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Abstract

Various phenomena due to negative ions in plasmas are widely studied by many researchers
in astrophysics, atomic physics, chemistry, and plasma physics. These fields sometimes involve
curious phenomena that can not be explained without any consideration of the inherent properties
of negative ions. Hence, negative ion diagnostics are essential to understanding of behavior of
negative ions and interactions among plasma particles. The photodetachment technique becomes
a powerful diagnostic tool for determination of negative ion densities and its temperatures in
plasmas.

In the first part of this thesis, studies on plasma responses after a photodetachment reaction
have been carried out both theoretically and experimentally. In the second half, the diagnostic
techniques for negative ion densities and temperatures measurement are applied to an actual
H~ jon source. In particular when cesium vapor is introduced into a hydrogen discharge, an
anomalous enhancement of H™ is observed. The combination with photoelectron current mea-
surements on a plasma electrode and the other plasma parameter measurements, including the
measurements of negative ion densities, allows us to discuss the enhancement mechanism of H™
in a cesium seeded case.

First stage of the study on the laser photodetachment technique is the investigation of the
influence of the energies of photodetached electrons upon the determination of the H™ density and
the H™ drift velocity in a hydrogen plasma by using the fundamental frequency (1064 nm), the
2nd harmonic (532 nm) and the 3rd harmonic (355 nm) of a Nd-YAG laser. [t is found that the
&I, — V,, characteristics, where 41, is the photodetachment current and V}, is the probe voltage,
do not depend on the photon energies. The effective temperature of photodetached electrons
T.sr is close, within 40 %, to that of background electrons. As a result the measurements of the
H~ density and the H™ drift velocity are not affected by photon energies.

Next, the entire dynamics and physical picture of plasma response after laser photodetachment
have been studied theoretically and experimentally. The hybrid fluid-kinetic model of Friedland
et al., where negative ions are treated in a ballistic approximation, electrons in a linearlized
Boltzmann’s relation, and positive ions as a fluid, is extended to the analysis of perturbed densities
inside and outside a laser beam. From the results of calculations, the time evolution of perturbed
electron current is in good agreement with experimental data. The overshoot in the perturbed
electron current, which is frequently seen under some experimental conditions, has been studied.
From the comparigon of overshoot signals between the observation and the caleulation, the way
of the determination of positive ion temperature is proposed.

The rest in this thesis concentrates on the cesium effect of negative ion densities both in
driver region and in extraction region of an ion source of volume production type, because it
has been reported that beam intensity of negative ions from a negative ion source is enhanced
drastically after a cesium injection into an H™ ion source. In a cesium seeded hydrogen discharge,
the H- density and temperature by use of the laser photodetachment technique are investigated
in the driver region of tandem H~ source, in which the plasma is not connected directly with the
wall of the ion source. The amount of cesium in the ion source is monitored by spectroscopic



measurement. The plasma space potential, V,, obtained from the probe J — V characteristics has
increased by Cs injection. However no clear changes in n,,n_,T,, Ty, and T_ are observed. This
result suggests that the wall surface in the extraction region influence the H™ production in the
Cs/Hy discharge.

For the purpose of studies on the cesium effect in an extraction region of an ion source, the
work function of the plasma electrode surface is measured photoelectrically using an Ar™ ion cw
laser. The mount of alkali metal vapor is measured by spectroscopic method, and negative ion
densities are measured by photodetachment method. The measured work function is correlated
with the H™ density measured simultaneously by the laser photodetachment technique. As the
work function of the plasma electrode is reduced due to Cs seeding, the ratio of H™ density to
electron density, n. /n,, increased gradually. The n_ /n, ratio becomes maximum when the work
function reaches at the minimum value. The same result is obtained in the case of Bb seeding.
These results are discussed with the help of rate equations in the plasma, taking the surface
effects into account.

This work can be summarized as the following; H™ ions and other plasma species in nega-
tive ion sources can be diagnosed by means of the laser photodetachment technique. From the
agreement between the theoretical calculations and experimental results, it is found that the
hybrid-fluid kinetic model is valid under the conditions of the collisionless, unmagnetized and
low n_/n. ratio, described here, and that it is useful to determine the H™ density, H™ tem-
perature, and positive ion temperature. It is confirmed that the work function of the surface
of the plasma electrode of a cesium seeded H™ volume source influences the n_ /n, ratio in the
extraction region.
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Part 1

Basis for ion source diagnostics,
photodetachment theory and
experiment



Chapter 1

Introduction

1.1 Production of negative ions

Negative ions [1, 2] occasionally exist in a cold plasma. In general, the energy to detach an
electron from a negative ion, that is called electron affinity, can be calculated using the quantum
theory. The electron affinity of an element determines whether the negative ion can exist in
a stable state or not. For example, the electron affinity of hydrogen is 0.754 eV. In addition
to these ground state negative ions, when an extra electron is bound relative to the excited
metastable state of the neutral, some negative ions{He™, Be™, Mg™, and ete.) exist in stable
states. Molecular negative ions exist as well. In this thesis we deal mainly with H™ ions in an

101 SOUTCE.

Formation of negative ion by volume production
In a gas discharge plasma, various collisional processes with electrons, atoms, and molecules
can be considered. In these processes, dissociative attachment of electrons was considered to be

most possible reaction for the production of negative ions of hydrogen isotopes;
e+ AB =A™ +B.

However the cross section for this reaction was thought to be very small. Schulz et al. [3] measured
the total negative ion production in H; as a function of electron energy in 1959. After a few
years, Rapp et al. [4] obtained the cross sections for negative ion production in Hz, HD, and D,.
Two resonant peaks of cross sections suggest the existence of guantum levels, corresponding to
vibrational and rotational states, respectively. Schulz and Asundi also measured the cross sections
for dissociative attachment of electrons, as well as the isotope effect, in the lower electron energy

region than those of Rapp's results.



According to the energy diagram of H; , Hy, and HJ, as shown in Fig. 1.1, the energy potential
curves for Z} and *I} states of Hy lie above the potential curve for the ground 'Z} state of
Ha, when the internuclear separation is less than 1.8 A. As increasing the nuclear separation more
than 1.8 A, we can see the inversion of states between Hy(X'E}) and Hy (*T} ). 1f Hy molecules
are excited to a higher energy level than that of H + H™, H; molecules would dissociate to H
+ H™, and thus H™ ions are produced. This reaction is called the dissociative attachment of

electrons to vibrationally excited molecules.
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Figure 1.1: Potential-energy curves of H; responsible for dissociative attachment in Hz. The
broken curve is that for the ground I} state of Hy from Ref. [6].

In 1970"s, considerable H™ ions were detected in a hydrogen plasma [7}]{8], while no one could
explain such experimental results by taking account of the production process of H™ ions via the

dissociative attachment of electrons with molecules in the ground state [9]. Large ambiguity in



the measurement of H™ densities had made it difficult to discuss the production mechanisms of
H~ ions in plasmas, owing to the limits of probe or mass spectroscopic measurements. Meanwhile,
Langmuir probe combined with the laser photodetachment was developed to obtain maore reliable
measurements of H™ densities. This method is based on Langmuir probe measurements, in which
a probe detects excess electrons released from H™ ions after photodetachment [10]. They could
give an interpretation that existence of H™ ions in plasmas is attributed to the production of H™
ions from dissociative attachment of electrons to excited hydrogen molecules.

Cross sections for dissociative attachment to excited Hy molecules were caleulated theoretically
by Wadehara et al. [11] to explain anomalous H™ densities in ion sources. They concentrated on

their calculations for the following reaction;
e+ Hy(X'T},v) 5 H; (*Ef 2 E;) 2 H™ +H, (1.1)

because it seemed to be the most probable reactions, as can be found from Fig. 1.1. Tt is clear that
higher vibrational states of Hy have a higher possibility for H~ production. The cross sections
for dissociative attachment to excited Hy molecules o4 were given as a function of the electron
energy shown in Fig. 1.2 of Ref. [11]. These cross sections have been used to estimate the H™
density in an ion source. [12]

The densities of excited molecular hydrogen, Ha(v" < 5), and H atom were obtained by means

of resonance-enhanced multiphoton ionization(REMPI) [13].

Formation of negative ions by surface production

H~ production on a metal surface has been studied for efficient productions in plasma sputter
type ion sources and surface converter type ion sources, since the discovery by Krohn in 1962.
The correlation between negative ion yield{Mo™, as well as H™) and work function on cesium
adsorbate Mo surface was investigated by Yu in 1978 [14]. Figure 1.3 shows the dependence of
Mo~ and work function change Ad on cesium deposition time. The maximum Mo~ yield agrees
closely with the minimum work function. From this correlation, they revealed the tunneling
mechanism for the production of sputtered negative ions using the experimental data. Figure 1.4
shows the schematic diagram of a potential barrier between a metal surface and an adsorbate
atom in the cases for (a) clean metal surface and (b) alkali metal adsorbate surface. In the case of
(a), when an atom approaches toward a metal surface, the potential barrier between the atom and

the metal suppresses electrons from escaping toward the adsorbate atom with the affinity level.
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Figure 1.2: Dissociative attachment cross sections for various vibrational states(rotational states
J =0) of Ho(—*E}, - - -*E]), calculated by Wadehara from Ref. [11].

When alkali metal is adsorbed on the metal surface(case (b)), the potential barrier becomes lower
than that of (a) because of the lower Fermi level and lower work function of the metal. After all,
this reduction of the potential barrier causes the increase of tunneling probability of electrons in
the metal, and leads to the negative ion production. This theoretical model is given by Blandin
et al.[15]. In the quantum mechanical model, the probability for a low velocity particle escaping

from the surface as a negative ion can be given,

i EE’TP [_.M , (1.2)

T 2av.

with the work function ¢, the normal velocity v, the affinity energy S, and the exponential decay
constant of the transition rate at large distances a.

Using this production mechanism, various ion sources have been developed. For surface con-
verter type ion sources, Belchenko et al. reported that the surface production is the principal
mechanism for H™ formation in 1973 [16]. Graham investigated the possible production mecha-

nism of H= and D~ ions sputtered from Cs adsorbate surfaces by measuring D~ yield and change
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Figure 1.3: Dependence of Mo~ yield and work function change A¢ on cesium deposition time,
measured by Yu from Ref. [14].

of work function. [17]

Hiskes et al. [18] discussed a model for the formation of negative ions by particles scattered
from alkali-metal surfaces(Li, Na, K, Rb, Cs and the composite surface, Na-Cu). From the
potential energy curves for CsH and CsH™ in Fig. 1.5, when a hydrogen atom approaches the
cesiated surface, CsH is formed at a distance. As electrons are supplied from the cesiated surface
due to tunneling, CsH getting an electron forms CsH ™, and leads to Cs + H™. Their result in
Fig. 1.6 also shows the clear dependence upon the work functions and the difference of H™ yield

between various alkali metal adsorbed surfaces.

Charge exchange process from positive to negative ions

Negative ions are created by charge exchange;
A% + neutral gas —+ A~ A,

Cross sections for this reaction have dependence on the beam energy of A*, and one must select
the kind of gas or metal vapor for the high conversion rate and the efficient production. When

negative ions do not have the volume production process and the surface production, this process
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Figure 1.4: Energy level diagram for the negative ion formation at an adsorbate metal surface.
P is the work function of the metal, p Fermi level, and Ea electron affinity.

is considered to be effective [19].

1.2 Ion sources for production of negative ions

Negative ion sources have been developed by using three production processes noted above,

In the present work we think of the production of H™ ions in a volume ion source. The volume
production type negative ion sources of the present use for high energy and current requirement
are schematically shown in Fig. 1.7. Since an ion source is filled with Hy molecules, high energy
electrons from filaments collide with ground level H: molecules in the driver region. Some Hy
molecules are excited to higher rovibrational levels H,(¢"), and the rest transits to other states.
The neutral particles produced in the driver region can move freely from magnetic filter fields.
Low energy electrons pass through the magnetic field with positive ions by ambipolar diffusion
to the extraction region. Consequently, there exist only low energy electrons(< 1eV) e,y in the
extraction region. H™ ions are produced abundantly by the dissociative attachment of eo to

Ha{v"), which is explained in Eq. (1.1), and are not destroyed by high energy electrons.

1.3 History of laser photodetachment technique

The spectroscopy of photodetached electrons gives us important information on negative ions.
Many researchers have investigated the energy levels of metastable negative ions by means of
the measurements of electrons detached from negative ion beams, since the first crossed-beam
measurements were made by Branscomb et al. in 1954. The photodetachment cross-sections for
various negative ions came to be measured more precisely with the development of light sources,

especially laser lights, instead of arc discharge lamps.
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Figure 1.5: Potential-energy curves of Hy responsible for dissociative attachment in H;. The
broken curve is that for the ground I state of Hz from Ref. [18].

The photodetachment cross sections measured using negative ion beams are essential to H™
density measurement by photodetachment in plasmas, because the data of photodetachment cross
sections for H™ ions give us an important information how much electrons are detached from H™
ions at a certain laser power density.

The photodetachment method associated with a Langmuir probe has been widely used to
measure the H™ density, n_, and temperature, T_, in H; plasmas. Taillet measured negative
ion density in oxygen plasmas using this method. By using a laser which has a photon energy
larger than the electron affinity of hydrogen, electrons can be detached from H™ ions as the same
principle as in a beam. A cylindrical Langmuir probe is located parallel to the laser beam and
immersed into it to detect the excess electrons detached from H™ ions. Bacal et al. have shown
in 1979 that the H™ density can be determined using this method [8, 10]. A few years later
Stern et al. [20] have measured successfully the H~ temperature by making use of a double pulse
laser, one of which is destroying all H™ ions and the other is delayed in time for searching the
recovering H™ ions. They determined the thermal velocity and the temperature of H™ ions by
using the ballistic model, in which the H™ ions return to the laser irradiated region with their
thermal velocities to replace the photodetached electrons. This is called "monopolar drift” of
H- ions. In Ref. [20] it was also shown that the velocities obtained from (a) the time duration

of photodetachment current signal, as measured earlier in Ref. [22], and from (b) the time delay
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Figure 1.6: Backscattered H™ yield for molecular hydrogen ions incident on various alkali metal
surfaces from Ref. [18].

between the laser beam and the photodetachment signal recorded by a probe located outside the
laser beam were equal and corresponded to the thermal velocity of the H™ ions determined by
the two-laser beam technique. Eenshuistra et al. [13] have also determined the H™ velocity from
the duration of a single laser shot and showed that this velocity was equal, within 20 %, to the
ion acoustic velocity of HY ions.

Other diagnostic methods for H™ ions are noted in chapter 2.1. The theoretical and experi-

mental progress in photodetachment is mentioned in chapter 4.1.

1.4 Present work

Negative ions are widely used in various fields such as tandem accelerators, process plasmas
for semiconductor etching, and heating devices of nuclear fusion. It is important to diagnose
negative ion sources for the purpose of the optimization and high performance of negative ion
production. In this study, we treat the laser photodetachment technique, which is considered

to be one of the most useful techniques. Although the laser photodetachment technique has
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Figure 1.7: Volume production type negative ion source. Inside the source the volume is divided
into two regions by magnetic filter fields. One is the driver region and the other is the extraction
region.

been studied and utilized by many researchers, the influence of detached electron energies on
measured parameters has not yet understood well. First, we investigate the space-temporal
dependence of excess electrons generated by photodetachment on laser wavelength. From the
results we verify whether the relations which give the negative ion density and temperature are
appropriate or not. Next, the diagnostic technique for negative ions is established in consideration
with a plasma perturbation induced by the laser photodetachment, and especially leads to the
positive ion temperature as well as the negative ion parameters. The precision and the application
limit of the ballistic theory and the hybrid fluid-kinetic theory are discussed, compared with the
experimental results. The extension of this theory enables us to analyze the plasma responses not
only inside but also outside a laser channel. From the measurements outside the laser channel,
the possibility of the determination of negative ion densities is verified.

The rest of this study is the application of the laser photodetachment technique to the actual
negative ion sources. It follows to discussions of the negative ion production processes in negative
ion sources by using the plasma parameters obtained. In particular, since the enhancement of
H~ beam current has been reported in the addition of cesium in an ion source, the influence of
H~ ions on the cesium seeding will be discussed.

This thesis consists of 7 chapters.

In chapter 1, the historical background of negative ions, ion sources, and the laser photode-

10



tachment technique in plasmas and the purpose of this study are described. In chapter 2, the
principles of the probe measurement, the laser photodetachment technique, and the work function
measurement are noted.

In chapter 3, we have discussed the influences of laser wavelengths on plasma parameters
in laser photodetachment. By use of the calculated results of Friedland et al., the positive ion
temperature will be estimated from the overshoot signal of AT — ¢ trace.

In chapter 4, the dynamics of excess electrons modeled by Friedland et al. is introduced,
and extend to their analysis outside the laser channel. The calculated results of the plasma
perturbations are compared with the experimental results.

In chapters & and 6, the laser photodetachment technique is applied to the ion source diag-
nostics, and then the H™ production mechanism is discussed in the case of the addition of alkali
metal vapor in plasma. Although the amount of cesium is usually controlled by means of the
relation between the oven temperature and the extracted beam current, we use the spectroscopic
measurement for the purpose of the precise monitor of cesium vapor in the ion source, In the
extraction region the correlation between negative jon densities and the work function of the
plasma electrode is reported. As the different alkali metal vapor, rubidium vapor is introduced
into the ion source in order to investigate the mass effect.

Finally in chapter 7, the conclusions of this thesis are described.

11
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Chapter 2

Plasma diagnostics in negative ion
source

2.1 Langmuir probe measurement

When we want to measure the plasma characteristics in an ion source, a Langmuir probe is usually
used because of its simplicity and ease. The electrical properties obtained by the Langmuir probe
give us important information on plasmas; the electron density and electron temperature. If
collisions with neutral particles and a magnetic field exist, the analysis becomes complicated.
Throughout this thesis the analysis for electron densities and temperatures is carried out in
collisionless and unmagnetized region as mentioned below.

The typical I — V" curve of the Langmuir probe is illustrated in Fig. 2.1. The I — V curves in
the saturation region depend on the shape of the probe tip due to the edge effect of the sheath.
The curve (a) is obtained by a cylindrical Langmuir probe and (b) is a planar probe. When the
probe potential, ¥}, is equivalent to the plasma space potential ,V,,, the probe current, I, is

generated by the thermal motion of electrons and ions;
SR i T (2.1)

where I'* and I™® are the current flowing into the probe caused by the thermal motions of
electrons and ions, respectively. Since the ion current is much smaller than the electron current,

the electron saturation current becomes:

I= icn.,u,,sp- (2.2)

Here S, is the area of the probe, and v, is the velocity of electrons. In case that the probe

14



potential is lower than the plasma space potential, the probe current becomes:

Ii= ientsp {u.- - U, eXp (w)] . (2.3)

If the ion saturation current is taken away from the probe current, the electron current is

I = JencSyvcexp (%) . (2.4)

The derivative of I, with respect to V;, becomes

dinl, e
u—-dvp = (2.5)

Thus T, and [,, can be found from the slope of the electron current and the absolute velue of
the electron current at the space potential. Substituting obtained T, and [, into Eq. (2.2}, n.

is obtained. For practical uses, Eq. (2.2) is transformed to

I,(Amp.)
Splem?)/Te(eV)

The application for getting T, and n, on Microsoft Windows has made it possible to process

ne(em™?) = 3.37 » 101 (2.6)

digital data of I — V' curves routinely, which are acquired by a personal computer with IEEE488.

(a) Cylindrical probe
los
(b} Plane probe
{with gurad ring)
:/ . Ve ::

Figure 2.1: Typical probe I — V' characteristics of cylindrical probe and plane probe with guard
ring.

There exists a difficult case to determine the electron saturation current and the plasma
potential. The shape of the curve depends on the ratio of the probe radius, R, to the Debye

length, Ap. As R/Ap approaches zero, the slope of the electron saturation current increases and
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the plasma potential is not uncertain because of the edge effect of the sheath. Laframboise [1]
carried out the numerical calculations of the electron and ion current captured by the spherical
and the cylindrical probe under the collisionless and field free conditions.

If the abundant H™ ions exist in the plasma, it is pointed out that the effects of H™ ions on
the sheath formation should be treated [2].

Negative ion densities given by the Langmuir probe theory are compared with those by the
laser photodetachment technique experimentally and quantitatively by Nikitin et al. [3]. They
have found that results by two methods are in reasonable agreement with each other, although
the errors included in the electron and ion saturation current are much larger than those in
the laser photodetachment technique. In particular, it is difficult to determine the negative ion
density in plasmas, when the saturation region is smeared.

In oxygen plasma, the negative oxygen ions were detected from the second derivative of probe
current, which consists of distribution functions for negative ions and electrons, when there exist
negative ions [4]. The Druyvesteyn’s method applied to the negative ion measurement was studied
to introduce the n_ /n, ratio. The peaks of the second derivative for negative ions, i, _, and for

electrons, iy, correspond to the following relation (5],

" i 4
-2 @) (@)

Since Maxwellian distribution function for negative ions is assumed and T_ has to be determined,

I

the measurement accuracy would be lower than that of the laser photodetachment technique.
Moreover the probe material and the voltage fluctuation superimposed on the probe voltage
change the sensitivity of the peaks. Solutions of these problems are required.

In a SFg/Ar mixtured plasma, the n_fn, fraction was obtained from the measurement of
the velocity of ion acoustic waves by Onge et al. [6]. For the determination of n_ /ny fraction, ¢,

the following relation derived from the dispersion relation in three component plasma was used;

1 1+¢/M,
|
“"‘G‘\/Hmh e +3r U, (2.8)

where 7 is the ratio of ion to electron temperatures, T, /T, M., is the ratio of negative to positive
ion mass, k is the wave number, Ap, is the electron Debye length, C, = /xkT. /M, is the ion
acoustic speed, and U is the drift velocity of ion. In this case, 7 < 1 and M, =~ 1 were assumed
to introduce Eq. (2.8). Their results indicate that the negative ion fractions are the same order

and tendency as those given by the laser photodetachment technique. They conclude that the

16



ambiguity of the negative ion fraction is due to the inaccurate masses of molecular ions.

The laser photodetachment technique with a Langmuir probe, which is studied in this thesis,
is considered to be more effective method. Instead of a Langmuir probe, the change of electron
density after photodetachment can also be detected by plasma oscillation [7], microwave [8], laser
interferometer technique [9], and absorption spectroscopy [10]. One needs to put proper use for

them, since each technique presented above has its advantages and disadvantages.

2.2 Principle of negative ion density measurement by pho-
todetachment

When a laser beam is irradiated to negative ions, electrons are released from negative ions, if the
photon energy is in the range above the electron affinity of the atom. This reaction is called a
photodetachment reaction:

AT+ hr s A te. (2.9)

The cross section for photodetachment depends on the photon energy, as shown in Fig. 2.2

6x10 [

I ———Smith et al. ]
§F =----Broadetal .

Cross section [cm?]
(]

L AP RPN PR P PRl TR ST B
0 200 400 800 BDC 1000 1200 1400
Wavelength [nm]

Figure 2.2: Cross section for photodetachment of an electron from H™. Solid line is reproduced
from ORNL data book [11] Broken line is the data calculated by Broad et al. [12]

The photodetachment rate of H™ ions, dn_/n_, depends on both the laser power and its
wavelength, where dn_ is the fraction of the negative ion density destroyed by the laser photon.
The dn_ fn_ ratio is written as follows;[13]

dn_ W Tpd
o [ [ 2.
i S .Fw) 210
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gpd ¢ the cross section for photodetachment

W :  the laser power
hr  :  the photon energy
5 : the cross section of the laser beam

According to Eq. (2.10), if the enough laser power density is induced into the plasma, all the
negative ions are destroyed in the laser channel, and then dn_/n_ saturates to nearly 1. The
theoretical curves are compared with the experimental data in Fig. 3.4 of next chapter. We can
confirm whether acquired data are attributed to photodetachment or not, by using Eq. (2.10).
Figure 2.3 shows a typical example of the photodetachment current superimposed on the
electron saturation current. Then all the negative ions are destroyed by enough laser intensity.
The signal has a slow rise time and a slow recovery time, compared with the transit time of
thermal electrons. After 500 ns, the photodetachment signal returns to the initial level. When
dn_ /n_ is equal to 1, we can use the following relation to obtain the negative ion density; [13]

A _én. _ &I (2.11)

Mg Tt B _fd-c
where I, corresponds to the electron current in the saturation region, and AT is the difference

between [y, and the maximum value of the clectron current.

A. Inside the laser beam

After photodetachment, the electron density in the laser irradiated region increases imme-
diately, while the H- ions from the non-illnminated plasma flow into this region with a drift
velocity, which is small compared to the thermal velocity of electrons. Then the H™ drift velocity

is obtained from the recovery time of photodetachment current as the following; [14]

Rty (2.12)

Vdrift = n

where R is the laser beam radius, R, is the collection radius, and the recovery time is t,. The

part below the original electron current is called "overshoot”, Ioy.

B. Outside the laser beam

As shown in Fig. 2.4, the increase of the electron density due to photodetachment is also

ohserved when the probe is located outside the laser beam with a time delay, At. After the
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Figure 2.3: Time evolution of photodetachment signal on oscilloseope. The discharge condition
isVag=10V, I;=6A, P, =88 mTorr, Wy, = 15 mJ, and A = 532 nm. Abscissa : time, 200
ns/division. Ordinate : 0.1 mA/division. Trigger in the figure indicates the trigger signal from
the laser. The electron current of the probe I, the maximum photodetachment current A, the
recovery time to the original current first 4., and the overshoot signal below the original current
Iy, are defined respectively.

peak, the signal recovers to the initial level slowly with a larger time constant. At is increasing
proportionally to the probe distance from the laser axis. The signal shows a slow rise and a slow
decay at r > H, compared to those observed when the probe is located inside the laser beam.
The velocity of the peak, vy, becomes [15)

dr
w= (). .

which is derived from the ballistic approximation. The details are noted in Appendix A.

2.3 Work function measurement

The adsorption of atoms and molecules on a surface influences the surface conditions significantly.
As one of the methods for characterization of a surface, one can investigate changes in the work
function of a metal surface, by measuring the photoelectron current. During the irradiation of a
light to a metal surface, electrons, which obey the Fermi-Dirac statistics in a conduction band
of the metal, absorb the photon energy, and then are excited to the higher level. If the energy
of the light is higher than the gap to the vacuum level, electrons are emitted from the surface

to the vacuum in a certain probability. Fowler has developed an analytical formula to relate the
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Figure 2.4: Variation of photodetachment signal outside the laser beam with r = 6.0 (lower trace)
and 8.0 mm (upper trace). The discharge condition is V3 = 100 V, I; = 6 A, P, = 8.8 mTorr,
Wy =15 mJ, and A = 532 nm. Abscissa : time, 200 ns/division. Ordinate : 0.02 m4 /division.
Trigger is the trigger signal of laser.

photoelectron current with the work funetion. The quantum efficiency is defined as follows:

_ photoelectron number (2.14)
" absorbed photon number’ -

Assuming that electrons in a conduction band would obey the Fermi-Dirac distribution, the

number of electrons per unit volume becomes

_ 4V2rm* k2T (% log (1 + exp [~y + (hv — &,,) /kT])
. h fu v + Vo - hw) JkT % (2.15)

In the limit T — 0, the relation between the quantum efficiency and the work function is given

approximately by [16]

(Uo—tw)t ’ (2.16)
Y =0 Lif he < &,

where Uy is the potential step, and ® work function of the surface. In order to determine the
work function from the photoelectron current I, ., the threshold of photoelectron current is
usually measured by changing the wavelength of light(for example;Xe arc lamp et al.). In the
case of Cs adsorbed Mo, a typical curve of work function changes is shown as a function of Cs
thickness in Fig. 2.5. This result is measured under the condition of ultra high vacuum. Although
the advantage of the precision for this method is fairly obvious, we use the one/two wavelength

photoemission technique in order to measure € and n_ fn, simultaneously.
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Figure 2.5: Typical changes of work function vs Cs thickness in the case of Cs adsorbed on a Mo
surface. [18]

We have to know the relation between the photoelectron current and the work function. We

introduce « as a constant value, and then Eq. (2.16) is rewritten by

& = hv — CI? (2.17)

pe.

where we assumed that Uy and hy would be a constant value in the experimental condition.
The factor { must be determined. The maximum change of work function A$ for alkali and
alkali-earth adsorption on a metal surface is estimated by the empirical formula [17]

AD =-1.24 [.;f:,;, - %{I, + E.,}] , (2.18)

where ¢y is the intrinsic work function, I, is the first ionization energy, and E, is the electron
affinity of the adsorbed material. A® for the alkali metal adsorption on a molybdenum surface
is summarized in Table 2.1. Substituting the minimum work function ®,,in(= @ + &%) and
maximum of [, into Eq. (2.17), we can determine the factor a and translate the measured
photoelectron current into the work function. The minimum work function of the cesium adsorbed
molybdenum surface is estimated to 1.6 eV. When I, is nearly equal to the threshold of the
photoelectron emission, the signal of I, ., is very low and is buried within the noise. On the other

hand, we can determine the work function more precisely by means of the photoelectron emission
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from two-laser lights [19]. The actual experimental circuit for the work function measurement is
shown in Fig. 6.2 of chapter 6.

Table 2.1: Properties of alkali metal and work function changes A®.

Mass G0 Ea I. |A®)| (Alkali/Mo)
Li 6.9 2.9 0.620 539 1.98
Na 230 275 0548 514 2.18
K 39.1 230 0.501 4.3 2.70
Rb 835 216 0486 4.18 2.81
Cs 1329 214 0472 3.89 3.00

The intrinsic work function of a Mo surface, ¢p = 4.6 &V, is
used. £, the electron affinity, fo the jonization energy, and
|&g| the work function reduction of alkali metal on Mo.
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Chapter 3

H™ photodetachment in a plasma

3.1 Introduction

It is important to investigate the transport and the behavior of photodetached electrons in the
plasma, since the photodetachment current must be influenced by the incident energy of pho-
todetached electrons, especially at the sheath edge of the probe. Therefore the variation of the
photon energy is an effective method to understand the mechanism of capture of photodetached
electrons by a probe.

As shown in Ref. [1], the excess electrons recorded after photodetachment are not necessarily
those produced originally by photodetachment. Some photodetached electrons are trapped in
the potential well formed in the laser irradiated region and are thermalized, and some might be
replaced by the background electrons of the plasma. However, the total number of excess electrons
in the unit volume of the laser irradiated region is the same as that of the H™ ions destroved
by the laser, before the H™ density recovers due to H™ ions drifting from the background, non-
illuminated plasma.

In this chapter, the effects of the photon energy on various characteristics are studied by single
pulse photodetachment. We use the Nd-YAG fundamental wavelength and its second and third
harmonics. The photon energy could thus be increased by a factor of three.

The change, due to the use of different photon energy, in the 81, - V, characteristic (81, is
the amplitude of the photodetachment signal, V}, is the potential applied to the probe) in the
retarding region is measured in order to study the effective temperature of the photodetached
electrons captured by the probe and the dependence on the photon energy. We also study that
there iz no dependence of the H™ density and H™ drift velocity on the laser photon energy and

compare them with the ion acoustic velocity of HY.
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We have also studied the effect of the photon energy on the amplitude of the "overshoot”
present in the photodetachment signal. This overshoot is explained by using the theory of plasma
response in Refs. [2] and [3]. In Ref. [2] it was shown that the magnitude of the overshoot was
sensitive to the ratio of the positive ion to clectron temperatures. From the data obtained by
measuring the dependence of the overshoot on H; gas pressure and on the photon energy are

shown for the purpose of the discussions on the volocity.

3.2 Experimental setup and method

The schematic diagram of the experimental apparatus is shown in Fig. 3.1. The discharge chamber
is a stainless-steel vessel of 270 mm in length and 210 mm in diameter. Ten rows of ferrite
magnets, surrounding the vessel, and four ferrite magnets on the end plate are arranged to
produce a multicusp magnetic field for plasma confinement. The magnetic field is about 300
Gauss on the wall surface and a few Gauss at the center of the vessel. Since the H™ density and
the H™ drift velocity are measured at the center of the vessel, the influence of the magnetic field
is negligible. Two Tungsten filaments attached to current feedthroughs located on the end plate
generate primary electrons. Hydrogen gas is admitted into the ion source through a port in the
center of the end plate. The gas pressure is monitored by using an ionization gauge.

The holder of a cylindrical Langmuir probe is installed perpendicularly to the laser beam.
The tip of the L-shaped probe, which is made of a tungsten wire, is 10 mm in length and 0.35
mm in diameter, as illustrated in Fig. 3.2. It is movahble from 0 to 15 mm in the radial direction
r of the cylindrical vessel by using a micrometric screw. The signal line is shielded perfectly
in a coaxial construction to aveid an external noise. The electron density, n., and the electron
temperature, T,, at the central region of the ion source, measured with the Langmuir probe, are
shown in Fig. 3.6. The electron density varies from 10'® em=2 to 10" em™® and the electron
temperature from 3 to 0.5 eV, when the hydrogen gas pressure varies from 0.4 to 18 mTorr. The
H~ density is discussed in section 3.3.3.

In this experiment a Nd-YAG laser(Lambda Physik, LPY1350) is used to detach electrons from
H~ ions. The pulse duration of the laser beam is 3.3 ns. It is much shorter than the duration of
the photodetachment signal, which in the example of Fig. 2.3 lasts 800 ns . Three different laser
wavelengths of 1064, 532 and 355 nm can be produced by the harmonic generator mounted on the

laser head. Harmonic separators are used to separate three mixed laser wavelengths. The laser
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Figure 3.1: Mlustrations of the multicusp ion source and the set up for the photodetachment
measurement.

diameter is limited to 4 mm to maintain the uniformity of the laser photon density. This is done
by locating a suitable aperture in front of the window of the discharge chamber. The laser power
at the exit of the plasma chamber is measured by a photodiode type power meter{Scientech,
PHD350), calibrated for each wavelength.

The L-shaped probe is connected to the probe power supply through the resister as shown in
Fig. 3.3. The probe current is monitored with the 50 {) resister and the potential with the output
power of the power supply, where digital multimeters{DMM, ADVANTEST:RG6451A) are used.
In the case of I —V measurements, the probe power supply and DMMs are controlled by a PC-AT
compatible computer with GP-IB card bus. When a photodetachment signal is measured, the
probe power supply is fixed at a certain positive voltage. Only a signal synchronized with the
trigger of the laser is stored by the digital storage scope(Sony Tektronics:TSD684A)
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Figure 3.2: Illustrations of L-shaped Langmuir probe.
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Figure 3.3: Nlustration of electrical eircuit for the photodetachment experiment.

3.3 Results and Discussions

3.3.1 Dependence of the photodetachment rate on laser power and
wavelength

The photodetachment current is plotted as a function of laser power for different laser wavelength,
Az, in Fig. 3.4. Each curve shows the theoretical values of Eq. (2.10) in the case of Ap = 1064
nm, 532 nm and 355 nm, respectively. The photodetachment cross sections of H™ ions in Ref. [4]
are used to calculate the theoretical curves. Higher laser power is required to get the saturation
of photodetachment signal for the shorter laser wavelength., The experimental data are in close
agreement with the theoretical prediction, except the lower power region, where the laser power
is unstable.

The good agreement of the measurements with the theoretical curves also indicates the absence

of some impurities. For example, oxygen molecules and atoms may be present in the discharge
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chamber. The electron affinity is 1.46 eV for O~, 0.44 eV for O7 and 2.1 eV for 07 . The photon
energies corresponding to the 2nd and 3rd harmonic are 2.4 eV and 3.6 eV. They are high enough
to detach clectrons from O~ ions and O3, while the photon energy of the fundamental beam
(1064 nm) is not.

The experiments described below are obtained in the saturation region of photodetachment

current.

1.5

] 0.02 0.04 0.06 0.08 0.1

W [Jenf]

el i i A

Figure 3.4: Comparison of photodetachment rate, dn_ /n_, with theoretical curves. Three lines
in this figure indicate the theoretical curves of Eq. (2.10)

3.3.2 Dependence of the photodetachment current on probe voltage

The characteristics of normalized probe current, I, and photodetachment current, 41, from the
fundamental beam (1064 nm) and the 2nd harmonic beam (532 nm) on probe potential V}, are
shown in Fig. 3.5(a) and (b), respectively. Line and circles show I; and Ef,,. respectively. Each
current is normalized to unity in the saturation region. In the retarding region the slope of Ef,
is different from that of [,. &I, emerges near the plasma potential, where the probe current
disagrees with the exponential fitting curve. Although the energy of photodetached electrons is
0.425 eV for 1064 nm and 1.59 eV for 532 nm, the characteristic of the measured &1, in Fig. 3.5(a)
is similar to that in Fig. 3.5(b). If we assume that the distribution of the photodetached electrons
becomes Maxwellian, the effective temperature of photodetached electrons T,z p is roughly 0.5
eV for the fundamental and the 2nd harmonic from the slope of this curve, which is lower than

the background electron temperature 0.86 eV at the H; gas pressure. In this case T, /Ty is
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about 1.7. When the H; gas pressure is decreased, the ratio, T, /T.sy, tends to preserve this
constant value. There is no influence of the photon energy on T, ;; and on the absolute value of
the photodetachment current. If 87, would reflect the Maxwellian distribution of H™ ions before

photodetachment, the slope of 41, is given by

4l cn_(¢) = n_exp (— %) ; (3.1)
The slope is constant and becomes:
dindl.
:¢ = —%, (3.2)

T_ obtained from Eq. (3.2) tends to be twice higher than that from the drift velocity of H™ jons.
Further studies on this problem are needed.

The Maxwellization time of electrons 7y, [1] is an important parameter when the distribution
function of the photodetached electrons is considered. In a typical ion source plasma, the Coulomb
logarithm A is 10, and n, = 10*® ~ 10'"! ¢em™*, 73y, becomes of the order of 64 ~ 640 ns for
the fundamental, and 460 ~ 4600 ns for the 2nd harmonic. In both cases Tay, is larger than the
rise time of the photodetachment current, which is typically less than 200 ns, as will be shown in
Sec. 3.3.4. Therefore the photodetached electrons are not thermalized in the present experiments,
but electrons can be replaced by the background electrons. Then we may assume T.;; is close
to T, and it is independent of the photon energy. This assumption is used for the evaluation of
H~ density. More precise data are needed for the well-understanding of the physics based on this
phenomena.

The plasma potential is obtained by analyzing the probe I — V' characteristics. Apparently,
there is no difference between the photodetachment current curve at 1064 nm and that at 532 nm.
The photodetachment current rises up at the plasma potential. The plasma potential minus the
potential at the zero photodetachment current does not agree with the energies of photodetached
electrons. This is also caused by the apparent replacement of photodetached electrons with
background electrons.

3.3.3 Dependence of the electron density and the H™ density on H, gas
pressure

The dependence of the negative ion density on Hy gas pressure in the case of using the laser
wavelengths of 1064 nm and 532 nm is shown in Fig. 3.6. The H™ density is obtained by using

Eq. (2.11). The electron density varies from 10'® cm~? to 10'! cm~? and the H™ density from 10®
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cm™? to 10° em~2. No dependence on the photon energy is ohserved in n,, ng-, nor T,. As we
increase the Ha gas pressure, both the electron density and the H™ density increase until 5 mTorr.
The H™ density reaches the maximum value at 5 mTorr and goes down slowly, while the electron
density is saturated at 10 mTorr. The collisions with neutral gas would be dominant at high
gas pressure. For a volume production type negative ion source, the maximum value of the H™
density results from the balance between the collisional destruetion and the production through
the dissociative attachment of low energy electrons with vibrationally excited Hy molecules.

3.3.4 Comparison between H™ drift velocities determined with a probe

inside and outside the laser beam.

By using Eq. (2.12), the dependence of the H™ drift velocity on Hy gas pressure is obtained in
Fig. 3.8(a), when the probe is located on the axis of the laser beam. Three laser wavelengths are
used to detach electrons from H~ ions. The H™ drift velocity increases from 2.5 x 10° m/s to
8 x 10 m/s, when the electron temperature increases from 0.5 eV to 3 eV, and has almost the
same value at each wavelength studied. The H™ drift velocity is lower than that which could be
obtained by hv —g,. In Fig. 3.8(a) the acoustic velocities for H*, H] and H7 are also calculated

using the following equation [6] and the measured electron temperature;

f.-cT, _
l‘:, = E n= 1,'2, 3, (33]

where n = 1, 2 and 3 indicate the ion mass for H*, H and Hf. The H~ drift velocity is very
close to the ion acoustic velocity of HY .

In the case of measurement outside laser beam, the drift velocity is calculated by use of
Eq. (2.13). The measured time delay Af is shown in Fig. 3.7 as a function of probe distance r.
To obtain the drift velocity of H™ ions the slope of the At — r curve in Fig. 3.7 can be used.

The dependence of the drift velocity on H; gas pressure is shown in Fig. 3.8(b). The drift
velocity varies from 8 x 107 m/s to 2.5 x 10* m/s with the gas pressure, and has almost the
same value at each wavelength. The drift velocity is also very close to the ion acoustic velocity
for HY. There is almost no difference between the drift velocities plotted in Fig. 3.8(a) and (b)
except in the low pressure region, in which there is large ambiguity due to the small signals of
photodetachment current. It is concluded that the outward flow of electrons occurs at the same
velocity as the inward flow of negative ions, as assumed in the monopolar transport model [5]. In
addition, it is considered the main component of positive ions in the plasma is almost Hf , which

is consistent with the results of extraction experiments in Ref. [7].
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From the result of v, the estimate of the negative ion temperature T_ is carried out and the
results are shown as a function of T, in Fig. 3.9. T_ is naturally in an agreement with each laser
wavelength. The variation rate of T_ is comparably smaller than that of T, and is not linearly,
especially in the region, where T, is larger than the electron affinity of hydrogen. It suggest that

T dependence on T, is related with the formation of H™.

3.3.5 Dependence of the overshoot signal on the laser wavelength

The overshoot current [,,, is the difference between the second peak and the background current,
as shown in Fig. 3.10. [, and AT are very sensitive to the discharge conditions. The dependence
of the overshoot and the photodetachment current on Hy gas pressure is shown in Fig. 3.10(a).
We have noted that the overshoot signal does not depend on the laser photon energy. When the
Hy gas pressure exceeds 4.4 mTorr, the overshoot signal dumps gradually. As mentioned in next
chapter, the overshoot signal becomes larger with higher T /T.. The dependence of the I, fAT
ratio on Hy gas pressure is shown in Fig. 3.10(b}). The I, /AT ratio does not depend on the
electron density, the H™ density and the laser wavelength.

Using the data from Fig. 3.10(a) and Fig. 3.6, we plotted in Fig. 3.11 the variation of the
overshoot signal amplitude with the electron temperature. We also plotted the theoretical curve
from Ref. [2] in this figure, assuming that the positive ion temperature, Ty, is 0.1 eV. A good
agreement with theory is found using a reasonable value for the positive ion temperature. The
variation of the positive ion temperature is very small because of their large mass compared to
electrons. However since the negative ions are produced from the attachment of the thermal

electrons, the variation of the H™ temperature is larger than that of the positive ions.
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Figure 3.5: Dependence of the probe and the photodetachment current on the probe

potential.(a)A = 1064 nm and Wy = 4 ml). (b)A = 532 nm and Wy = 15 mJ]. In both cases
the discharge conditions were V3 =100V, Iy =1 A, and F; = 2.2 mTorr.
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Figure 3.6: Plasma parameters(electron, negative ion densities, and electron temperatures) under
the conditions of Iy = 1 A and V; = 100 V. The comparisons of different wavelengths are also
plotted at 532 and 1064 nm.
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Figure 3.7: Variation of delay time At with probe position r along diametral chord. The laser
diameter, 2R, is 4 mm.
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Figure 3.8: (a)Dependence of the H™ drift velocity obtained from the transition time Af on
hydrogen gas pressure. The ion acoustic velocities C, are also plotted at various species of positive
ions(H*, H, and H]) under the conditions of Iy = 1 A and V; = 100 V. The comparisons of
different wavelengths(A = 355, 532, and 1064 nm) are also plotted. (b)The H™ drift velocity
obtained from the recovery time.
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Figure 3.9: Relation between H™ and electron temperatures under the conditions of Iy =1 A
and V3 = 100 V. The comparisons of different wavelengths(A = 355, 532, and 1064 nm) are also
plotted.
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Figure 3.10: (a)Dependence of the overshoot of photodetachment current on hydrogen gas pres-
sure under the conditions of Iy = 1 A and Vy = 100 V. (b)Dependence of the I, /AT ratio on
hydrogen gas pressure. The comparisons of different wavelengths(A = 355, 532, and 1064 nm)
are also plotted.
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Chapter 4

Theoretical analysis of plasma
dynamics perturbed by
photodetachment

4.1 Introduction

Plasma, which contains negative ions, has been studied in the fields such as astrophysics, negative
ion source development, and divertor plasma physics for neuclear fusion. Laser photodetachment
method assisted with Langmuir probe is considered to be most useful as a diagnostic tool of
negative ions in plasma, and lead us to well understanding of production mechanisms of negative
ions.

Photon energy of a laser higher than the electron affinity causes the laser photodetachment
of Eq. (29); A + hv =+ A + e~. This reaction leads to a sudden increase of the electron
density, dn., on the laser path in negative ions containing plasmas. When all the negative ions
are destroyed, dn, /n, corresponds to the ratio of the negative ion density to the electron density,
n_/n,. Using this relation, negative ion densities of hydrogen in plasma were first measured by
the use of a laser photodetachment assisted with a positive biased Langmuir probe in 1979]1, 2].
The time evolution of electron currents after photodetachment showed the slow recovery with the
time scale of positive or negative ion transit time. The negative ion temperature could be obtained
by means of the recovery time as well as two laser photodetachment method[3]. The consistency
of both methods was verified experimentally. They have reported that the thermal velocity of
negative ions is in rough agreement with the velocity of outgoing electrons. In order to understand
this phenomenon, the kinetic equation coupled with the Poisson equation has been utilized by

neglecting the electric field dependent terms|d]. They have developed the transport dynamics
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theory, in which the laser irradiated region is filled with negative ions from the surrounded region
and then the sudden increase of electrons inside the laser channel goes outward with the same
charge counterflow. The analytic solution of the inward flow of negative ions toward the laser
axis is given as follows; n_(r = 0,t) = n_gexp [—(R/v;,t)?], where r is the location of the
Langmuir probe from the center of the laser beam, R is the laser radius, v, the thermal velocity
of negative ions, and n_g background negative ion density. From this result the recovery time of
photodetached electron current 7. has the following relation with the thermal velocity of negative
ions; 7. o< R/v;;. This ballistic model is valid only under the condition of early recovery time
and small potential perturbation, and can not explain a spatial profile and overshoot in time
evolution of photodetached electron current.

The ballistic model was extended to include the effects of the self-consistent electric field [5].
Friedland et al. have proposed the theory of the hybrid fluid-kinetic model, in which the motions
of electrons and positive ions obey the fluid equation and those of negative ions are governed by the
kinetic equation. The general formulations for negative ion density n_(r,t) and photodetached
electron density dn,(r,t) are given in Ref.[5]. For actual applications, n_(r = 0,¢) and dn.(r =
0,t) are demonstrated with using the smoothing functions for both slab and cylindrical geometry
instead of a delta function. The time traces of photodetached electron current including an
overshoot at r = 0 are shown numerically in their paper. It is found that the overshoot current
with respect to the photodetached electron current depends on the ratio of electron temperature
to positive ion temperature, T, /T.. They concluded the depletion of positive ions, which is arised
from the difference of the thermal velocities between electrons and ions, causes the overshoot.
Details are noted in the previous chapter.

As have been been shown in the previous chapter and in Ref. [6], the observed photodetach-
ment currents are independent of the laser photon energies for photodetachment. The hybrid
fluid-kinetic model is applied for the analysis of the measured ratios of the photodetachment cur-
rent to the overshoot current in time traces of electron current at various T, and the reasonable
Ty = 0.1 eV is obtained.

Ivanov et al. pointed out the importance of the self-consistent electric field in case of the
density ratio of negative ions to positive ions higher than 0.1 for the negative ion perturbation [7].
As another approach, they have also solved the dynamics for perturbed electrons in a planar
geometry under the condition that Ty ~ T, using the linearized Vlasov equation [8]. The solution

for perturbed electrons agrees with those given by the hybrid fluid-kinetic model in the limit
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Iy =0

It is important to analyze perturbed densities both inside and outside the laser beam in
order to confirm the validity for the hybrid Auid-kinetic model. The perturbed profile contains
rich information about the estimate of the negative ion density and other plasma parameters.
However the analysis at r > R still remains not to be understood physical pictures of laser
photodetachment perturbation in plasmas, especially in experimental aspects. This may lead to
the misunderstandings in analysis.

Now we are concerned with changes of electron density in both time and space due to pho-
todetachment in a cylindrical geometry. In this chapter, we begin with introducing the hybrid
fluid-kinetic model, and extend it to analyze the plasma response at r = 0 using the general solu-
tions of dn,(r,f) and dn_(r,t) until the plasma recovers to the original condition. The results are

compared with the typical experimental data in order to confirm the hybrid fluid-kinetic model.

4.2 Experimental configuration

The schematic diagrams of experimental setup and measurement system are noted in section 3.2
and the details are also shown in Figs. 3.1, 3.2, and 3.3. The discharge chamber is made of a
stainless-steel vessel of 270 mm in length and 210 mm in diameter. Ten rows of ferrite magnets
are attached on the cylindrical wall for the plasma confinement. Each end of the vessel has also
four magnets. The vessel is biased at ~ 100 V as an anode. The hydrogen plasma is produced
by two tungsten filaments as cathodes.

The L-shaped Langmuir probe is installed into the plasma. The probe tip is made of a
tungsten wire of 10 mm in length and ¢ 0.35 mm in diameter. The Nd-YAG laser was used
for photodetachment. The laser beam diameter is limited to 4 mm using the aperture. The
laser power was kept constant at the saturation region of the excess electron current due to
photodetachment.

The produced de plasma is uniform and unmagnetized in the central region of the vessel.
Plasma parameters of n, = 10'% ~ 10" cm™3, T, = 0.5 ~ 3 eV, and n_/n. ~ 0.05 are ob-
tained from the probe I — V characteristics and photodetachment measurement in Fig. 3.6.
After photodetachment the typical Langmuir probe signals are shown in Figs. 2.3(a)r = 0 mm
and 2.4(b)r = 6 and 8 mm. When the detachment of all electrons from H™ ions is induced by

enough laser power, the relation of Eq. (2.11) [1}; n_/n, = AI/I4., is used for determining the
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n_/n, ratio.
The differences between the profiles of the probe signal located inside the laser beam and the

outside one are studied in the subsequent sections.

4.3 Basic equation and model

Laser beam

Plasma

Figure 4.1: Illustration of the laser beam and the probe for a model calculation,

Although a plasma in a negative ion source usually contains various species; positive jons(H*,
HY, HT), negative ions(H ™), and electrons, the plasma considered here is assumed to consist of
three species of charged particles; positive ions(H7), electrons(e™), and negative ions(H™). The
magnetic field can be ignored and the plasma is homogeneous in our case. When the plasma is
irradiated with a laser beam, which destroys all the negative ions, electrons from negative ions
increase suddenly due to the photodetachment reaction in its path, r < R. For r > R, all species
are not disturbed by photodetachment at £ = 0. The excess electrons in the laser irradiated
region, r < H, do not feel anything initially, but the electrons near the edge(r ~ R) feel the
density gradient. The negative ions act on filling in the depleted region across the discontinuous
edge. At the same time, excess electrons due to photodetachment moves outward in place of the
negative ion flow. The perturbed plasma recovers to the initial condition with a time scale of
Rfvg,.

This plasma response does not include the negative ion production. The following rate equa-

tion can be used to estimate the production ratio of negative ions during the recovery.
dn_ [dt = n.n,, 70(DA) — n_gn. F70(i).
Integrating over ¢ above equation,

n. = (nny,F8(DA) —n_gn00(ii)) x i,
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Here the initial background electron density n.g = 10'® cm™3, the vibrationally excited molecule
density ny, = 10'* em™3, n_g = 10° em™2, H(DA) = 107? em™3/s, and 70(ii) = 1077 em™3 /s,
are used as parameters under a typical discharge condition. This means the effect on the pro-
duction of negative ions can be ignored in the case of the single pulse photodetachment. It must
take care in the case of the double pulse photodetachment at a large time scale. We may treat a
collisionless scheme for plasma particles in the time scale less than a few times of that of recovery.

As shown in Fig. 4.1, a cylindrical geometry is employed for the analytical advantages and
actual applications. The z direction coincides with the laser axis. The radial direction of the
laser is chosen as r. The rotational direction is #. Then the plasma must be infinite in length.
The cylindrical probe does not disturb the plasma, and the sheath effects can be ignored.

With the foregoing in mind, an analytical model for a plasma response caused by photode-
tachment outside the laser beam is constructed. In case of a cold plasma, the continuity and

momentum equations for positive ions become,

8(ény) (3u*)

8t LS 5 =0, {4”
B(dv*) _  0(59) _ nTs Oony)
YT T8  hm B ° (£3)

where M, indicates the mass of the positive ion, & the Boltzmann constant, v the velocity
of the particle, ¢ the perturbed potential, ~; the adiabatic constant for ions(y; = 3), § the
perturbed quantity, the subscripts(e, -, +) the species of charged particles, and the subscript(0)
the background density, respectively. Hereafter we apply the notations for mentioned parameters.

When the bulk and detached electrons are described by a Maxwellian distribution function,

the field dependent electron density, én,, is linearlized by Boltzmann relation,

on, =n.
e nuﬂj’;

where n.p is the background electron density, and T, the electron temperature, respectively. The

quasi-neutrdlity becomes an enough approximation in first order,
dny =n_—n_g+n.. (4.4)

The motion of negative ions is dominated by the kinetic equation:

af- 5_{' vx BY df
T +‘"(E+““z—)"a?

e =0, (4.5)
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where f~ indicates the distribution function for negative ions. Since the nonlinear term would
be negligible during the early time period and B in an unmagnetized plasma, Eq. (4.5) can be
reduced to the simplified form,

97" S =L (4.6)

ot TV

The variation of the negative ion density is given by
An_=n_-n_g= f[_f' - fo) d*v, (4.7)

with the initial distribution for negative ions, f; .

Here we introduce a Laplace transform in time, and a Fourier transform in space with respect
to a set of equations (4.1) ~ (4.4), (4.6), and (4.7} in order to obtain d¢(k,w). The solution of
the potential, §¢(r, t), is obtained by inverting the Laplace transform and the Fourier transform.
The details of the calculations are noted in Ref.[5]. Assuming the ion acoustic velocity, C,, would
be comparable to the thermal velocity of negative ions, vy, the final results of dn, and dn_ are
shown as follows;

for electrons,

Sne(rit) _ o (1 [od = WR)NW(r, vat) — [v? — (0F)P18(r 1) _(opezy?
g —an = (wt/2y; ) w2 — 02 = % du, (4.8)

with using the relation, v2 = (v})? + kT /M = (v},)* + (v;;,)*. Then we assumed &T. /M = v ;.
This assumption is reasonable for the experimental results given in Fig. 3.8, which show the ion
acoustic velocity for HY is very close to vy, and thus leads to the condition of T, /T_ = 24/x.
For negative ions,

dn_(r,t) _ 2 = ~(wfu)?
= __{ﬂlfzﬂat} g Tir, vt)e A, (4.9)

The function ¥(r,a) in Eqgs. (4.8) and (4.9), which includes the integration of the Bessel function,

takes the following form,
(== == #

¥(r,a) =f r’dr'f kdk [ﬂt[rj

o 0 f-p

ﬂl:f':l B 1, if |Trl <R,
0, if [r'| > R.

The step function A(r') is used to represent the initial distribution for excess electrons. This

] cos(ka) Jo(kr) Ja(ke'), (4.10)

where,

(4.11)

T-p

form generally depends on the profile of the laser beam naturally, but it is reasonable to adopt
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Eq. (4.11) for our conditions, because we cut the tail of a gaussian beam to make the boundary

of the laser beam sharp. In order to proceed the integration, Eq. (4.10) is transformed into
= =]
¥(r,a) = f R cos(ka)Jo(kr)J (kR)dk, (4.12)
o

using Bessel functions of the zero and the first kind.
Friedland et al. provided the function ¥(r = 0,a) with the help of a smoothing function

corresponding to the step function, A(r'). Then Eq. (4.10) has a simple form:
¥(0,a) = f Reos(ka)J, (kR)dk. (4.13)
0

This integration gives the analytical solution. Thus
-1 i r< R
¥(0,a) = (4.14)
((a/Ry~1]"* [(a/R) + [@/R? -1 ", a>R
In practice, Friedland et al. used the function with continuity at a = R such as Eq. (4.14)",
instead of Eq. (4.12).
Substituting the function ¥(r,a) of Eq. (4.12) into Eq. (4.9), the integration over v can be
carried out [10],

bn_(rnt) 2 2 —(kew]; f2)°
ol fu Jo(kr) i (kR)e ) d(kR). (4.15)

This remained integration satisfies the form of the hyper geometric function, if at /R = 1.
Equation (4.15) at r = 0 corresponds to Eq. (A.3) in the ballistic theory(see Appendix A).

For the sake of convenience and simplicity, we introduce dimensionless quantities:

r = MU_ U_
= lhl'mT, _ﬂﬂ’
_ 1T

a = T
i B

q S R!

£ = kER.

The quantities £ and 7 may be thought of as the velocity of charged particles in a plasma and

the time after the photodetachment occurred. o« denotes the ratio of positive ion temperature to
1Eq. (36) in Ref. [2)




electron temperature. 7 is the normalized distance from the center of the laser beam to the radial
direction in the cylindrical coordinate. Using these quantities, Eq. (4.8) for the perturbation of

the electron density becomes:

where:
Wn,ar) = [ cos(art) (o) 1 (€)ck. (417)
Equation (4.9) for the negative ion density becomes:
P - [ s e ($ e, (418
-0 0

Both Eqs. (4.16) and (4.18), which represent the perturbations of the electron density and the

negative ion density, are calculated numerically.

4.4 Results and discussion

4.4.1 The perturbed potential at n =10

Figure 4.2 shows the time evolutions of typical probe signal and calculated signals after pho-
todetachment at n = 0 in the cases of (a)T. = 0.86 eV and (b)T. = 0.55 ¢V. The hydrogen
gas pressure, P, is adjusted to change the electron temperature with keeping the discharge cur-
rent. The ordinate indicates the perturbed clectron density normalized by the maximum. The
abscissa is the time normalized by the recovery time, of which the perturbed density becomes
the original density first after photodetachment. The electron temperatures and densities are
obtained from the results of the probe I — V' characteristic. The observed dn, has a slow rise
time after photodetachment. This time lag is about 20 ns, which is much larger than the order
of the plasma oscillation time, 1/f,. The time scale is considered to be of the order of the prop-
agation time of the perturbed electrons through the probe sheath with an ion acoustic velocity,
Ap/Cy = Ap/(R/t,) =0.1x1073/(2x 107 /400 x 10~?) = 20 ns. This information is important
and useful for the analysis of sheath formation. However the additional explanations about the
rise time are needed, because the time lag tends to be inversely proportional to the ion acoustic
velocity, but it is independent of the Debye length.

In the region of larger v, the observed photodetachment current approaches zero with a slow

oscillation. The calculated dn,. also behaves similarly.
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The experimental trace of dn, is in good agreement with that calculated at both & = 0.59
and 0.74. As a decreases gradually, the overshoot of the electron density becomes larger. This
means that the growth of the self-consistent electric field becomes larger, due to the difference
between the electron temperature and the positive ion temperature,

The measured ratios of the overshoot to the photodetachment current I, /AT are plotted
as a function of the electron temperature for various discharge currents, as shown in Fig. 4.3.
Four lines are the caleulated ratios of o = 0.74,0.59,0.5,0.4, and 0.25 as a parameter of T.
The hydrogen gas pressure is adjusted to change the electron temperature. When the discharge
current kept constant, the measured I, /AT exists on the same calculated line. From the results,
the positive ion temperature can be determined. Even if T, is varied over a range of 0.5 to 2.5
eV, T, does not change, if the discharge current is kept constant, This result is reasonable,
because the positive ions are produced by collisions between high energy electrons and hydrogen
molecules. On the other hand, the negative ion temperature increases as the electron temperature
goes up for the reason that the negative ion is produced by dissociative electron attachment from

viblationally excited molecules of Hs.
4.4.2 Propagation of perturbed potential

Devynck et al.[3] and Nishiura et al.[6] have already reported the outward propagation of the
perturbed potential experimentally, compared with the ion acoustic velocity. Then we confirmed
that the peak of perturbed potential moves outward with the ion acoustic velocity, while it does
not attenuate as a ballistic locus corresponding to 1/r. The general characteristics of charged
particle propagation are needed to be understood substantially by the time and spatial pictures.

For the determination of the effective laser radius, the time evolutions of the perturbed electron
density are shown in Fig. 4.4. The Langmuir probe is located at (a)r =4 mm, (b)r = 5 mm, and
{c)r = 6 mm, respectively. The ordinate indicates the perturbed electron density normalized by
that at r = 0 mm. Although the actual laser beam radius should be 2.0 mm, r is normalized by
R = 2.5 mm because of the density gradient at the laser boundary. The calculated potentials at
n = 1.6, 2, and 2.4 are also plotted in these figures. The calculated peaks of perturbed electron
density coincide with the observed peaks at rach case. However the profile of the laser beam may
cause the difference of the signal broadening between the observed data and the caleulation. The

precision of the Langmuir probe would be poor in space to an extent of several Debye lengths.
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4.4.3 Two-dimensional view of perturbed density

Figure 4.5 shows the recovery of the negative ion density calculated using Eq. (4.18) from + =0 to
3.0. The vacant valley inside the laser channel is filled with the negative ions gradually from the
boundary of the laser beam path. It is clear that the recovery of the negative ion density does not
depend on a from Eq. (4.18). The effect of & must be considered in a strict sense, because the
positive ions influence on the self-consistent electric field, even if it may be a small perturbation.
The graphs in Fig. 4.6 are shown for comparisons in the perturbed electron densities. Although
the laser radius is limited to 5 = 0.8{r = 2 mm), the gradient of the actual electron density
starts at 7 = 0.7 and decreases exponentially to about 2.0. This reason would be also due to
the spatial resolution of the Langmuir probe mentioned in the previous section. Until = = 0.6,
the perturbed potential at 7 < 1 seems to be hollowed out, while the perturbed one at n > 1is
pushed out outward with the symmetry near n = 1. When 7 = 1.1, the overshoot emerges at
i = 0. The calculated values of less than zero tend to become larger than the measured values.

The discrepancy would be in a caleulation error of numerical integration.

4.4.4 Determination of negative ion density from signal measured at
n#0
A peak of potential pulse perturbed by photodetachment propagates outward with the ion acous-
tic velocity, as shown in Fig. 4.6. If we can regard a laser beam as a line at a position far away
from the laser beam, the peak of the potential pulse would dump in reverse proportion to the
distance from the center of the laser beam. Since the absolute values of the potential peaks,
however, depend on the ratio of T, /T, , the calculation is needed to determine n_(0,0) from the
measurement at § > 0. The measured peak of the potential pulse is compared with the caleu-
lation in Fig. 4.7. Experimental data agree well with the results of the caleulations. Therefore
if T. /Ty can be obtained from the analysis of a signal, it is found &n.(0,0) can be determined
precisely. It leads us to determining the negative ion density at 5 = 0 from a measurement of a

perturbed potential at g > 0.
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Figure 4.2: The observed signal and the calculated traces at n = 0 (laser beam center). The
photodetachment signal is measured in the cases of (a) a = 0.59 under the conditions: P, =
2.2mTorr,n_/n. = 0.0, n, = 7 x 10%ecm 3%, T, = 0.86 eV, and Ty, = 0.1, and (b) a = 0.74
under the conditions: P, = 2.2mTorr, n_/n, = 0.0055, n, = 8.7 x 10"%em~3, T, = 0.55 ¢V, and
T, = 0.1. The observed signals of & = 0.9 and 0.74 agree with the calculations.
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Figure 4.4: Comparison between the observed signals and the calculated traces(thick line) under
the conditions that & = 0.59 and R = 2.5 mm. (a)r/R = 1.6, (b)2.0, and (c)2.4. Experimental
data are obtained under the conditions where n_/n, = 0.01, n, = 7 x 10'%m~?, and T, = 0.86
eV in a hydrogen plasma. The peak position of observed signal agrees with the calculations at
each probe position.



n-(n, 7/ n-(0,0)

A3 P AT R OO I R 7 e WL LI o T
o o5 1 1.5 2 25
ni=r/R)

Figure 4.5: Calculations of spatiotemporal transition of perturbed densities for negative ions.
e = 0.59 and R = 2.5 mm are used for caleulations. The numbers in the figure indicate the time

7, after the photodetachment. 7 is normalized by (v;; /R)™', and therefore 7 = v t/R. The
perturbed electron density moves from left to right.
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Figure 4.6: Comparison of spatiotemporal transition changes of perturbed electron densities
between the observed data and the calculations at 7 = 0, 0.1,..., 3.0 under the conditions that
a = 0.59 and R = 2.5 mm. Experimental data for electrons are obtained under the condition
where n_ /i, = 0.01, n, = 7 x 10"%cm~3, and T, = 0.86 eV in a hydrogen plasma. The perturbed
electron density moves from left to right.
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Chapter 5

Plasma characteristics of cesium
seeding in the driver region

5.1 Introduction

In order to extract a high current H™ jon beam from an ion source, cesium injection has heen
considered as an effective method experimentally. However the enhancement mechanism of H™
production in an ion source due to cesium injection is still not well understood. Bacal et al. [1]
have investigated the enhancement of H™ density by diagnosing the Cs seeded plasma in the center
of the extraction region using a photodetachment method associated with a Langmuir probe to
obtain the H™ density and temperature. The increase of H™ density /electron density ratio is
observed by the addition of Cs. In a tandem H™ ion source, vibrationally excited molecules of
hydrogen are produced in the driver region, where high energy electrons are present. Cs injection
into the source should affect plasma parameters of this region as well as the extraction region.
Therefore, we have investigated the plasma parameters of the driver. In a driver region, the

plasma parameters, which include H™ density, are investigated in a cesium injection case.

5.2 Experimental setup and method

A. Ezperimental setup

Figure 5.1 illustrates the arrangement of this experiment. The details of the discharge chamber
are explained in chapter 3. Two instruments are newly installed to the ion source. One is a cesium
oven with heaters and thermocouples on the end plate. The other is an optical fiber, connected to
a view port, for spectroscopic measurement. The discharge chamber is a stainless-steel vessel of

270 mm in length and 210 mm in diameter. The side wall of the vessel is surrounded by ten rows
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of ferrite magnets arranged to produce a cusp magnetic field, which is about 300 Gauss on the
surface of the wall and a few Gauss at the center of the vessel. The H™ density and the electron
density are measured at the field free region. Four ferrite magnets on the end plate are used for
plasma confinement. Two Tungsten filaments, which are attached to the current feedthroughs on
the end plate, generate primary electrons. Hydrogen gas is admitted into the ion source through
a port in the center of the end plate. The gas pressure is always monitored by using an ionization
gauge.

A cylindrical Langmuir probe is installed perpendicularly to the laser beam. The tip of the
L-shaped probe, which is made of a tungsten wire, is 10 mm in length and 0.35 mm in diameter.

Langmuir proba

Side view

Figure 5.1: Nlustrations of the multicusp ion source with the cesium oven and spectrometer.

B. Cesium operation and detection
Metallic cesium of 1 g is put into a Cs oven. Prior to the experiment the Cs oven is heated

to 300 °C with the valve closed. After that the oven is cooled to a room temperature. The



stainless steel tube to introduce the cesium into the discharge chamber is kept at about 300 °C.
After a while, the valve is opened. The oven is heated up to 200 *C gradually. We monitor the
intensities of Cs and H, spectra to estimate the amount of Cs in an H, dc discharge by use of
a spectroscope. A spectrometer( HAMAMATSU, PMA-11) has been used in order to detect the
cesium spectrum D-lines(852nm, 892nm) [2] in an H; discharge. Figure 5.2 shows an example of
spectrum lines, Hy 4 (656 nm, 486 nm and 434 nm) and Cs, in an Hy discharge. The intensity of
the base line is attributed to the filament emission. The intensity of Cs is greatly influenced by the
wall temperature of the discharge chamber. Throughout the experiment, the wall temperature

is maintained by a dec discharge.
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Figure 5.2: Optical emission intensity in the ion source in a Cs seeded case.

The residual gases(for example, H2O and O3) are checked by a quadrupole mass analyzer(QMA,
Balzaers Prisma, QMS200F) installed in the downstream of the discharge chamber. In a Cs seeded
case, the Cs spectrum can not be detected by QMA in an Hy discharge. After the discharge is

turned off, the Cs spectrum can be detected as a residual gas at the background vacuum of

4%10~7 Torr.

5.3 Results and discussion

A. Measurement of the electron density n. and the H- density n..
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In a cesium seeded case, it is found that the probe I — V' characteristics are influenced by
the adsorption of the cesium on the probe surface, as shown in Fig. 5.3. When the probe is
contaminated by Cs, the plasma potential appears to shift lower than that without cleaning.
After the probe surface, biased positively with respect to the plasma potential, is heated by the
probe electron current, the probe voltage is swept quickly to the negative direction to minimize
the effect of cesium contamination on the probe surface. Figure 5.4 shows the comparison of
typical probe I — V characteristics between with Cs and without Cs. Each arrow in the graph
denotes the plasma potential. The curve in the cesium seeded case shifts in the positive direction
by 0.4 V. The high energy tail due to fast electrons appears as the Hy pressure increases. At the
lower Hy pressure the distinction between the high energy electrons and the bulk energy electrons
is difficult. Since the density of high energy electrons is lower than that of bulk electrons, the
high energy component is neglected. From the probe I — V' characteristics we obtain the electron
density, 7., the electron temperature, T,, and the plasma space potential, V,, respectively. Then
the H™ density, n_, is determined by measuring the ratio of photodetachment current to the

electron current, A/l at 15 V of the probe power supply.
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Figure 5.3: Characteristics of probe I — V traces in a Cs seeded case at the pressure of 2.2 mTorr
and Iy =2 A. Arrows in the figure indicate the sweeping directions of the probe power supply.

Figure 5.5 shows the dependence of n, and n_ on H; gas pressure in the pure volume case

and the Cs seeded case. Present results do not show an increase of the H™ density, although the
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Figure 5.4: Characteristics of probe I — V traces in a pure H; and a Cs seeded case.

cesium is introduced into the ion source. Both H, intensity, Ag_, and cesium D-line(852nm)
intensity, Apo,, are also measured simultaneously, as shown in Fig. 5.6. Since the baseline is
considered as the continuum line from the filaments, the baseline fitted linearly is taken away
from the raw signal in order to obtain Ay, and Ag,. As the Hy gas pressure changes in the
range from 0.44 to 18 mTorr, the intensity of Cs(852nm) decreases gradually. As the H; gas
pressure is increased, the ratio of Ag,/As, is decreased from 0.6 to 0.01. Figure 5.7 shows the
dependence of electron temperature, T,, H™ temperature, T_, and plasma space potential, V,,
on the Hy gas pressure in a pure volume and in a plasma with Cs. From the results of T, the
electron temperature did not decrease in the Cs seeded case. The enhancement of the n_/n,
ratio and n_ is observed only at the lowest Ha gas pressure of (.44 mTorr. The plasma space

potential becomes more positive by the cesium seeding.

B. Measurement of the H™ temperature T_ and the overshoot signal

The H™ temperature can be obtained by the photodetachment [6, 7). Here we use Eq. (6) in
ref. [6] to calculate the H™ temperature. In Fig. 5.7, T in the Cs seeded case tends to be lower
than that in the pure Hy case, regardless of the bulk electron temperature, T,, which influences
the dissociative attachment reaction rate.

Friedland et al. [8] have carried out the simulation of the time evolution of photodetachment
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signal, Al — t, in a plasma including Hy ions, electrons and H™ ions. Their calculation shows
the dependence of the overshoot signal on m In the pure Hs case we applied their results
to our experimental results in order to estimate Ty [9]. By using the same manner figure 5.8
shows the dependence of I, /AT on T, where [, is the amplitude of the overshoot and AT is the
photodetachment current in the probe signal. From two fitting lines to the measured data, the
positive ion temperature is found to be between T, = 0.12 ¢V and 0.14 V. An obvious change

of I, /AT is not seen with the Cs introduction.

C. Dependence of n. /n, on Ag,/An,

The influence of Cs on the H™ volume production is investigated at 2.2 mTorr, as is shown
in Fig. 5.9. The intensity of Cs is controlled by changing the wall temperature, while the H,
intensity is kept constant. The n_ /n, ratios are different from the above experiment because the
shape of the discharge filaments is different. The variation of the n_ /n, ratio is small in spite of

the change of the Ag, /Ay, ratio more than one order of magnitude.
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Figure 5.5: Dependence of electron and H™ density on H; gas pressure in a pure Hy; and a Cs
seeded case. The discharge current I is 2 A,
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Chapter 6

Plasma Characteristics of alkali
metal vapor seeding in the
extraction region

6.1 Introduction

A negative ion source of volume production type can generate an intense beam efficiently and
is useful for these applications. This type of ion source is generally divided into two regions by
a magnetic filter field. The first region is called the driver region, and the second region is the
extraction region. The former is the production region of vibrationally excited molecules. The
latter is that of H™ ions formed by a dissociative electron attachment reaction. In this region
vibrationally excited molecules, Ha(v"), produced by collision with fast electrons in the driver

region, encounter slow electrons in a low temperature plasma; [1, 2]
e+ Hx(X'EF,v) 4 H™ + H. (6.1)

In order to extract the higher beam current at the optimum configuration, the addition of cesium
has been useful method [3]. Nowadays cesium seeding has been widely used as a high current H-
beam for neutral beam injector, NBI, of fusion devices, for example, in JT-60U [4], and LHD [5].
It has been reported that the beam intensity of H™ tends to be improved especially at higher
discharge power due to the cesium seeding. The possible reason of the H™ enhancement would
be the surface production of H™ on the plasma electrode, where the cesium adsorption on the
electrode canses the work function reduction on the surface, then the following processes may

QCcur.
H+ + -zeau'r'fncc -+ H~ [ﬁ'u T-r E‘I {ﬁ'z}
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H® + €qurface = H™ [8, 9, 10, 11] (6.3)

Shinto et al. [12] have investigated the relation between the work functions of the cesium ad-
sorbed molybdenum surface and the extracted H™ beam currents using the photoelectron emis-
sion method assisted with a laser light. Employing the probability for the surface production of
H~ on a wall of an ion source, P.,, Fukumasa et al. have solved the numerical balance equations
in a steady state hydrogen plasma [13]. Their result shows a good agreement in the dependence of
plasma parameters on hydrogen gas pressure. Apart from the surface process, other possibilities
have been still remained in the H™ enhancement on the volume process. One is the electron

cooling [2] due to the collision with cesium, another is the H™ production from CsH™ [14, 15];
CsH™ = Cs+H™. (6.4)

In addition to these reactions Peterson [16] suggested the production of Ha(v”) by HI + Cs
charge transfer as follows;
Hi +Cs — H + H + Cs*, (6.5)
Another possible process is the increase of Ha(v") due to vibrational energy transfer between
Cs(v") + Ha(v");
Cs* +Hy = Cs+ Hy(X'E}) = Cs + H™ + H. (6.6)

On the other hand, the destruction process such as mutual neutralization,
H™ + alkali* — H" + alkali, (6.7)

is also important to clarify the total H™ production. In this paper some initial results, which
are obtained from simultaneous observations of the H™ density, the work function of a plasma
electrode and the alkali atom density, are reported by use of the photodetachment method,
the photoelectron emission method, and the spectroscopic measurement in front of a plasma
electrode. The correlation between the work function of the plasma electrode and the n_/n,

ratio is observed by use of this direct measurement of negative ions in a volume source.

6.2 Experimental setup and method

A. Erperimental setup
Figure 6.1 shows the illustration of the experimental setup for the photoelectron current, the

photodetachment, and spectroscopic measurements. The 12 rows of Sm-Co magnets for plasma
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confinement are attached to the surface of the cylindrical vessel (8.5 cm in diameter and 10 cm
in length) made of copper. The end fAange also has 4 rows of magnets for plasma confinement,
two current feedthroughs, and a quartz glass window to pass through the intense laser light used
for photodetachment without causing a reflection and stray light. Hydrogen plasma is generated
by two cathode filaments (0.35 mm in diameter, 100 mm in length). The side wall is biased
positively with respect to the cathode filaments to serve as the anode under dec mode operation.
In the extraction region, where the details are shown in Fig. 6.2, the stainless steel vessel has
three ports. Each port is used for a spectroscopic measurement, an electrical probe, and an alkali
metal reservoir, respectively. The range of wavelength of the spectroscope (Hamamatsu, PMA-
11, which has been improved to measure the spectrum in the near infrared region) is swept from
300 to 900 nm. The brightest line of alkali D lines can be detected. The cylindrical Langmuir
probe located in front of the plasma electrode is made of a tungsten wire of 0.35 mm in diameter
and its tip is 10 mm in length. Metallic Rb or Cs of 1 g is put into the alkali metal reservoir.
Each temperature of the feedthrough pipe kept at 270 °C and the reservoir operated around 200
*C iz controlled by use of a pair of heaters and thermocouples. The vapor pressures for rubidium
and cesium at an oven temperature are calculated approximately in consideration of the oven

design.(see Appendix B)

Drriver region Extraction region

L-shaped
Filaments probe ;

| Nd-YAG laser
= for photodetachment

To TMP

He-MNe and Ar ion l.a.u-r S
for photeelectron emission Filter m

Figure 6.1: Tllustrations of multicusp ion source and Langmuir probe. The alkali metal reservoir
is not shown here.

B. Diagnostic systems

The laser photodetachment technique [2] is used to measure the n_ /n, ratio. The work

function of the molybdenum plasma electrode is measured by using the photoelectron emission
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Figure 6.2: Displacement for the simultaneous measurements of work function and negative ion
density in the extraction region of the ion source.

method [17]. We used an Ar* ion laser (Coherent, photon energy he = 2.41 eV, maximum
output power Wy = 3 W) chopped at a frequency of 2 kHz, a He-Ne laser (NEC, hr = 1.96 eV,
Wi = 30 mW) chopped at a frequency of 1 kHz, and two lock-in amplifiers for the detection of
photoelectron signals. Two chopped laser beams are mixed and introduced into the ion source.
It is irradiated perpendicular to the plasma electrode biased at - 60 V. The reflected laser beam

on its surface exits from the entrance window in order not to hit the other part of ion source.

C. Measurement of Negative Ton-Electron Ratio, n- /n., by Photedetachment in Weak B Field
We used the photodetachment method assisted with a cylindrical Langmuir probe. Then the
effect of the magnetic field in the extraction region must be taken into account. The magnetic
field is 1.2 kGauss on the surface of magnet, and 100 Gauss at the probe position, which is
perpendicular to the probe axis. T, obtained from the probe I — V' characteristics is at most T,
= 1 eV. Meanwhile T; is reported to be 0.5 eV at most. Under these conditions the Larmor radii
of electrons p. and ions p;, are both the same order or larger than both the probe radius and the
Debye length. Therefore we treat the measured electron current and the n_ /n,. ratio without

any correction in the present condition.

6.3 Results

A. Simultaneous Measurements of n_ /n., Work Function and Spectral Lines
The emission spectra from the ion source plasma with Rb and Cs are shown in Fig. 6.4. These

spectra are measured as the line integral in the radial direction in front of the plasma electrode.
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Figure 6.3: Displacement for the simultaneous measurements of work function and negative ion
density in the extraction region of the ion source.

The light from the filaments lifts up the base line of spectrum. This is checked without the
discharge. As the temperature of alkali metal reservoir is increased gradually around 180°C, Cs
or Rb lines are emerged at 852.1 and 894.3 nm in Cs sceded case, and at 780 and 794.8 nm in Rb
seeded case. Except for their bright lines, low intensities of RbIl or Csll lines are also observed
over the wide range. In view of the verification of Rb or Cs injection, the brightest line{780 nm
for Rb, and 852.1 nm for Cs) are monitored. The unknown lines, which are similar to Cs D-lines
in the infrared region, are always observed in Rb case. These lines would not be those of remained
Cs in previous experiments, because inside the wall and the reservoir are washed by water and
baked out by heater and filaments of the ion source. Thus the unknown lines would be optical
emissions from Rb. Balmar lines of hydrogen Ha, Hg, H,, are observed in the Hy discharge.
When Rb vapor begins to be introduced into the ion source in the Hy discharge, firstly the
n./n. ratio increases gradually from 0.4 to 0.75, as shown in Fig. 6.5. At the same time, I, ..
increases suddenly at Iy = 500. I,. can not be detected when g, < 500. This is the reason
why the work function on the surface of plasma electrode is higher than the photon energy of
Ar* ion laser 2.4 eV. Therefore the work function has been going down during no I, . signal.
Closed symbols were measured three hours later after the valve of the rubidium reservoir was

closed.
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The variation with n_ /n, ratio and work function is plotted against the intensity of rubidium
spectral line, Iy, in Fig. 6.6. The values of the work function were calculated froem those of
measured photoelectron current using Eq. (2.18). Before the addition of Rb the n_ /n, ratio was
about 0.4 and the signal of photoelectron current was zero. The n_ /n. ratio went up slowly with
increasing the reservoir temperature. The n_/n, ratio became the maximum value and then the
work function reduction reached the peak value. At this time the minimum work function of
molybdenum surface adsorbed by rubidium becomes 1.8 eV at Iy, = 1200. When [, increased
further, ® reaches 2.1 eV. The plasma electrode would be covered with the thick rubidium,
because § is close to the intrinsic work function of rubidium. We found the n_/n, ratio is
sensitive to the change of the work function at the surface of the plasma electrode.

From this result, the surface production of H™ ions may be dominant in H; + alkali mixture
plasma, since the n_ /n, ratio reaches the maximum value at the work function minimum. As
another possibility we can consider the change of the plasma potential due to the work function
reduction causes the improvement of the plasma confinement in the driver region. If this is the

case, the correlation between the work function and the plasma potential must be investigated.

B. Comparison between Cs and Rb adsorption

In case of cesium seeding, the maximum value of the n_ /n, ratio agrees with the point of the
minimum work function, while the difference in the H™ enhancement due to mass of Rb(M =
B5.5) and Cs({M = 132.9) does not appear clearly in these experiments. In both Rb and Cs cases,
as alkali D lines are larger than the H, line, the n_/n, ratio decreases gradually, as shown in
Figs. 6.6 and 6.7. This result may mean the mutual neutralization between H™ ions and positive
ions of alkali atoms, or the collisional electron detachment with alkali atoms.

Figures 6.8 and 6.9 show the variations of n_ and n, with discharge current for comparison
between rubidium and cesium injection, while the enough alkali vapor was supplied into the
ion source. The enhancement of n_fn. was observed in both cases. The work function of the
surface would reach the intrinsic work functions of alkali metal due to thick alkali coverage. The
differences between Rb and Cs were quite small, because the intrinsic work function for Rb is

almost the same as that for Cs(see TABLE I).

C. Dependence of n_ and n, on discharge current

When constant alkali metal vapor is introduced into the ion source, n- and n, in the extraction



region are measured in Figs. 6.8 and 6.9. In both cases, the difference in n, is influenced by the
magnetic filter field, and n, and n_ have the same tendency due to the addition of alkali metal
vapor. 7. is reduced to about one-half, while n_ increases from 1.1 to 1.7 times higher with the
increase of I;. The addition of alkali metal vapor is effective in the H™ enhancement at higher
discharge current. V, and T, are also obtained. The plasma potential decreases clearly about 1

~ 2 eV, while the electron temperature does not change or decreases at most about 0.2 eV,

D. Dependence of n_ /n, on electron temperature

We found that the work function of plasma electrode is correlated with n_ /n.. Next, the
components of H™ ions produced in the volume and on the surface are discussed. n_ /n. ratios
are plotted as a function of the electron temperature in Fig. 6.10. The electron temperature is
controlled by the discharge current. n_ fn, ratios in the extraction region are scattered, because
slight misalignment of the probe causes the large ambiguity of n_ /n, due to magnetic fields. At
T, = 4.5 eV, n_ /n. becomes maximum regardless of with and without alkali metal vapor. When
n_/n. corresponds approximately to the cross section for dissociative electron attachment of
Hy(v), #0(DA), this peak at T, = 4.5 eV agrees with 77(DA)|,=s g, calculated by Wadehara [1].
This result means that the volume production component of H™ ions is not influenced by alkali

metal vapor.

6.4 Discussion

Possible reasons for enhancement of H™ ions are discussed in section 6.1. We consider which
reasons are proper for H™ enhancement in the addition of alkali metal vapor. In a pure hydrogen
discharge Bacal et al. and Fukumasa estimated plasma parameters numerically, using the rate
equation in plasmas. Employing the same manners, we apply it to the results of Fig. 6.10. First,
plasma without alkali metal vapor is treated.

Plasma parameters in the driver region would not be changed so much. This result has already
been obtained in the previous chapter. Table 6.1 shows the reactions, which are discussed, and
rate coefficients. These data are measured or estimated theoretically. The rate equation for
negative ions is given by

dn_

? ﬂ[l'*]ﬂgﬁ{p—‘ij +ﬂﬂ-;ﬂ=ﬂ2 +ﬂﬁaﬂ¢a3

—My+T_¥g — ﬂH;- n_dr — ﬂH;-ﬂ—ﬂa
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Table 6.1: Reactions and rate coefficients

Reaction Reaction rate (10 “cm® 5 1)
H~™ Production
Ha + e = Ha(v" = 8) + €4ion (451
Hgl[t.!” — 3] + €siow —+ H- + H ﬁ{ﬂ;‘l} 8.5
Hi +e— H-+ H* a2 0.2
H;+e—-H  +H g 0.00006
Addition of alkali metal vapor
HI- H+ + Eyall = H~ { + H'l Hﬂ] I.r‘r'r;ll =
H~ Destructions
H 4+e—=+H+ 2¢ Oty 10
H +ef—+H+ep+e s —
H- + Ht =+ 2H kg S00
H_'+H?.-—}H+H2 (s 100
H-+H —1H2{‘U +H g 100
H_+H—}Hg+ﬂ g 1.0
H +Hys = H+Ha+e¢ x)p 0.494
H 4+ wal -+ H+ e 1;’1‘",1;'”

Dther reactions
Hi(v) + Hz(v =0) = Hf (v) + 2¢
5_(”) + eyan —+ Hz(v*)
HF (1) + ewan — Hp(u") + H
H+{1.r ) + Ha(v = 0) = H (v < v*) + Halv)
e + Ha(X'Z} v =0) = e + Ho(B'E],C'I,, ..0")

=+ hv + Ha(X'EF ) +e ]
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—N_Na0y — (6.8)

Tdifs
Many reactions and information of rate coefficients in plasmas make it difficult to understand
the phenomena. Therefore several approximations are necessary for the analysis in plasmas, In
particular, these reactions should not be applied to the extraction region becanse there do not
exist high energy electrons due to the magnetic filter. The term of H™ loss reactions due to high
energy electrons is removed. Since ngn.cs, Nan.as, nonjag, and n_ Ny ag are lower than those
of the other reactions under the condition of T, = 1 &V, these terms are neglected.

Now, as the plasma treated here is steady state, the left side hand of above equation is equal
to zero. Thus Eq. (6.8) is transformed into

n- _ nf{v*)dw{DA) . (6.9)
Ne MOy +ngeas +nytar +ngias+ 1/Tairy

There exist only low energy electrons in the extraction region, but no high energy electrons,
due to the magnetic filter. As n{v*),ny,50(ii), 1 /745y would not depend on the low energy

component of electrons, Eq. (6.9) is reduced to

-

B — azT(DA). (6.10)

ne
This means that n_/n. ratio corresponds to the cross sections for dissociative attachment of
electrons, so that F0(DA)|,=sg for vibrational states of Hz(*E},* ), which has the peak at
T. = 0.3 =~ 1 eV, is chosen from their calculations of Wadehara [19]. Although the changes of
I for acquiring the T, dependence cause variations of n, by a factor of 3 substantially, o keeps
constant because of n.ay <€ nyeog + My} 0r +n 08 + 1/74igy. Substituting the values of
table 6.1 into Eq. (6.9), one can obtain a for T, = 1 eV in Eq. (6.10) and the curves for v = §,
and 9 in Fig. 6.10. The curves calculated agree with the measured data substantially.

On occasion that Cs is introduced into an ion source, it may be considered that H™ ions would
be produced on a metal surface of low work function; H, H* + ey — H~. This assumption
becomes one possibility and reasonable for H- enhancement, because n_/n, is correlated with
the work function of the plasma electrode. If the number of H™ created per unit time in unit

volume is 1/7,;, Eq. (6.9) is transformed to

n. _ _ n(v)F(DA) + [(ng + g+ )/ne 1Te

Me Moty +Nyv0s +ngrar +nyrag+ 1/7airy

(6.11)

For rough estimate, one may assume ngy+ < ny at the gas pressure of Fy > a few mTorr, and
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then one can neglect the term ng+.

no_ R(")TU(DA) + (s /m)1 g
M. Ty +ﬂH+ﬂﬁ+ﬂH;-ﬂ'1 +ﬂH;ﬂ’E +1,J"1'di_”L
aTO(DA) + Biy. (6.13)

(6.12)

From this equation, it is found that n_ /n, ratios both with and without alkali metal vapor are
laid to overlap each other. Broken curves in Fig. 6.10 are calculated under the conditions of
e = 5x 10" cm™ and nyg = 10" cm™2 [20]. As n. goes down by a factor of 1/2 in the
addition of alkali metal vapor, this value of the electron density would be reasonable. Unknown
parameter 1/7,, is estimated to be 2.38x10% s™! by the optimum fitting. Since 7, is of the order
of 74y, H™ ions are produced on the wall at the same rate of H™ loss, otherwise, H™ loss would
be reduced on the wall. There is the way of the improvement for H™ loss on a surface.

The improvement of H™ density is seen at the higher discharge current, as shown in Figs. 6.8
and 6.9. The increase of HY ions would cause the increase of the surface production of H™ ions.
H* inflow from the driver region would also cause the increase of surface production of H- flow.
In addition to these possibilities, the reduction of plasma potential in the extraction region may
facilitate the H* flow from the driver region.

In the case that T, is higher than 0.5 eV, the electron cooling can enhance the volume
production of H- ions. However this apparent electron cooling may have a possibility of the
problem of the probe measurement in high n_ /n. ratios. one must treat the probe I — V
characteristics carefully because the apparent electron temperature seems to be lower due to
higher n_ current in the retarding region.

Figure 1.5 shows the potential energy curves for alkali hydrides and their negative ions. The
potential energy curve for CsH™ is lower than that for Hy. H™ production at the surface is
considered to be the dissociation from CsH™. The vibrational states of CsH may cause the
enhancement of the dissociative attachment of electrons to the molecules similar to the volume
production of H™ ions.

We do not refer to a plasma response after photodetachment in magnetized plasmas. The limit
of the Langmuir probe theory would require the confirmation between the different techniques
for measurements of perturbed electron density, for example, microwave interferometer, laser
interferometer, and Langmuir oscillation, ete. The measurements of vibrational malecules of Hy,

hydrogen atoms, and molecular ions would be also required in the future.
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Figure 6.5: Variation of n_ /n, and photoelectron current with the emission intensity of Rb in
the extraction region in the Hy discharge. V,,, = —60 V, Wy = 104 mW, and f.po, = 1.14 kHz.
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Figure 6.6: Vriation of n_/n, and work function with the emission intensity of Rb in the extrac-
tion region in the H; discharge. Vp. = =60 V, W, = 104 mW, and fo40p = 1.14 kHz.
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220" ———————— —
[ Me ]
" [ 1
110" |

o 810 | ]

5 : ]

o ns{Hydrogen+Cs) ]

2 [ _-.

-3 -

a i - 1
a10” L e g
20" | ¢ e :

n. (Hydrogen+Cs)’
D 1 PR B S R Sl T 1 P T T 1
0 1 2 3 4 5
Id [A)
4 T BT T T
i Vs
35 F
aF
g_r 25 Vs(Hydrogen+Cs
- 2 :. == -0 _-
g [ o a "
'E 15 :- - — f
] ]
1 Mﬂ 3
E e ‘
. g = Te(Hydrogen+Cs)3
[} 1 UM WS- [N N WY RS S 0TS L TS [N GOy YRS W S, NS S S ]
o 1 2 3 4 5
Id [A)

Figure 6.8: Dependence of n, and n_ (upper graph) on the discharge current I for the cases of
with(broken curve) and without Cs(solid curve). The lower graph is the dependence of T, and
Vs on the discharge current. The hydrogen gas pressure maintained constant P, of 3.5 mTorr.

80



1.2 10"

110" — 4:
i 1
5 B0 4:
5 ' ]
§. B.mm:_ ]
3 i ne{Hydrogen+Rb)
210" | 1 5
zw" b .= -
\ B - (HydiotensRy)]
o 1 2 3 4 5
Id [A]

4 T T T T
Vs |
35| 3
; _ .’”/./’.”__. ]
& 2sf Vs(Hyd an+Rh}‘:
g ydrogen+ RO}
S 2fF _a-" =
a2 P :
g s} . - 3
B - Te E
; --3 3
SEE i Te(Hydrogen+Rb)’
0 i | Y e d g n g o L & 4 g ..:
(] 1 2 3 4 5

Id [A]

Figure 6.9: Dependence of n. and n_ (upper graph) on the discharge current I for the cases
of with(broken) and without Rb{solid). The lower graph is the dependence of T, and V, on the
discharge current. The hydrogen gas pressure maintained constant Py of 3.5 mTorr.

81



10 ¢

n./ng

01 |

0.1

® pure hydrogen
O with Cs
¢ with Rb

1

.........

Ta [aV]

Figure 6.10: Variation of n_ /n. with the electron temperature in the extraction region in the Ha
discharge. Closed circles are measured data in the pure hydrogen discharge. Open circles and
squares in Rb and Cs seeded cases, respectively. Two solid curves indicate the cross sections for
dissociative electron attachment of Hy(v = 8,9), #0{DA), calculated by Wadehara [1]. Broken
curves are calculated in consideration for the surface production of H™ ions. This is discussed in

Sec. 6.4.

Attochment Raole (em?® sec™']

fverage Electron Energy leV )

Figure 6.11: Dissociative attachment rate for various vibrational states{d < v < 9) of Hy
molecules(J = 0), calculated by Wadehra [19)
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Chapter 7

Conclusions

The laser photodetachment technique in plasmas with negative ions has been studied experimen-

tally and theoretically throughout this thesis, and applied to the diagnostics of ion sources.

The different. photon energies of a Nd-YAG laser have been used to investigate the influence
on the photodetachment current captured by a Langmuir probe for the determination of the H~
density and the H™ drift velocity. From I, — V], characteristics, the photodetachment current
is independent of the laser photon energies. Therefore the photon energies do not affect the
determination of the H™ density, n_, and the H™ temperature, T, obtained from the H™ drift
velocity under the conditions of low n- /n, ratio(<1%). From the time variation of photodetach-
ment current, the photon energies is independent of not only the H™ drift velocity wgeife, but
also the ballistic velocity vy. The H™ drift velocity is very close to the ion acoustic velocity of
HI ions.

Using the Friedland’s calculations with the hybrid fluid-kinetic model, we found that the posi-
tive ion temperature Ty can be determined from the ratio of the overshoot and photodetachment
current, I, /AT, This ratio is not also affected by the photon energy.

The hybrid Auid-kinetic model is extended for the analysis of perturbed plasmas in time and
space after photodetachment. Under the conditions of the collisionless, unmagnetized and low
n_ /n. ratio, this model for plasma responses with three species(HT | electron, and H™) is applied
and compared with the experimental data inside(r < R) and outside(r > R) the laser beam in a
cylindrical geometry.

At r < R, the time evolution of the calculated photodetachment signal reproduces well that

of the measured signal. The ratio of the overshoot current to the perturbed current strongly

85



depends on T /T, ratio, and hence the positive ion temperature can be obtained from this ratio
in the limit T, < T.. At r > R, the change of the calculated photodetachment current in time
and space almost agrees with the observed current. Since the outward flow of electrons are related
significantly with the dynamics of positive ions and negative ions, the negative ion density can
be obtained strictly by the measurement at r > R with the method shown in the present work.

In case of n_ /n, > 1, the application of this model becomes difficult to determine the negative
ion density, because the perturbed potential d¢ affects the profile of its own potential. We can
avoid the problem by a lowering of photodetachment rate, that is, the laser power is reduced
down to dn./n. < 1. As a different way, Ivanov et al. have extended the kinetic theory of a
plasma response developed by Landau, and O'Neil et al. in a plane geometry. One can use the

theory in a proper geometry under the conditions of high n_ /n. ratio.

The laser photodetachment technique is applied to actual ion sources in order to understand
the enhancement of H™ density due to the addition of cesium vapor. Then the amount of cesium
vapor in the ion source is monitored spectroscopically. In the driver region, it is found that the
drastic changes in plasma parameters are not observed except for the increase of the plasma space
potential.

We have carried out the similar experiment in the extraction region, because the extracted
H~ beam is considered to be correlated significantly with the conditions of the extraction region,
especially the work function of the plasma electrode. The work function on the surface of the
plasma electrode is obtained by the measurement of the photoelectric current generated by the
Art ion laser. The intensity of the cesium D line increases with the increase of the oven tem-
perature, and the n_ /n, ratio goes up immediately by a factor of 2. The yield maxima of H™
density correlate closely with the work function minima. When more cesium vapor is introduced
into the source, the work function reaches the intrinsic work function of cesium. At that time
the H™ density saturates, or gradually decreases. The similar results are obtained in the case
of Rb. We find out that the H™ density in the extraction region is strongly correlated with the
work function of the plasma electrode.

In order to explain the enhancement of n_/n., we employed rate equations with the use
of measured parameters. Then the measured correlation of H™ density with the work function

minima allows us to assume the surface production of H™ ions. From the comparison between
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the experimental results and the calculations, it is found that the surface production of H™ ions
is reasonable for the explanation of the enhancement of n_ /n, in the cesium seeded case. For
the sake of more efficient production of negative ions in an volume source, the low work function

surface in the extraction region is one of the most essential elements.

From these results, this study is summarized as follows;
The laser photodetachment technique has been verified in consideration with the plasma response,

and then

s The plasma parameters obtained are not influenced by the laser wavelengths{photon ener-
gies).

* From the comparison between experiments and calculations, it is found that the hybrid
fluid-kinetic model represents the plasma responses induced by laser photodetachment well.

The physical picture of plasma responses in photodetachment becomes clear.

# The negative ion densities and temperatures and the positive ion temperatures can be

obtained.

e From the measurements not only inside, but also outside the laser channel, negative ion

densities are determined.
From the application of the laser photodetachment technique to the actual ion sources,

¢ In the driver region, the enhancement of negative ion densities due to alkali metal seeding
is not observed.

¢ In the extraction region, it is clear that the negative ion density is correlated with the work

function of the plasma electrode.
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Appendix A

Monopolar transport in
negative-ion plasma

This appendix is mentioned for the ballistic theory, which is noted in section 2.2 of chapter 2 and
in chapter 4.

Plasma dynamics after photodetachment in a negative containing plasma were first investi-
gated by Stern et al..! The details are written in their paper. Other work by Skinner et al.?
would be helpful in understanding the ballistic theory. One finds the need for studying a plasma
response, especially that of perturbed electrons, using the hybrid fluid kinetic theory. From both
of Stern et al. and Skinner et al. their approach is to evaluate only the ballistic term and neglects
the field dependent term in an early time period.

The density and velocity distribution of negative ions at ¢' = 0 is used for the calculation of

ng(r,t).

o— fdv [ e DY o (A1)
The solution of perturbed negative ions has the following form;
t
B0 — 5 (B fost)? (- /o0)?) = T (oot (o). (A2)
g

3 'H 2
Jzy)=1-2" j te™" Iy (2pt) dt,
Q
r= .=
where Rnin is the laser radius, and Rp,,. is the source radius. When ¢ = 0, n_g{0,4) becomes

n-5(0,1) =~.J ((R.l"umrﬂ'z .ﬂ) = e~ (Rlvan-t)?, (A.3)

Mg

VRef. [5] in chapter 3
*Ref. [9] in chapter 4
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This equation represents the time evolution of negative ion density at r = 0, as is shown in
Fig. A.1. Equation (A.3) corresponds to Eq. (4.15) at r = 0.

From Eq. (A.3), we introduce Eq. (2.12) easily. When the time {; defines 1/e recovery time
of H™ ions at r = 0 after photodetachment, the power of the right hand side of Eq. (A.3) is equal
to -1;

v, = Rft. (A.4)

When the correction of the probe radius must be carried out strictly, Eq. (A.3) is obtained. In
r; R case, the function J in Eq. (A.2) are dominated by the factor rfu,_t, and thus Eq. (A.2)
leads to Eq. (2.13).

In practice, Stern et al. detect this recovery curve using the double laser pulse photodetach-
ment technique. There is a problem that the measured data is in disagreement with the ballistic
theory in the longer time interval of second laser shot. They conclude the discrepancy is due to
collisions and the higher-order potential effects. In addition to these reasons, Skinner et al. point
out the shift of the effective collection area of the probe influences on the disagreement of theory
with the experimental data.

The potential due to photodetachment propagates in a plasma. Poisson’s equation is used
to represent the phenomena. The density terms for electrons, negative, and positive ions in its
equation are applied to the linearized Boltzmann's relation, the ballistic theory, and the quasi-

neutrality, respectively.

A2 = dme(n.+n- —ny)

4me (neg + dne +n_ —nyg). (A.5)

I

Using the following relations;neg = neo +n_p, and n. = n_gJ (( R,.l"vmt:lz R LT t}z), Eq. (A.5)

is transformed into

Alp = dre (ﬂ.,_ﬂ (TTT) +n. —n_u)
= dre (n-ﬂ-_, (iﬁ‘,—f) ~n_o (1- 7 ((Rfvant, (r,.n"trm!]“))) , (A.6)

It assumes that the term A%¢$ would be negligible under the quasi-neutral condition. The right
hand side of Eq. {A.6) becomes,

ed(r,t) = =22k, (1= T ((R/vat)? (r/ost)”)) (A7)
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The calculations of Eq. (A.7) are carried out in Fig. A.2 and A.3. The ballistic approach for
the change of Ag is indistinct apparently. The ballistic theory can not describe the potential

propagation outward enough.

Anng

Ad{r/R. VA, (0.0)

rfR

Figure A.2: Spatial distributions of the perturbed potential for various values of time normalized
by the recovery time of H™.
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Figure A.3: Time evolution of the perturbed potential for various values of the probe position.



Appendix B

Estimate of cesium vapor pressure
in an ion source

An alkali metal oven has been used in the experiment of chapter 6. We evaluate the vapor
pressure for rubidium and cesium in the ion source at an operation temperature of the oven.
Cesium vapor is introduced into an ion source, when the alkali metal oven is heated up from
a room temperature to 300 *C. The vapor pressure is governed by the conductance of the oven,
which is determined by the construction of the cesium oven and the nozzle following to the ion

source. Gas pressures of the ion source P, and the oven P,,.. are related with each other by

lon source
Fy

| e
Ll ¢

r
“‘é Alkali metal

Foven OVE

Figure B.1: Simplified illustration of an ion source with an alkali metal oven. Sg, : cross section
of the extraction hole, a : radius of the nozzle pipe, and L : length of the pipe. P, and Poyen are
gas pressures of the ion source and the oven, respectively.

the conductance of the nozzle pipe, C. In Rb or Cs seeding case, we may assume the valve has

almost the same conductance as the nozele pipe, because the valve is full-opened at that time.

When AP is the difference of gas pressure between the point A and B, the flux from the point A
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to B, Q4 p, with the mean velocity, ¥, is given by

Qias = CAP ®1)
3
. 25(3{“3) (Poven — By), (B.2)

where a is radius of the nozzle pipe, and L length of the pipe. This flux @ 45 is equivalent to

the flux from the lon source to the extraction hole, so that

1
QaaB = Eﬁssztpssﬂ?, (B.3)

with the probability for passing through from the point A to B, ppg.:. From Eq. (B.2) and

Eq. (B.3), the gas pressure of the ion source becomes;!

e Poven
Pg = im, [B.*ﬂ

Br a?

The vapor pressure for cesium Pg,, at a temperature, T, is given by ?

105 PCI = lﬂE Pm.rzn.
= 7.256- @ (B.5)

In the case of the determination of the fitting equation for rubidium vapor pressure, we can obtain

the fitting equation for data measured in Ref. [2], which is similar to the above equation:

log Pry = 9.5763 — w. (B.6)

Substituting the following values L = 200 mm, a = 1.5 mm, A = 3*x mm?, into Eq. (B4), F, is
represented as follows:

Pﬂll’!‘ﬂ
P,=——. B.

Figure B.2 shows the dependence of the cesium vapor pressure on the oven temperature. Since
Toven changes in the range from 300 to 450 K, we can estimate the cesium gas pressure in the
ion source to be the range from 10~% to 10~! Torr. In the case of Rb, the vapor pressure of Rb is
lower than that of Cs at the same temperature. Therefore, higher oven temperature(300 ~ 480

K) is required for the Rb case.

11, Ishikawa, "Tongen Kogaku™ in Japanese, (Ionix, 1985) Eq. (3-11) in page 87.
*A. N. Nesmeyanov, "Vapor Pressure of the Chemical Elements”, {Amsterdam, Elsevier) p.144-150(1963)
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Figure B.2: Estimate of rubidium and cesium vapor pressures in the ion source. The arrows
indicate the operation temperature of the oven for Rb and Cs, respectively.



