n ; should
be roughly half the value of 7", for X lZ* molecules, considering the rotational
constants of these two states (30.4 cm-1 and 59.3 cm"1 respectively).21 Indeed, such
an observation has been made by Ginsburg and Dieke,33 when performing intensity
measurements on the d Hlu =» a 32£ bands of H2, which were excited in a discharge.
By variation of the pressure and current in their discharge tube, the apparent
rotational temperature of the d 3ITM state could be varied from 240 K to 1500 K.
These results were explained by assuming that at sufficiently low pressure, Lc, below
* 10 Pa, the excited molecules had no chance to make collisions before emitting a
photon. At higher pressures, collisions with other gas molecules changed the initial
distribution over the rotational levels of the d 3ITW state. Conversion of vibrational
energy into rotational and translational energy during such collisions was proposed as
the main mechanism by which the energy, required for the rise in rotational
temperature, could be obtained. This assumption was supported by their observation
that the population of the higher vibrational states decreased, compaied with the zero
vibrational state, when the pressure was increased. Moreover, it was found that the
higher vibrational states had a lower effective rotational temperature. This was fully
compatible with the proposed mechanism because these states necessarily experienced
a smaller number of collisions, as there is a certain chance in each collision that the
molecule is removed from a higher vibrational state.

In order to play an important role in changing the rotational distribution of the
d 3 n j l molecules, the mean free path for the above-mentioned process has to be
shorter than the distance over which a d 3I1M molecule travels during its lifetime
(= 10 ns). At a thermal speed of * 2300 m/s this amounts to * 0.02 mm, which in
the experiment by Ginsburg and Dieke is reached around 10 Pa.22. Due to die much
longer radiative lifetime of the metastable state (* 10~3 - 10"* s),17*18 die mean free
path for the same process, applied to c 3II~ molecules, can be * 104 times larger.
Consequently, the pressure in our experiment, at which collisions with unexcited
molecules start to change the initial rotational distribution over die levels of die c 3n~
state, will be « 10* times smaller, i.e. around 10~3 Pa, provided the cross section for
this process is the same for d 3f1M and c 3n~ molecules. Thus gas collisions are a likely
explanation why the values for Tr of c 3n~ (measured at * 0.4 Pa) are considerably
higher than half the values for Tr of X '££ bi our discharge (see Table I) and why die
non-Boltzmaiui distribution over the rotational levels of the JIT !X£ state1019 is not
reflected in the distribution over the rotational levels of die c 3n~ state (see Fig. 3).
In addition, we make the same observation as made by Ginsburg and Dieke for die
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d Jflu state,22 that the higher vibrational states, for c *n~, tend to have a lower value
for T, (sec Table I).

TABLE I. Rotational temperatures (in kelvins ±10%) for X lZ*(v" =0 , 1 and 2) and
c 3n~(w" =0, 1 and 2) for various discharge currents. Other discharge parameters are:
Vd = 100 V and Pd * 0.4 Pa, in the case of metauablc hydrogen c 3 f l ' and 1.2 Pa in the case of

State

o" = 0

v" = 1

v" - 2

x'r;

f
c nu

x'z;
c3n:

10

370
460

390
440

390

360

20

420
500

510
500

450

380

30

430
570

520
570

520

450

5. Densities for c 3Xl~

In Figs. 4 and 5 we present measurements on the variation of the c *Tl~ density
with various discharge parameters. In Fig. 4 the discharge voltage Vd was kepi
constant at 100 V, while varying the discharge current l4 and the source filling
pressure Pd. In Fig. S Vd and Pd were varied while keeping l4 constant at 20 A. In
view of the uncertainties of the various calibration steps, discussed in Sec. 2.c, the
values on the vertical axis should be regarded as approximate, and in fact are lower
limits for the c 3FI~ density. The relative values in each figure, however, are accurate
within 10-20%.

Hiskes, Bacal, and Hamilton'2 have made an estimate for the ratio of die c lUu

density to the gas density in a discharge and found an upper limit of 2 x 10~s. Using
this ratio, and assuming mat the measured rotational temperature for ground-state
molecules, * 450 K in a 30 A discharge (see Table I), is equal to the translational
tempeiature, we calculate the predicted upper limit of the c 3I1~ density to be
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= 109 cm'3 at 0.4 Pa. Although this is consistent wi& the density we estimated for
these conditions ( = 3 x 109 c m 3 ) , it should be recalled that we consider our
experimentally determined values as lower limits.

• -

«•

m-
a-

SA

10 A

20 A

JO A

0 0

0.0 0.5 1.0 15

pressure [Pa]
2.0

FIG. 4. Variation of c 3 n ~ density with neutral gas pressure for different discharge currents.

Discharge voltage = 100 V.

The variation of the c 3IT~ density with the various discharge parameters can be
understood qualitatively, assuming mat these molecules are produced by primary
electron excitation of unexcited gas molecules. Therefore we have to consider the
primary electrons first. Primary electrons are emitted from die filaments and
accelerated by the discharge voltage Vd to a velocity vp. They are lost eitfier to the
walls of the discharge chamber, with a characteristic time tw, or they are degraded in
energy by inelastic collisions with other particles. The characteristic time TM for die
latter process may expressed by

1
[2)

widi «JjHvp> die total reaction rate for inelastic collisions widi unexcited gas
molecules having a density ng. By using eq. [2] we neglect inelastic collisions of
primary electrons widi odier man unexcited gas molecules, die density of which is
much lower.

The primary electron density np may be obtained from die relation23
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m

in which e is the electron charge and V the volume of the discharge chamber. As soon
as the gas density is so high that primary electron losses due to inelastic collisions
dominate over those by wall losses {n^o^v^ > i/xw), both density and the energy
distribution function of the primary electrons are affected by ng. From eqs. [2] and
[3] it is immediately clear that np becomes a decreasing function of ng under these
condition-. Following a similar calculation as was done by Bacal, Bruneteau, and
Nachman4 we find that this energy degradation effect becomes important, i.e.
ng«Jinvp> ~ l/tw in our source for primary electrons with an energy of 100 eV,
when Pd = 0.2 Pa. If the primary electron energy is increased (by increasing VJ, the
magnetic cusp fields on the inside of the discharge chamber wall (see Sec. 2.a) will be
less effective in reflecting the primary electrons and therefore the mean free path for
losing primary electrons to the wall, which is equal to v x , will decrease.4 As a
consequence, increasing Vd results in a higher pressure at which energy degradation
becomes important.

0.0
0.0 .0 1.5 2.0

pressure [Pa]

2.5

FIG. 5. Variation of c 3I1~ density with neutral gas pressure for different discharge voltages.

Discharge current = 20 A.

The equilibrium density n; of any type of particles produced by primary electron
excitation or ionization of unexcited molecules in the discharge is given by
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nrn. n. «r,v_> T, = ' * ' p ' , [4J

in which <OjVp> is the reaction rate for the production of "./-particles" and T; is their
mean lifetime in the discharge. Eq. [4] predicts an increase of n proportional with n
in the low pressure regime, where energy degradation can be neglected. For the
higher pressures, n. will become independent of ng. However, in general T, is a
decreasing function of n and ld and it is seen that n. will even decrease with ng, subject
to the degree to which ng affects T;. In addition, tij is seen to be proportional to the
discharge current ld, as long as the lifetime x- is not affected by ld.

In order to apply eq. [4] to c 3IT~ molecules, we first write down an expression
for the lifetime rc of these molecules in the discharge according to:

ng <agvg> + np <apvp>
l

where the summation in the denominator covers all particles described by eq. [4]. In
eq. [5] vc, vg and v; denote the speed of c 3n~, unexcited gas molecules and "/-
particles," respectively. The reaction rates for destruction of c 3n~ molecules by gas
molecules, primary electrons and "./-particles" are given by «fgv_>, <o v > and
<adjVj>, respectively. A few of the destruction mechanisms corresponding to these
reaction rates are the loss of c 3FI^ in gas collisions according to c 3n~ + X 'Z* —>
c 3FI* + X ' £ * after which c 3n* predissociates,24 ionization or excitation of c^FI"
by primary electrons, and collisional excitation of c 3F1~ to the close-lying, short-
living (= 10 ns) a 3E£ state by plasma electrons. The cross section for the latter
process is expected to be quite large (= 10~13 cm2), because of the small energy
difference between these two states.12'13 L is the mean distance to the wall. The four
terms in the denominator in eq. [5] represent the losses of c 3FI~ molecules suffered
by collisions with the wails, unexcited gas molecules, primary electrons and "j-
particles," respectively. The use of the term vJL for wall losses of c 3FI; implies total
quenching at each wall collision.12'13 Note that we have not included a loss term for
c 3FI~ in eq. [5] related to radiative decay. Insertion of such a term would not change
the properties of this formula because it has the same form as the loss rate due to wall
collisions, i.e. independent of any discharge parameter. Moreover, if the lifetime for
c 3n~ in the discharge chamber is determined only by wall collisions, eq. [5] predicts
TC = 3 x 10"5 s (vc is taken 2300 m/s, equal to the mean velocity of H2 molecules
having a Maxwellian velocity distribution at 500 K and L = 0.07 m), which is
shorter than the radiative lifetime of c 3 n~ molecules (« 10~3 - 10"4 s).17-18

Therefore radiation losses for c 3Tl~ are not incorporated in eq. [5].
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If we change all subscripts " / ' in eq- [4] into "c", necessary to make this general
equation apply to c 3FI~ molecules, and substitute eq. [5] for rc, we obtain as an
approximate expression for the equilibrium density nc of c 3n~ molecules

„ nenn<acvD>
c vJL + »g « v « > + n

P
 <apv

P
> + ngn

PZ, <ajv
P> ^<Gdjvi> '

j

In eq. [6], «Jcvp> is the reaction rate for excitation of unexcited molecules to c 3I~I~
by primary electrons. In order to gain insight into the properties of eq. [6], we write
down this equation four times, in each case assuming that one of the four terms in the
denominator is dominant over the other three. In addition we make the first order
approximations that the ratios «ycvp>l<opvp> and <acvp>l«yjvp> are independent of
n . Eqs. [2] and [3] are used to eliminate n and we obtain successively:

,«W f 7 .
c eVvc/L(ng«Tinvp>+VTw) '

eV <Og V (ng<ain V

"c * ng cl

and

« > | 7 d |

7

with C; and c,, constants.
Eqs. [7c] and [7d| do not describe our measurements since they predict that nc

would be independent of Id, which is obviously in contradiction with our results
presented in Fig. 4. Therefore we conclude that c 3I"I~ losses due to primary electrons
and "/-particles" play a minor role in our discharge. Both eqs. [7a] and [7b] are able
to predict the measured linear increase of nc with Id. Besides, eq. [7a] shows that nc

increases with ng at low pressures, where ng<oinvp> < 1/TW, i.e. no energy
degradation, and that nc becomes independent of ng at higher pressures. For eq. [7b]
we see the opposite effect: nc is independent of n at low pressure while it becomes a
decreasing function of ng for the higher pressures, where ng<ainv > > 1/TW, i.e. full
energy degradation. Therefore, in order to explain our experimental results, we
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conclude that when increasing the pressure we pass from a regime in which the loss of
c 3n~ is dominated by wall collisions (Pd « 0.3 Pa) to a regime where the loss is
dominated by gas collisions (Pd » 0.3 Pa). From this observation it follows that the
mean free path for the process in which c 3II~ is quenched by gas molecules at
~ 0.3 Pa has to be about equal to L, which in our system is ~ 7 cm. This implies that
the cross section for quenching of c 3O~ by gas molecules at thermal energy is
roughly 3 x 10"15 cm2. We estimate this number to be accurate within a factor of 3,
from the uncertainty as to the actual gas density under discharge conditions, and from
the fact that we can only estimate at which point, in the pressure regime studied,
c 3FI~ losses suffered from gas collisions are equal to those due to wall collisions.
Tischer and Phelps experimentally determined24 the cross section for collisional
quenching of the c 3n~(v" = 2,J"=l) state by thermal H2 molecules at 300 K, and
found a value of 8 x 10"15 cm2, which is not in disagreement with our own value.
Moreover, our estimate of 3 x 10~15 cm2 is an average over the whole c 3 n~
population in the discharge, which we presume to be predominantly c 3n^(i>" = 0),
for which the cross section for collisional quenching by H2 molecules differs from the
valueforc3n-(u" = 2, J" = 1).

From Fig. 5 it is seen that the maximum in the c 3FI~ density broadens, shifts to
higher pressures and is lowered when the discharge voltage Vd is increased. In the
discussion of eqs. [2] and [3] it was argued that increasing Vd results in a decrease of
the efficiency with which the magnetic cusp fields reflect the primary electrons.
Besides, if the primary electrons have a higher initial energy, it will take more
inelastic collisions before they are slowed down below the threshold energy for
excitation of X 'Z+ molecules to c 3fl~ (=11 eV). Both these features result in an
increase in the pressure at which energy degradation manifests itself in the production
rate of c 3FI~ molecules. As a consequence, in the pressure region where the transition
from eq. [7a] to eq. [7b] takes place (= 0.3 Pa), eq. [7a] changes from a function
independent of ng at low Vd, to a function increasing with n at high Vd. Similarly
eq. [7b] changes from a function decreasing with « to a function which is
independent of ng. Of course, further increase of Pd fulfills again the condition
ng<ainv > > 1/TW and nc starts to decrease. Therefore the maximum in c 3n~ density
will be broadened and shifted to higher pressures if the discharge voltage is increased.
Because the maximum of nc at higher Vd, occurs at higher pressure, the losses due to
gas collisions are also higher and consequently the absolute value of the maximum is
lower.

Bacai, Bruneteau, and Nachman4 have investigated the variation of the H~ density
normalized to the electron density versus H2 pressure for several configurations of the
magnetic multipole. It is interesting to note that for all three configurations studied,
this quantity exhibits a maximum at Pd = 0.3 Pa. (Fig. 14 in Ref. 4), which is
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roughly the same value we find for the maximum of the c 3n~ density. Moreover,
Holmes, Dammertz, and Green25 found an optimum for the extracted H~ current at
0.5 Pa, which falls in the same range again. These coincidences suggest that c 3n~ is
related to H~ formation. In Ref. 12 it was calculated that DA to c 3U~U itself does not
contribute significantly to the observed H" density. However, Hiskes and Karo13 have
already pointed out that c 3FI~ can be Auger de-excited at the wall, giving rise to the
formation of vibrationally excited ground-state molecules which are effectively
converted to H" by DA.6 They13 calculated the rate with which triplet excitations
populate X 'Z+(u" = 6-14) levels and compared this to the rate with which singlet
excitations populate these levels. The triplet rate was found to be only a factor of 2
lower than the singlet rate, which indeed indicates the importance of c 3n~ in the
volume production of H" ions, hi addition, collisional excitation of c 3n~ to singlet
states (C ! n u or B •z*) by plasma electrons, after which these states radiate back to
the groundstate, may be a mechanism for populating the X 'S*(u" = 6-14) levels.
However, until now only singlet excitations have been held responsible for the
production of highly vibrationally excited molecules.7-8

6. Conclusions

We have investigated the rotational distribution and the density dependence on
discharge parameters of metastable H2 (c

 3n~) molecules in a discharge. Quantum-
state-specific detection is achieved using (1+1) resonance-enhanced multiphoton
ionization, in which the one-photon excitation step proceeds via the electric-dipole-
forbidden transition d 3UU <— c 3n~. The nature of this transition is found to be of
the enforced dipole type, induced by the electric field of the detection system. The five
lowest rotational levels within each of the c 3FI~(u" = 0, 1 and 2) states are found to
be in thermal equilibrium, such in contrast to the corresponding levels in the
electronic ground state (X ' Z p of H2.10 I 9 The density of the c 3 n~ molecules,
determined with a one-photon ionization process, is of the order of = 3 x 109 cm"3

at a discharge current of 30 A. The variation of the c 3IT~ density with discharge
parameters is discussed using rate equations. From this analysis it follows that the
metastable molecules are formed in the discharge by primary electron excitation of
X ]Z+ molecules. For pressures below = 0.3 Pa the c 3n~ loss rate is found to be
dominated by wall collisions, while above this pressure collisions with X ' Z |
molecules provide the main destruction mechanism. Losses due to primary electrons
and other discharge produced particles appear to be negligible.
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Summary

The research described in this thesis was undertaken to gain insight into the
processes leading to the formation of negative ions (H~) in hydrogen discharges.
These ions enable efficient production of a beam of fast neutral particles. Such beams
are applied in nuclear fusion research.

In a hydrogen discharge, the density of negative ions can amount to more than
70% of the positive ion density. Such concentrations imply a highly effective
production mechanism. Although such a mechanism has been known to exist for over
ten years, it has yet to be identified experimentally. However, the model has been
generally accepted in which H~ is formed by means of dissociative attachment (DA) of
electrons to vibrationally excited hydrogen molecules [H2(u")l- In this process, a low-
energy electron "sticks" to a H2(t>")> thus giving rise to a H2 ion. The unstable H2 ion
can then dissociate into a H atom and an H" ion, or emit the electron. The relative
probability of either of these complementary decay mechanisms depends strongly on
the vibrational quantum number v" of the original H2(u") molecule: when v" is low.
electron emission is most probable, but when v" is high, H" production dominates. A
necessary preliminary to the DA process is the presence of sufficient H2(u")
molecules with v" > 4. By determining the densities of hydrogen molecules in the
various vibrational levels as a function of the various discharge parameters (scaling
laws), insight can be gained into the extent to which the DA process contributes to H~
formation. Since the de-excitation of H2(u") molecules by H atoms is expected to have
a large cross section, it is also relevant to determine the scaling laws for atomic
hydrogen. This thesis gives an account of the development of an experimental setup
for obtaining such measurements, and reports the first results achieved.

In view of the anticipated density of the vibrationally excited molecules and the
detection limit considered feasible, the diagnostic chosen was resonance-enhanced
multiphoton ionization (REMPI). This method had never before been applied to
diagnose a discharge. In Chapter II, a description is given of the apparatus used. The
principle is based on state-selective ionization with REMPI of particles effusing from
the discharge chamber through an aperture in the wall. The ions produced in the
REMPI-process are then detected. The use of both an electric and a magnetic field
makes it possible to distinguish the REMPI ions from those originating elsewhere,
such as plasma ions or photodesorption ions. With the discharge "off," a detection
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limit was achieved of = 2 x 1010 state-selected hydrogen molecules/cm3, which is an
improvement by a factor of 10 on a method applied earlier. With the discharge "on,"
rhe detection limit worsens due to the existence of metastable hydrogen molecules.
These particles can be ionized by a single photon, thus giving rise to an undesired
background signal. Two methods are suggested to overcome this problem.

On commencement of the measurements, an unexpected dissociation mechanism
came to light: the REMPI signal consisted not only of H2 but also of H+ ions. In view
of the possible implications for the application of REMPI as a diagnostic tool, extra
measurements were carried out to identify the processes involved. The results are
given in Chapters Ilia and IHb. Part of the H+ signal proves to be caused by photo-
dissociation of H2 ions formed in the REMPI process. More interesting, however, is
the process by which H2 is first dissociated, whereupon one of the fragments is
ionized.

Chapter IV goes into the scaling laws measured for H2(t>") molecules with
v" = 0, 1 and 2, and for H atoms. It is proved experimentally that the H2(u" = 1 and
2) molecules are produced by collisions of low-energy electrons with H2 molecules.
Destruction takes place mainly due to collisions with other particles generated in the
discharge, probably H atoms and/or plasma electrons. Scaling laws for the atomic
density appear to be in accordance with production via excitations of H2 molecules by
primary electrons (followed by dissociation), and destruction dominated by collisions
with the wall, where recombination occurs.

Finally, in Chapter V measurements are presented of the rotational temperature
and the density of metastable hydrogen molecules. The temperatures, determined by
means of REMPI, range from 400 to 600 K, depending on the vibrational quantum
number v" and the discharge parameters. The density was measured by applying a
one-photon ionization process , yielding a value of = 3 x 109 cm"3 at a discharge
current of 30 A. The scaling laws for metastable hydrogen can be understood
qualitatively on the basis of a model which takes account of energy degradation of the
primary electrons and destruction of metastable molecules owing to gas collisions.
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Samenvatting

Het onderzoek dat in dit proefschrift beschreven wordt, is verricht om inzicht te
verkrijgen in de processen die leiden tot de vorming van negatieve ionen (H~) in
waterstof ontladingen. Met behulp van deze ionen kan op efficiënte wijze een bundel
energetische, neutrale deeltjes geproduceerd worden. Dergelijke bundels vinden
toepassingen bij het kernfusie-onderzoek.

In een waterstofontlading kan de negatieve ionendichtheid oplopen tot meer dan
70% van de positieve ionendichtheid. Deze hoge concentraties impliceren een zeer
effectief productiemechanisme. Hoewel het bestaan van een dergelijk mechanisme al
meer dan tien jaar vast staat, is het experimenteel nog steeds niet geïdentificeerd.
Algemeen aanvaard is echter een model waarin H~ gevormd wordt via "dissociatieve
attachment" (DA) van elektronen aan vibrationeel geëxciteerde waterstofmoleculen
[H2(v")]. In dit proces "plakt" een laag-energetisch elektron aan een H2(u"). waarna er
een H2 ion ontstaat. Het niet-stabiele H2 kan vervolgens dissociëren in een H atoom en
een H~ ion of het elektron weer emiteren. De relatieve waarschijnlijkheid voor deze
twee complementaire vervalmogelijkheden hangt sterk af van het vibratie quantum-
getal v" waarin het oorspronkelijke H2(u") molecuul zich bevond: voor lage v" is de
kans op elektron emissie het grootst, terwijl voor hoge v" de vorming van H" de
voorkeur heeft. Een noodzakelijke voorwaarde voor het optreden van het DA-proces
is het in voldoende mate aanwezig zijn van H2(u") moleculen met v" > 4. Het bepalen
van de dichtheden van waterstofmoleculen in de verschillende vibratieniveau's als
functie van de diverse ontladingsparameters (schaalwetten), kan daarom inzicht
verschaffen in de mate waarin het DA-proces tot de H~ vorming bijdraagt. Vanwege
de verwachte grote werkzame doorsnede voor deëxcitatie van H2(u") moleculen door
H atomen is een bepaling van de schaalwetten voor atomair waterstof eveneens van
belang. Dit proefschrift geeft verslag van de ontwikkeling van een experimentele
opstelling voor het doen van zulke metingen en van de eerste resultaten die daarmee
behaald zijn.

Op basis van de verwachte dichtheid van de vibrationeel geëxciteerde moleculen
en de haalbaar geachte detectielimiet werd resonante multifoton ionisatie (REMPI)
gekozen als diagnostiek. Deze methode is nog niet eerder als diagnostiek voor een
ontlading toegepast. Een beschrijving van de hiertoe gebruikte apparatuur wordt
gegeven in Hoofdstuk II. Het principe berust op toestand-selectieve ionisatie door
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