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ABSTRACT

We examined an innovative method of isotope enrichment using laser

enhanced microwave/electron cyclotron resonance (ECR) discharges. The

experimental research was to focus on laser excitation of a low abundance isotope

and then ionize and separate the isotope of low abundance using a microwave/ECR

discharge at 2.45 GHz. A small compact electron cyclotron resonance ion source,

which uses permanent magnets, was constructed during this project. The dye laser

was purchased and later an excimer laser had to also be purchased because it turned

out that the dye laser could not be pumped by our copper laser. It was intended that

the dye laser be tuned to a wavelength of 670.8 nm, which would excite ^Li which

would then be preferentially ionized by the ECR source and collected with a

charged grid. The degree of enrichment was to be determined using thermal

ionization mass spectrometry. The final objective of this project was to assess the

feasibility of this system to large-scale production of stable isotopes. However the

funding of this project was interrupted and we were not able to achieve all of our

goals.



DESCRIPTION OF PROGRESS

Our research plan (as described in the original research proposal) was broken

up into three years. During the first year we had planned on modifying an existing

microwave resonant cavity by adding rare earth magnets to provide an electron

cyclotron resonance region as well as add a processing vacuum chamber. Instead,

we decided to build a completely new ion source which will be described below.

The design of the ion source which we built to ionize samples of lithium is

based upon a device of L. Mahoney and J. Asmussen.1 The microwave cavity is

designed to excited various electromagnetic modes at 2.45 GHz depending upon

the length of the cavity and the position of the co-axial probe which couples the

microwaves from the source to the cavity. The microwave resonance cavity ion

source can produce vaporization, heating and ionization of lithium samples.

The advantages of the Mahoney source includes:

- smaller plasma volume - this means that the laser excitation volume to

overall plasma volume will be much larger than in the previous system. This will

improve the total efficiency of the system.

- this source is based upon an 8 inch conflat vacuum flange, making it very

compatible with conventional vacuum systems. This is important for future

adaptability of this system to a production setting.

- this ion source has a long working lifetime, requires little maintenance and

produces high beam current densities (5 - 10 mA/cm2).1

Our major modification has been to move the gear assembly which controls

the sliding short to an off axis position. The means that two gears and a ball

1 L. Mahoney and J. Asmussen, "A compact, resonant cavity, five centimeter, multicusp,

ECR broad-beam ion source, Rev. Sci. Instrum. 61(1), January 1990, p. 285.



bearing assembly are now required instead of the one gear. This allowed for a hole

to be drilled in the center of the sliding short and end wall of the cavity. We

decided to shine the laser down the center axis of the cavity rather than at an

oblique angle from below (as described in the original proposal). See Figure 1 for

a schematic of the isotope enrichment system. The ion source was attached to the

side of the vacuum chamber so that the abundant or dominant isotope and the

buffer gas would exit the system via the vacuum pumps rather than onto the

collection grid.

We assembled the vacuum chamber, pumps and vacuum components. We

were able to obtain lithium plasmas, in a rare gas background, from lithium (either

LiCl or Li2Cb). Several experiments were performed on the lithium source and

samples were taken from the collection grid. The Radiogenic Isotope

Geochemistry Laboratory in the Geological Sciences Department was not able to

calibrate their mass spectrometer for lithium, so we were left without a method to

determine separation. Basic studies of the lithium source were the basis of two

publications and the thesis of Cynthia Brooks (see attached).

We had planned to excite the lithium samples with a copper vapor pumped

dye laser. The laser company was not able to get the needed wavelength out of the

dye laser when pumped by the green laser. So we were forced into purchasing a

XeCl laser which does pump the dye laser well. Unfortunately the laser company

was very slow about resolving the problem and since the project was terminated

early, we were not able to test out the laser system in conjunction with the lithium

plasma.

The major accomplishments of this projects can be summarized as follows:

• We modified a permanent magnetic ECR ion source for suitability of lithium

vaporization.

• We demonstrated that lithium could be vaporized from its solid state.



We determined the operating conditions to maximize production of Li atoms

(see attached publications).

We collected many samples of lithium from the collection grid. Unfortunately

the Geology Dept. was not able to give us any feedback on these samples.

There were three students supported by this project; two graduate students and

one undergraduate.

Patent Disclosure forms were submitted June 3,1994 with the UM Office of

Technology Management. My understanding is that these papers have been

closed out as we were not able to demonstrate our objective.

The archival journal articles that resulted from this project (and are attached):

"Two-Dimensional Imaging of Optical Emission in a Multicusp-ECR

Microwave Resonant Cavity" by C. Brooks and M. Brake, IEEE Trans, on

Plasma Sci. Vol. 24, No. 1., 8, Feb. 1996

"Lithium-Argon Discharges in a Multicusp-ECR Microwave Resonant Cavity"

by C. Brooks and M. Brake, IEEE Trans, on Plasma Sci., Vol. 23, No. 6., 1023,

Dec. 1995.

Cynthia Brooks wrote a Ph.D. dissertation describing the detailed discoveries of

this project. The title is "An Electron Cyclotron Resonant, Microwave

Resonant Cavity Lithium Plasma Source", attached.
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ABSTRACT

AN ELECTRON CYCLOTRON RESONANT,
MICROWAVE RESONANT CAVITY

LITHIUM PLASMA SOURCE

by

Cynthia Bush Brooks

Chair: Associate Professor Mary L. Brake

A unique lithium plasma source featuring a microwave resonant cavity

with an electron cyclotron resonant region has been constructed for use in

laser-enhanced isotope separation experiments. Lithium-argon discharges

have been created in the plasma source and properties of those discharges

have been extensively studied. The discharge is maintained within a quartz

cup at the base of a microwave resonant cavity operating at 2.46 GHz. The

electron cyclotron resonant region is created by eight SmCo rare-earth •

magnets arranged in a multicusp configuration. Lithium is introduced to the

system in the form of lithium chloride, a solid placed directly in the discharge

region, which is then heated by a background argon discharge allowing

dissociation of lithium. The dissociation is evidenced by the observation of

strong Li-I lines in the discharge using optical emission spectroscopy. This

unique method of creating a lithium plasma has the advantage of greater

control of contaminants and longer source lifetime because the device does not

contain an electrode. Additionally, the discharge can be maintained at

pressures as low as 1 mTorr and input microwave powers of 100 Watts.



A number of diagnostics have been used to characterize the discharge.

Double Langmuir probe studies indicate ion densities of 10 -10 cm" and

electron temperatures of about 3 eV with operating pressures of 4-20 mTorr

and input powers of 100-250 Watts. Optical emission spectroscopy indicates

that the lithium concentration increases with decreasing argon flow and

partial pressure. Single Langmuir probe measurements of the electron energy

distribution function indicate that the electrons have a Druyvesteyn

distribution at low operating pressures. Plasma density was found to

decrease exponentially with downstream distance from the source. Peak

saturation current densities of 1.2 mA/cm were measured with a 7.5 cm

diameter, negatively-biased, aluminum collector. A two-dimensional CCD

array has been used to image the ECR region, providing a real-time

diagnostic of the plasma emission within a wavelength region defined by low-

bandpass filters. This newly-developed technique has been used for

electromagnetic and uniformity of heating studies of the device.
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CHAPTER 1

INTRODUCTION

1.1 Motivation
*

Isotope separation has many applications in basic research, industry

and medicine. Traditional methods of producing isotopes are generally large-

scale, inefficient or highly energy-intensive. The method commonly used in

the past for large-scale isotope separation has been gaseous diffusion, a

method which provided a very low enrichment ratio and required many steps

to complete. Electromagnetic separation techniques such as the calutron

provide larger enrichment ratios but are very energy-intensive and can process

only a small amount of material. There is a need for smaller-scale, efficient

isotope separation schemes so that isotopes can be produced on-site in an

affordable manner. The plasma apparatus designed and tested in this work

is part of a proposed small-scale, efficient isotope separation scheme.

The separation of Li-6 and Li-7 (which has a naturally occuring isotopic

ratio of 7.4:92.6) has been chosen for preliminary studies for a number of

reasons. Figure 1.1 is an energy level diagram for lithium illustrating the

specific excitation to be employed. As seen in the diagram, the

transition from the ground to the 2P P is easily accessible with visible laser

radiation such as that produced by a tunable dye laser. Fine structure

splitting from the difference in nuclear mass of the two isotopes provides the

means to selectively excite a particular species. For example, if it is desired
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Figure 1.1. Energy level diagram of lithium featuring accessible
visible transition to be used in laser isotope separation scheme.



to enrich Li-6, laser radiation at 6708.07 A is chosen to excite Li-6 into a

higher energy state. Once excited, electron collisions ionize the excited

species.

In preparation for the isotopic enrichment studies, a lithium plasma

source was designed and constructed. Scalability of plasma parameters with

input power, gas pressure and flow rate, and lithium concentration must be

fully understood prior to development of this apparatus as part of an isotope

separation scheme. In addition to the use of well-established plasma

diagnostic tools such as single and double Langmuir probes and optical

emission spectroscopy, a new technique utilizing a CCD camera was

developed to study two-dimensional plasma emission uniformity in the ECR

region. The construction and development of this new lithium ion source as

well as its measured operating parameters are presented in this dissertation.

1.2 Review of microwave plasma sources

Microwave plasma sources in general, and resonant cavity sources in

particular, have a variety of industrial and research applications. Microwave

sources have been used for materials processing op , as ion

sources^^^ ' , as a pump source for lasers and in high-intensity

lighting , to name only a few applications. The increase in confinement

provided by the addition of an electron cyclotron resonant (ECR) region allows

the operation of the source at low pressures which results in a discharge for

which electrons are in a collisionless regime. Lowering the discharge

pressure is advantageous for laser isotope separation to reduce charge

exchange losses from collisions between ions and neutrals of different

species. An additional feature of microwave sources is that they are



electrodeless, allowing for a longer source lifetime even in the presence of

reactive gases.

Plasma isotope separation schemes of lithium and other medium-

weight materials have also been proposed by a number of authors, most of

whom suggest the use of a dc discharge.[Gro91>Atu93'Xiw92'Suz94] None of these

suggest the use of radio frequency or microwave discharges in their isotope

separation schemes.

In addition to isotope separation, lithium plasma sources also have a

variety of applications in nuclear fusion research. As a source of ions or

neutrals for beams, they are utilized in diagnostics and fueling of magnetic
confinement fusion>fPie92,Wad92,Wut94JZha94] ffigh p u r i t y l i t h i u m . i o n b e a m s

are used as a driver for inertial confinement fusion. The lithium plasma

source presented in this dissertation is unique in that a lithium-containing

solid is placed directly in the discharge chamber and a background inert-gas

plasma is used to heat the solid and dissociate the lithium. Other lithium ion

sources have used a separate oven to heat lithium to a vapor state e '

Wad92, Wut94] Qr p a s s e d a current through a lithium-containing solid.fZha94]

The method presented here has the advantages of simplicity and low

contamination of unwanted species.

1.3 Laser-enhanced plasma isotope enrichment

In the past 15 to 20 years, many plasma-based methods for isotope

separation have been proposed and studied which overcome some of the

drawbacks of traditional isotope separation schemes. The method

proposed here will be a unique combination of laser isotope separation used

in conjunction with an ECR microwave resonant cavity plasma source. Laser

isotope separation is based upon using laser radiation chosen at a particular



wavelength to selectively excite a particular isotope to a higher state while

not affecting the unwanted isotopes. The excited species is then preferentially

ionized, either through continued excitation with a second tuned laser beam or

through collisions with free electrons in a plasma. Figure 1.2 contains a

schematic of the proposed separation scheme utilizing the lithium plasma '

source discussed in this work.

Some limitations and difficulties are encountered with this method.

Charge exchange reactions between the desired ionized species and neutral

species in the plasma can greatly reduce the efficiency of the method.

This problem can be reduced by keeping the collisional mean free path small

in comparison to the size of the discharge chamber , a condition which

can be successfully achieved in the plasma source presented in this work.

Several extraction methods for the ionized lithium have been proposed and

tested by Arisawa, et al. They found electrostatic extraction with a

biased electrode in a laser-excited dc discharge to be partially successful, but

this method has limited efficiency because of positive sheath formation at the

electrode. Arisawa and others * recommend a crossed electrostatic and

magnetic field, with the field strength and electrode spacing chosen in relation

to the ion cyclotron radius of the desired species. Note that there have not

been any published accounts of examining laser enhanced plasma isotope

separation using an electrodeless discharge such as a microwave cavity.

1.4 Theoretical estimate of separation ratio

A rough estimate of the isotope enrichment expected from this scheme

can be made based upon a statistical calculation. A number of assumptions

are made in this calculation. First is that the electrons are in a Maxwellian

distribution. This is unlikely to be true for the discharge under consideration,
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Figure 1.2. Experimental configuration of the laser-enhanced
microwave plasma isotope separation technique.

but a similar analysis could be made given any measured distribution

function. The ionization fraction of the discharge is assumed small, so that

the ionization percentage of different isotopes is roughly the same. This



assumption is easily met in microwave discharges, which have an ionization

fraction of a few tenths of a percent. A low plasma density is assumed such

that the ratio of ionization of different isotopes is equal to the collected ratio.

The truth of this assumption would depend heavily on the collection scheme

involved. Finally, it is assumed that all collisions result in the electrons

slowing to energies below the ionization potential of either isotope, a safe

assumption in a low temperature plasma.

Consider a discharge for which the plasma has a Maxwellian electron

density distribution as a function of energy E given by

where ks is Boltzmann's constant, Te is the electron temperature and N is the

total number of electrons. Then the number of electrons with energy above the

ionization potential Ej of a particular isotope i is given by

ng(>Ei) = Jne(E) dE = Ne'^B^e (1.2)

Assume that the material in question has only two isotopic species, A and B,

whose fractional abundance's are given by NA and NB. The density of ions of

isotopes A and B (nA+#B+) are given by

gANAne(>EA) (1.3)

=gB NB ne(>EB)

where gi represents the fraction of available electrons which will ionize each

species, assumed to be all of the electrons above the ionization energy of that

species (Le., g=l). The fraction of ions belonging to species A is given by the

ratio
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The standard definition of the enrichment £ is [Gro91]

(1.5)

where yi is the fraction of the i isotope in the product and qi is the fraction of

i isotope in the feed gas. Assuming that the same proportion of ions of each

species is collected, the enrichment of A is given by

>

For the isotope of interest, Li-6, the energy required for ionization is EA

= 3.54 eV when the isotope is excited to the 2P P state (recall Figure 1.1).

The abundant isotope, Li-7, is assumed to remain in the ground state so that

E B = 5.39 eV. For Li-6:Ii-7 the naturally occurring proportions^*"11793 are

7.4:92.6, so A is 7.4 %. For a plasma with electron temperature Te = 3 eV, the

fractional ionization is
[ 7.42(0.307) 1

+ ~ [7.42(0.307) + 92.58(0.166)

Assuming that all Li-6 ions created could be then collected, the final product

would have a Li-6:Li-7 ratio of 13:87. The enrichment, as defined above, is
13

then £Li-6=y-£= 1-7.

If this number seems modest, it should be pointed out that this is a

simple scheme involving only one laser for excitation of the desired species.

The energy required to ionize Li-6 could be decreased considerably with the

addition of another laser beam designed to raise the desired species to an

even higher energy state. This in turn would greatly increase the fractional

ionization, FLi-6 • The electron energy distribution function can be

manipulated as well, particularly in these ECR-microwave discharges. It will
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be shown later in this dissertation that the electrons obey a Druyvesteyn

distribution function which is depleted in high energy electrons as compared

with a Maxwellian distribution. This will further increase the enrichment

ratio because fewer ground state Li-7 atoms will be ionized.

1.5 Outline of dissertation

This dissertation includes the construction of a lithium plasma source

to be used in future laser isotope separation studies. Design and

construction of the plasma source are presented in detail in Chapter 2 of this

work. To understand the operating characteristics of the source and to

optimize the source for these isotope enrichment studies, a number of plasma

diagnostics have been employed to fully characterize the discharge.

Chapter 3 presents a method and results from double Langmuir probe

studies. The initial studies of argon discharges were made to obtain an

estimate of electron temperature and ion densities under different operating

pressures and input powers of the source. Optical emission spectroscopy

studies of argon-lithium chloride and argon-lithium carbonate discharges are

presented in Chapter 4. Chapter 5 contains electron energy distribution

function measurements under a variety of operating conditions. These EEDF

measurements can be used to optimize plasma conditions for isotope

separation. Chapter 6 presents a novel method for studying the uniformity of

the ECR region of the cavity discharge. A two-dimensional CCD camera is

used to image the optical emission from the discharge in the ECR region.

Finally, Chapter 7 contains conclusions from these experiments. The

dissertation closes with suggestions for further studies of the plasma source

and applications of the source to isotope separation and other research

projects.



CHAPTER2

CONSTRUCTION OF THE PLASMA SOURCE

The discharge used for these experiments is produced with an electron

cyclotron resonant (ECR) microwave plasma source. The resonant cavity is

very similar in design to one first developed and presented by Mahoney and

Asmussen1^^ ,Mah9 j Q jggg^ ^ ^ s o m e alterations of the gas flow system

and modifications to allow a laser beam to cross the discharge region. The

source consists of four main components: (1) the microwave resonant cavity,

(2) the baseplate and magnet keeper, (3) the gas handling and vacuum

system, and (4) the microwave input circuit. This chapter gives a detailed

description of these components and how they are assembled.

2.1 Microwave resonant cavity

The microwave resonant cavity is designed around a brass cylinder of

inner diameter 8.9 cm (3.5") and outer diameter 9.5 cm (3.75"), a standard

size for brass tubing. The tube is enclosed on both ends by baseplates

described in the next section. In the middle there is a brass sliding short

which may be moved to effectively tune the cavity by adjusting its length. A

diagram of the cavity is shown in Figure 2.1. The cavity length may be

adjusted from 8 to 15 cm. The cavity is designed to operate at 2.45 GHz, a

standard microwave frequency for which components are readily available.

The Mahoney source was modified to allow passage of a laser beam down the

axis of the cavity by the addition of a 1 cm diameter hole at its center. A

10
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Figure 2.1. The microwave resonant cavity showing brass
cavity region and stainless steel baseplate.
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simple set of gears is used to raise and lower the sliding short. Silver finger

stock circumscribing the endplates is used to provide good electrical contact

between the ends and the sides of the cavity.

Microwave radiation is introduced into the cavity through a microwave

coupling antenna located in the side pf the cavity perpendicular to the axis.

The coupling antenna is a 50 O coaxial line, which is a standard impedance

for microwave transmission lines. To achieve this line impedance, the outer

conductor is constructed from 1.3 cm (1/2") outer diameter brass tubing with

inner diameter 1.1 cm and the inner conductor from 0.48 cm (3/16") outer

diameter brass cylindrical stock. On the opposite end of the antenna, the

coaxial line is threaded to allow attachment to a UG-21D/U plug clamp type

connector. This transition allows the antenna to be mated to flexible coaxial

cable through a type "N" connector. The coupling antenna may extend a

distance of 0 cm to 4.4 cm into the cavity to enable matching of the impedance

of the cavity with the lossy plasma to the input line and thus reduce reflection

of the microwave input signal.

2.2 Baseplate and magnet keeper

The baseplate performs many functions in the system and acts as a

transition between the microwave cavity and vacuum vessel. Figure 2.2

shows the detail of the cavity baseplate. The baseplate is constructed from a

standard, 20 cm (8"), stainless-steel, copper-gasket-sealed, high-vacuum

flange. On the vacuum side of the flange are the quartz discharge chamber,

the compression cylinder and the gas distribution cylinder. A plasma

discharge is produced inside a quartz chamber which is vacuum sealed with

Viton o-rings between the baseplate and an additional compression cylinder.
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Figure 2.2. The baseplate of the microwave resonant
cavity. The baseplate is constructed from a 20 cm,
stainless-steel, knife-edge flange available commercially.
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Below the quartz cap is a cylinder through which the buffer gas for the

experiments is uniformly introduced into the quartz cap.

On the atmospheric side of the baseplate is a channel which holds the

magnets and magnet keeper. Located below the magnets is a set of water

cooling lines to regulate the temperature of the magnets during operation of

the experiment. The magnets are enclosed on the top by a brass cap which

also forms the bottom of the resonant cavity. Again, silver finger stock is used

to provide good electrical contact with the resonant cavity »side walls. Careful

placement of the cavity along the axis of the assembly allows the magnets to

be located less than 0.5 cm from the inside edge of the quartz cap. The entire

resonant cavity is then bolted onto the baseplate.

The magnet keeper is used to hold the eight samarium cobalt (SmCo)

magnets (with dimensions of 1.9 cm x 1.3 cm x 0.95 cm) in a cylindrical

geometry as sketched in Figure 2.3. It is constructed of soft iron and has

three separate pieces. The top and bottom circular pieces have eight

rectangular openings to hold the magnets in the correct geometry. The center

piece is a simple ring to space the top and bottom of the keeper. The magnets

are placed with alternating poles facing inward to form an octapole geometry.

Figure 2.3 also shows the 875 gauss region of the magnetic field which

corresponds to electron-cyclotron resonance for 2.45 GHz electromagnetic

radiation. This region was measured with a Bell 610 Gaussmeter. The

maximum magnetic field on the face of each of the eight magnets, as

measured by the Gaussmeter, is 3.9 ± 0.1 kGauss.

2.3 The vacuum system

To accurately control the composition of the plasma from which the ion

beam is extracted, the plasma region is evacuated to below 5 x 10 7 Torr and
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Figure 2.3. Magnets and magnet keeper showing the 875 Gauss
region where electron-cyclotron resonance for 2.45 GHz occurs.
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back-filled with a buffer gas, typically argon. The flange which functions as

the baseplate of the cavity assembly is bolted to one port of a standard 15 cm

six-way cross which serves as a vacuum vessel for the experiments, as is seen

in Figure 2.4. Glass windows are located on two of the six ports to allow

viewing of the plasma for spectroscopic diagnostics. One port is used for other

diagnostic tools such as probes and another port is reserved for vacuum

gauges. A MKS Baratron capacitance manometer with the range 0.1 to 100

mTorr is used to monitor the pressure during operation and an ionization

gauge monitors the system base pressure. Two thermocouple gauges, one

near the other gauges in the high-vacuum region and another in the roughed-

out region between the turbopump and the mechanical pump, complete the

vacuum gauges on the system. All of the vacuum gauges are controlled by a

Varian Multi-Gauge controller.

The discharge pressure is maintained by adjusting a butterfly valve on

the lowest port of the vacuum chamber. Below the 10 cm Huntington

butterfly valve is a 27 cm long extension which leads to the pumping station.

The pumping station, manufactured by Varian, is composed of a model. V-250

2501/s turbomolecular pump backed by a model SD90 4.3 m3/hr mechanical

roughing pump. The flow rate of the buffer gas, typically between 1-4 seem, is

controlled by a Matheson W003 flow regulator.

2.4 Microwave power circuit

A diagram of the microwave circuit is shown in Figure 2.5. Microwave

power is supplied to the cavity by a Micro-Now model 420B1 continuous-wave

power supply. This model is capable of providing power from 0 to 500 W at a

fixed frequency of 2.45 GHz. The power is directed through a three-port VTE

Microwave model CT-3695-N circulator terminated at the third port with a
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Figure 2.4. Microwave resonant cavity vacuum system setup. All
of the vacuum gauges are controlled and read by a multigauge
unit.
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Supply
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Power
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Atten. 3
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Figure 2.5. The circuit diagram for the continuous wave
microwave experiment.

Bird Electronic model 8401 high power terminator. At the second port, a bi-

directional coaxial coupler, Narda model 3022, is used to measure the forward

and reflected power to and from the cavity. Two Hewlett-Packard model 432A

power meters, coupled with a Struthers Electronics model GIL-360A
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thermistor and a Hewlett-Packard model 478A thermistor, are used to make

the power measurements. To protect the thermistors, attenuators are

included in the power measurement circuit Table 2.1 gives attenuation

values, for the components used in the microwave circuit. These values were

measured using a Hewlett-Packard sweep generator and circuit analyzer.

Table 2.1. Attenuation of components in microwave circuit.

Component

Attenuator 1

Attenuator 2

Attenuator 3

Bi-directional
Transmitted

Bi-directional
Forward

Bi-directional
Reflected

Circulator
Port 1 to 2

Circulator Port 2
to3

Attenuation
at 2.45 GHz

-21.1 dB

-29.9 dB

-31.1 dB

-0.2 dB

-20.1 dB

-20.7 dB

-0.0 dB

-0.1 dB
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2.5 Initial plasma operation

Initial testing and operation of the source was performed with argon

discharges at pressures ranging from 5 to 20 mTorr. Details of the discharge

characteristics are given in Chapter 3. Some attention needs to be given to.

the method for obtaining a discharge in this cavity. Because of its small size,

this particular cavity supports only two vacuum modes, the T E m mode at a

height of 10.5 cm and the TEon mode at a height of 6.1 cm. Details of the

mode derivation are given in*Appendix A. Because of the location of the input

antenna at 6.3 cm above the baseplate, operation in the TEon mode is not

practical. The discharge, however, will not ignite near the vacuum operating

mode (TEm) as is the case for similar cavities.0**00931'1 The method used to

ignite a discharge in the cavity follows.

To break down the gas the cavity is tuned "short," near the TEon

mode. Because of the input antenna location, the cavity height should not be

decreased below 7.0 cm to prevent arcing between the antenna and sliding

short. After the discharge has been initiated, the cavity is lengthened and

tuned to minimize reflected power. Both the cavity length and input probe

depth must be adjusted to insure proper tuning. Table 2.2 gives cavity length

and probe depth for lighting and operating conditions.

Table 2.2. Cavity length and probe depth for ignition
and tuning of an 8 mTorr argon discharge.

Cavity Length Probe Depth

Breakdown 8.2 cm 7.0 cm

Tuned 10.2 cm 7.3 cm



CHAPTER 3

LANGMUIR PROBE I: CHARACTERIZATION OF THE SOURCE

The ECR microwave resonant cavity was initially operated with argon-

only discharges. To obtain the general discharge characteristics of the

plasma, double Langmuir probe experiments were performed for a variety of

operating powers and pressures. From the Langmuir probe measurements,

electron temperature and ion density can be determined, and with the

assumption of charge neutrality, electron density as well. In this chapter, the

basic discharge characteristics as measured with a swept, floating, double

Langmuir probe will be presented.

3.1 Double Langmuir probe theory

The floating double probe method for measuring electron temperatures

and plasma densities was first proposed by Johnson and Malter in

1950. The method was originally proposed for use in decaying plasmas

as an alternative to the single probe method. Because the plasma potential

is a function of time in a decaying plasma, it is difficult to maintain a

constant probe-plasma potential difference. With the floating probe method,

the entire probe circuit is isolated from ground and floats at the plasma

potential. The floating probe method is also convenient for electrodeless

discharges such as the one produced in a microwave resonant cavity because

they do not require a grounded reference point against which the potential

difference is applied. The floating probe has the added advantage of

21
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perturbing the plasma much less than the single probe because it never draws

more than the "ion saturation* current.

Two important plasma parameters can be derived from the voltage-

current characteristic of a floating probe: the electron temperature, Te, and

the ion density, ni. Under the quasineutrality assumption, the'electron

density is assumed to be equal to the ion density^ Double Langmuir probe

theory has been discussed in many papers and texts ° ' e ' W1 and

thus details of derivations will not be included in this work. Beginning with

the assumption that the system is floating and forms a closed current loop, an

equation for the electron temperature can be found in terms of the effective

"ion saturation" current for each probe (Isi and IS2) and the slope of the

voltage-current curve at the origin, ^ j . The electron temperature is given

b [Che65]

Figure 3.1 shows a typical double Langmuir voltage-current

characteristic as measured by this probe and illustrates the quantities used

in equation 3.1. Johnson and Malter ° propose two methods for

determining the effective saturation current. One method is to determine the

point at which the "knee" occurs in the voltage-current characteristic and

using the current value at that point. A second method, which was used in

this experiment, uses the current value at the intersection of a tangent line to

the curve at the origin and a tangent to the curve in the ion-saturation region.

The Bohm sheath criterion is applied to determine the ion density.

From this criterion the ion current flux is given by

?TI
t (3.2)

nil
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Figure 3.1. Typical double Langmuir probe curve for a 4 mTorr
argon discharge showing the values used in determining
electron temperature and ion density. The saturation regions
and the transition region are fit to a line.

where e is the charge of an electron, ni is the ion density is particles/m , kB is

Boltzmann's constant, and mi is the ion mass. If Ap is the area of the probe

collecting current, then (3.2) can be rewritten

Is
0.61 eAp (3.3)
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The saturation current, Is, was taken as the average of Isi and IS2. Ideally, Is

= Isl = Ifi2 for probes of equal area, and the values were close in these

experiments.

•An important plasma parameter which can be inferred from the

electron temperature and plasma density is the electron Debye length. The

Debye length is a measure of the shielding distance about a test charge or

sheath thickness near a plane held at constant potential (see also section

4.5.1). The Debye length of a plasma is given by[Che84} ,

where Te is the electron temperature in electron volts and n is the plasma

density in cm .

As with any measurement tool, double probe theory makes

assumptions about the nature of the discharge being measured. The first

assumption is that the electron energy distribution of the plasma can be

described by a Maxwellian distribution. The electron energy

distribution function (EEDF) for discharges in a similar ECR-resonant cavity

source have been measured by Hopwood, et ai.i
H°P90-' and found to be non-

Maxwellian. Hopwood found the EEDF to be between a Maxwellian and a

Druyvesteyn distribution with no high-energy tail for the electrons collected

downstream of the cavity at discharge pressures below 5 mTorr. Further

details and measurements of the exact EEDF are given in Chapter 5 of this

dissertation. Despite this difficulty, standard Langmuir probe theory has

been used in this experiment. The theory is not easily adapted to a general

electron energy distribution, but the Maxwellian assumption gives reasonable

order-of-magnitude estimates of charged particle density and remains a
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useful tool for predicting the source's operating characteristics. Another

assumption is that the electron Debye length of the plasma is smaller than

the probe radius. That condition is met by this experiment (X.D " 0.007 cm, rp

= 0.02,cm).

3.2 Experimental technique

The Langmuir probe is illustrated in Figure 3.2 as is its location

relative to the plasma. The collector of the double Langmuir probe is

composed of tungsten wire of diameter 0.041 cm. One wire is fed through each

opening of double bore alumina tubing with outside diameter 0.32 cm and

inner diameter 0.10 cm. This probe tip extends 0.65 cm from the alumina

tubing and the two wires are 0.15 cm apart. The exposed area of one probe

tip, Ap in equation 3.3, is 0.084 c m . The alumina tubing is centered on a

1.91 cm (3/4") tube of stainless steel by a small, stainless steel holder. An

electrical vacuum feedthrough at the outside end of the tube provides the

electrical connection to the Langmuir probe circuit. The probe is fed into the

vacuum chamber through a 1.91 cm (3/4") stainless steel, slip-seal coupling

which has been welded onto a standard 20.3 cm (8") stainless steel flange,

allowing linear motion along the axis of the cavity.

The probe is biased through an isolation transformer to provide

electrical isolation of the probe tip. Power is provided at 60 Hz through a

rheostat which can be varied from 0 to 120 volts AC. The probe voltage is

measured using a voltage divider on the grounded side of the transformer and

the probe current is measured with a Pearson model 110A current meter.

Both the voltage and current measurements were collected and digitized on a

storage oscilloscope. The circuit used was identical to that described

previously by McColl, Brooks, and Brake[McC93al and is shown in Figure 3.3.
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Figure 3.3. Circuit used for acquisition of Langmuir probe trace.

The digitized probe voltage and current data are transferred to a personal

computer through a GPIB connection. Linear regression in a spreadsheet

program is used to find the lines shown in Figure 3.1, and the intersection of

the lines in the "ion saturation" region and the transition region provided the

values for Isi and IS2- The slope of the line passing through the origin provides
rdT|
LdVU

3.3 Experimental results

Using the technique described above, the ion density and electron

temperature of an argon-only discharge were measured for discharges in the
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range of 4 to 20 mTorr and input powers of 90 to 250 Watts. Figure 3.4 is a

plot of ion density for various pressures at a distance of 3.5 cm downstream

from the base of the cavity. For a low input power of 105 Watts, the ion

density ranged from 3 x 10 cm for an argon partial pressure of 4 mTorr to
10 ^ •

7 x 10 cm" for a pressure of 20 mTorr. This corresponds to a fractional
ionization of 0.01% to 0.02% for 20 mTorr and 4 mTorr, respectively. At a

10 ?̂higher input power of 235-245 Watts, the ion density increased to 5 x 10 cm"
11 3for 4 mTorr and 1.7 x 10 cm" for 20 mTorr. The fractional ionization at this

higher input power level is 0.02% to 0.04%, again for 20 mTorr and 4 mTorr.

The ionization fraction increases with decreasing pressure as more

energy/atom is coupled to the electrons. Further downstream, at 5.4 cm, the

ion density decreases by a factor of about 2.5, as shown in Figure 3.5. More

detailed measurements of the density as a function of downstream distance

will be given in Chapter 5.

The electron temperature is plotted in Figure 3.6 as a function of input

power as measured by the probe at 3.5 cm downstream. The electron

temperature remained constant at 3.3 ± 0.2 eV for input powers of 100 to 250

Watts and pressures from 7 to 20 mTorr. The electron temperature can

remain constant with increasing input power because the plasma volume or

ionization will increase to keep the power density constant. At the

lowest pressure measured, 4 mTorr, a slight increase in electron temperature

was observed. The electron temperature increased moderately, from 3.3 ± 0.2

eV to 3.9 ± 0.2 eV, as the input power was raised from 100 to 250 Watts. The

electron Debye length is plotted as a function of discharge pressure in Figure

3.7. The Debye length decreases with increasing discharge pressure as

expected because of increasing ion density.
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CHAPTER 4

OPERATION AS A LITHIUM PLASMA SOURCE

Following the argon-only experiments, lithium was introduced into the

discharge through two different lithium-containing compounds: lithium

chloride (LiCl) and lithium carbonate (LA2GO3). The primary diagnostic used

to study the lithium-argon discharges was optical emission spectroscopy. The

double Langmuir probe was used to some extent, but became quickly

contaminated in the presence of IiCl in the discharge. This chapter will

include a discussion of the effects of the lithium compounds on the discharge

parameters and resonant cavity behavior.

4.1 Experimental method for lithium discharges

Two different lithium-containing compounds were used to introduce

lithium into the discharge. Table 4.1 summarizes some of the physical

properties of these compounds. The lithium compounds were introduced to

the system by placing the solid material directly into the quartz cup. Argon

gas was then leaked into the system to a partial pressure of 20 mTorr and a

discharge ignited with the argon gas. Lower initial discharge pressures were

attempted, but it was found that an argon pressure of at least 20 mTorr was

needed to ignite a discharge with solids placed in the quartz cup.

This method of introducing lithium into the system has proven

adequate for the experiments presented in this work. The method of placing a

lithium-containing solid directly in the discharge cup was chosen because of

33



34

its success with copper chloride discharges in a microwave resonant

cavity. In those experiments, the use of an external heater was

unsuccessful because of condensation along the path from the heater to the

discharge chamber.

Table 4.1. Properties of lithium containing compounds[CRC81]

LiCl Li2CO3

Molecular Weight 42.39 73.89

Crystalline Form white, cubic white, monoclinic

Density (gm/cm )

Melting Point

2.068

605

2.11

723

Boiling Point (°C)

Solubility

% lithium, by
weight

1325-1360

63.7 g/ lOOcc in
water; 25.10g/

lOOcc in alcohol

16.4%

1310
decomposes

1.54 g/100 cc in
water;

insoluble in
alcohol and

acetone

18.8%

The method of placing the solid in the discharge directly has several

disadvantages. First, and foremost, it is difficult to provide a constant

amount of lithium vapor into the system, as will be shown in the following
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section of this chapter. The amount of lithium dissociated and contained in

the discharge is not easily measured and depends on background argon

discharge parameters. Secondly, vacuum must be broken to place the lithium

onto the glass cup. Because the lithium compounds (particularly LiCl) absorb

much water vapor from the air, the chamber must be allowed to pump down

overnight to achieve a reasonable base pressure.,

4.2 Spectroscopic measurements

Figure 4.1 is a sketch of the optical emission spectroscopy experimental

setup. Spectra were taken using an Acton Research Corporation model VM-

510 one meter vacuum monochrometer. The exit slit was fitted with a Tracor-

Northern TN-6100 gated, intensified, 1024 channel diode array detector. By

using a fiber optic link, light from different regions of the discharge could be

imaged onto the entrance slit of the spectrograph.

Figures 4.2 to 4.6 contain optical emission spectra from 3950 A to

8100 A. The spectra were taken of an argon/LiCl discharge with argon partial

pressure of 8 mTorr and input power of 185 Watts. These spectra were

compared with known atomic and molecular e a transitions. Most

of the known neutral argon transitions are identified as well as many argon

ion transition regions where neutral argon transitions are weak (see Figure

4.2(b)). Neutral lithium lines are seen at 4602.8 A, 6103.6 A, and 6707.8 A,

but no evidence of ionized lithium was observed. No molecular bands

corresponding to LiCl were noted, nor were any chlorine transitions seen. The

chlorine freed in the discharge most likely reacted with the quartz discharge

cup as evidenced by etching of the cup. The mercury transitions identified on

the spectra are from the room lights.
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4.3 Boltzmann temperatures

For an optically thin plasma in local thermodynamic equilibrium

(LTE), the Boltzmann formula holds and can be used to determine the

electron temperature of the plasma. -For cases in which LTE does not hold,

the Boltzmann temperature is the bound electron temperature, known as the

electronic temperature, which can indicate a lower bound of the electron

temperature. Many texts derive the excitation temperature (see for example

[Loc68,Mar68]), so only an outline of its derivation will be given here. In

thermodynamic equilibrium, the fraction nj of atoms in the i quantum state

with energy Ej is governed by the Boltzmann distribution:

(4.1)

where gi is the degeneracy of the i level. The partition function Z(T) is given

by the sum

Z(T) = 2 © exP (-Ei/kuT) (4.2)

The intensity of a thermally excited spectral line is given by

1 1
I ^ h L (4.3)

where Ati, the Einstein coefficient for spontaneous emission, is the

probability per second that an atom in state i will spontaneously emit a

quantum hvki and be de-excited to state k, where h is Plank's constant. In

equation 4.3, L is the optical path length; vki is the frequency of light emitted;

nk is the number of atoms in state k; and gk is the degeneracy of that state.

Equation 3.6 can be rearranged to give

. flkiA-kfl . /frcNplA Ek , . .,
In —7— = In 1 - 7—^ (4.4)
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where Ek is the energy of the upper energy level. Iki is the intensity and Xki

the wavelength of light associated with the transition from state k to state i.
/IkiXkfi

From this arrangement it is seen that a plot of Et vs. In I—7-7J results in a

line whose negative inverse slope is the bound electronic temperature. Griem

has developed a formula by which one can determine if the electronic

temperature approximates the free electron temperature. n The condition

is given by

ne > 7 x 1018HTT/2 (lE—)172 fcm3]- (4.5)

For neutrals, the charge state z = 1, n=3, and E H = 13.6 eV. For an argon

discharge at 3 eV, the electron density must exceed 3 x 10 cm . This

density is not reached in the discharge studied, so all temperatures measured

by this method will be bound electronic temperatures as opposed to electron

temperatures. However these values can give a lower bound on Te as will be

shown.

Figure 4.7(a) is a typical spectrum from which Boltzmann electronic

temperatures were calculated. Table 4.2 contains the energy levels, Einstein

coefficients and degeneracy of the lines used for Boltzmann calculations. The

detector response as a function of wavelength is plotted in Figure 4.7(b), along

with the known spectrum of an Optronic Laboratories Standard of Spectral

Irradiance. The dashed line indicates is the actual spectral irradiance of the

calibrated lamp. All spectra used for electronic temperature calculations

were calibrated against the known lamp spectrum.

Figure 4.8 is an atomic Boltzmann plot of the spectrum in Figure 4.7.

A least squares linear curve fit of the data results in a slope of -1.2 eV" . This

corresponds to an electronic temperature of 9800 K (0.85 eV). Application of

equation 4.5 indicates that the electron density needs to be greater than
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Table 4.2. Transition probabilities for argon neutral lines[Wie803

Wavelength
(A)

6677.3

6752.8

6766.3

6871.3

6888.2

6937.7

6951.5

6965.4

E k (cm-
1)

108723

118907

121012

118651

120601

118512

120619

107496

Ek(eV)

13.48

14.74

15.00

14.71

14.95

14.69

14.96

13.33

gi

3

3

5

3

3

3

5

5

gk

1 .

5

3

3

5

1

5

3

0.00241 •

0.0201

0.0042

0.0290

0.0026

0.0321

0.0023

0.067

-10 cm for the electronic temperature to approximate the free electron

temperature. Langmuir probe studies indicate a maximum density of about

2 x 10 cm . So in this case, the electronic temperature merely provides a

lower bound for the electron temperature, which was found to be 3-4 eV

through Langmuir probe. Figure 4.9 is a plot of electronic temperature as a

function of input power for an 11 mTorr discharge. These data indicate a

slightly higher electronic temperature for argon-only discharges than for

discharges which contain lithium carbonate. This may be explained by

collisional losses to the heavier component and energy needed to dissociate

4.4 Behavior of discharge with lithium compounds

As evidenced by the spectra, the microwave discharge is a very effective tool

for vaporizing and dissociating these lithium-containing compounds. Figures
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4.10 and 4.11 contain spectra of argon/LiCI and argon/Li2CO3 discharges,

respectively. These spectra were each taken soon after placing 30 mg of the

lithium-containing compound into the discharge chamber. (The quartz cup

was cleaned with methanol and argon-only discharges between experiments

with different compounds.) It was found that LiCl consistently gave a much

higher Ii-I signal than did Li2CO3. The LiCl, however, was used up much

more quickly than Ii2CO3, as seen in Figures 4.12 and 4.13.

Figure 4.12 shows Li-I intensity at 6707.8 A as a function of time after

plasma start-up for an argon/LiCl discharge at 8 mTorr and 185 Watts input

power. Figure 4.13 is a similar plot for an argon/Li2CO3 discharge at 13

mTorr and 170 Watts. Note that these spectra were taken with the same

optical system so that the intensities can be directly compared. As seen in

the plots, the Li-I intensity increases gradually after the discharge is ignited

and as the compound is heated, vaporized and finally decomposed. LiCl

released more lithium into the discharge, more quickly, than did Li2CC*3. The

lithium intensity, however, begins to decrease again after a few minutes of

run time. Li2CO3 released less lithium, but at a more constant rate.

Because it released more lithium into the system, LiCl was chosen as

the compound to continue the lithium plasma studies. It was found that after

several months of running lithium discharges, the cavity discharge chamber

became conditioned and a more constant amount of lithium could be

maintained in the discharge at constant power and pressure. The amount of

lithium did decrease with time between "refueling" and was monitored with

optical emission spectroscopy.

Figures 4.14 and 4.15 contain plots of the Li-I at 6707.8 A to Ar-I at

6752.8 A intensity ratio as a function of discharge pressure. Figure 4.14 (a) is

a sample spectrum from which the ratio data was taken for a low lithium
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discharge. It is estimated that less than one milligram of LiCl remains in the

discharge chamber after ten hours of run time, based on measurements of the

solid matter remaining in the quartz cup. Figure 4.15 (a) is a spectrum of an

argon/LiCl discharge immediately after refueling with approximately 10 mg

LiCl. As surmised from the vertical scale, the lithium emission increases

dramatically (over a factor of 500) with the addition of more LiCl. Figures

4.14 (b) and 4.15 (b) indicate that the proportion of lithium increases with

decreasing discharge pressure for both the low-IiCl and high-LiCl case. This

is not surprising because the discharge pressure is controlled by raising or

lowering the argon flow into the chamber.

4.5 Biased collector plate

Biased collector plate measurements were taken for discharge

pressures ranging from 1.5 mTorr to 25 mTorr and input powers of 89 Watts

to 147 Watts. A sketch of the experimental configuration is given in Figure

4.16. A circular aluminum plate of diameter 7.5 cm replaced the Langmuir

probe tip of the probe feedthrough system (see section 3.2). The plate was

biased with respect to the vacuum vessel using an Hewlett-Packard model

HP6218B 60 V/200 mA dc voltage supply. The current collected by the plate

was measured using a battery-operated Triplett model 355C digital

multimeter. Figure 4.17 shows a typical voltage-current characteristic for the

biased collector plate measurements. The ion saturation region is reached at

an applied voltage of about -15 V.

Figures 4.18 to 4.20 are plots of ion saturation current as a function of

discharge pressure for different downstream positions. Each of these

measurements were taken with a plate bias of -40 V, a value well within the

ion saturation region. Below 15 mTorr, the current collected decreases with
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increasing discharge pressure. Because the ion density increases with

increasing discharge pressure, this region above 15 mTorr must be space

charge limited. Space charge limited current is described by the Child-

Langmuir law:

where Vo is the bias voltage, me is the mass of an electron and e is the

electron charge. The sheath thickness, s, is given by e .»

where Xce is the electron Debye length, which was found experimentally to

vary linearly with the discharge pressure (recall section 3.3 and Figure 3.7).

For a constant Vo, the current density will vary as r , where P is the
( P + pr

discharge pressure and a and (5 are constants which must be fit to the data.

This behavior with pressure is seen below 15 mTorr. Above 15 mTorr, the

collected current begins a gradual rise corresponding to the increase in

charged-particle density.

Figure 4.21 is a plot of saturation current density as a function of

distance downstream from the cavity base. The saturation current density

decreases exponentially with distance downstream beyond about 7 cm

downstream. Closer to the cavity, at 5 cm and below, the saturation current

density levels off. The plasma density does not level off in that region, as will

be shown in Chapter 5, so this leveling in the current density is probably

limited because of space-charge on the large collector plate.
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CHAPTER5

LANGMUIR PROBE II: EEDF MEASUREMENTS

A second set of Langmuir probe studies was performed to determine

the electron energy distribution function (EEDF) and the density behavior of

the discharge as one moves away from the base of the cavity. Because a

floating Langmuir probe does not provide EEDFs, a single Langmuir probe

setup was used for these measurements. The results of the single Langmuir

probe experiments are presented in this chapter. The discharge behavior is

also compared with similar plasma sources.

5.1 Single Langmuir probe theory

Biased probe measurements are discussed and equations pertinent to

their use are derived in many papers and texts.fChe65,Hut87,Lfe95,Sch68] ^

first author to present the method was Irving Langmuir an23l w h 0 u s e d

probes to study low pressure, collisionless discharges. A brief outline of

Langmuir's method is given below as is a method for determining the electron

energy distribution function for an arbitrary electron distribution from a

Langmuir probe trace. The EEDF determination method was first presented

by Druyvesteyn^^111 and is also discussed in the texts cited above.

5.1.1 Electron temperature and plasma density measurements

Consider a small, biased probe immersed within a plasma such that

Ap»s , where Ap is the area of the probe and s is the sheath thickness.

63
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Three distinct voltage regions can be identified in the current collected by such

a probe. If the probe is biased sufficiently negative to collect only ion current,

the current collected by the probe of surface area Ap is given by

i = -Ii=-ensUBAp (5.1)

where ns is the density at the edge of the sheath formed about the probe. The

Bohm velocity UB is given by

f (5.2)

for electron temperature Te and ion mass Mi- Applying the Boltzmann

relation, the bulk plasma density can be calculated from ns=n^ e*6^^6 e «

0.61 n0, namely

0.61 / M F T /f.ftX
^ ^ V e T l 1 - (5'3)

If the electron temperature is known, then the plasma density can be

measured from the ion saturation current, Isi.

The electron temperature can be measured by varying the probe voltage

and collecting electron current. The density distribution of the electrons, if

they are assumed to be Maxwellian, is governed by Boltzmann's relation. For

VB - <J>P < 0, where VB is the probe bias voltage and <I>P is the plasma

potential,

I + Ii=Ie = Ise exp ( ^ T ^ ) , (5.4)

where the electron saturation current, I6e, is given by

1 1 /8eTe

I A ' \ (5.5)

Equation 5.4 can be used to determine the electron temperature. Equation

5.5 will also give density if Te and Ige are known. Taking the derivative of the

logarithm of equation (5.4), the electron temperature can be determined from:
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^ p < 0 . (5.6)

These equations make many assumptions about the plasma

parameters. The ion density measurements are based on the assumption

that the probe diameter is much greater than the sheath thickness (Ap » s )

so that edge effects can be ignored. The sheath thickness, in turn, is on the

order of the Debye length. It was also assumed that the plasma is essentially

collisionless. This assumption is met when the collision mean free path (mfp)

is larger than the probe radius. These conditions may be summarized by

mfp » rp » Aj). There is also the assumption that the plasma is infinite and

homogeneous in the absence of the probe, and that the electrons and ions

follow a Maxwellian distribution.

5.1.2 EEDF measurement

Druyvesteyn1^™ ' has shown that an arbitrary electron energy

distribution function can be measured using a single, biased, electrostatic

probe. For an arbitrary distribution function fe(v), the electron current, Ie,

collected by a probe in the region (V - <i>p) < 0 is given by the following velocity-

space integral:
oo

Jdvx Jdvy Jdvzvzfe(v) (5.7)

where the minimum electron velocity is given by the minimum electron energy

required for an electron to cross the sheath potential. Thus

/2e(<Ep-VB)
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where VB is the voltage between the probe and ground. Transforming to

spherical coordinates and integrating over <j> and 6, the electron current is

found to be the single integral

f ^ e ( ) . (5.9)

Making a change of variables to E = ̂  mev /e and differentiating with respect

toV=Op-VB,

V

Differentiating again,

d V 2 = m e 2

The electron energy distribution function, ge(E), is related to the electron

velocity distribution function by ge(E) dE = 47rv fe(v) dv, so that

Thus the electron energy distribution function can be determined by taking

the second derivative with respect to voltage of the current collected by a

probe immersed in a plasma. The integration of equation (5.7) was made

with the assumption that the plasma is isotropic. For this reason, this

technique will not be valid within the ECR region, but will be useful below the

cavity outside the magnetic field region.
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5.2 Experimental technique

The experimental setup for the single Langmuir probe measurements

is shown in Figure 5.1. The electron density, ion density, electron

temperature, and EEDF measurements presented in this chapter were made

using the Plasma Probe Data Acquisition System manufactured by the

Plasma Physics Research Group at Dublin City University, Ireland.

This computerized system sweeps the probe within the range -60 V to -+60 V,

and measures the current collected by the probe. A typical probe current-

voltage characteristic is given in Figure 5.2. An interactive computer program

calculates many plasma parameters from the collected data. The program

first calculates the floating potential and electron saturation current. The

electron temperature is then calculated from a least squares fit to the

electron collection region described above. The electron energy distribution

function is found by taking the second derivative of the data numerically.

Further details about the Plasma Probe Data Acquisition System can be

found in reference [PPR94].

f Personal J
1 Computer!

PIO-48

Plasma Probe
Data Acquisiton

System

To
•probe feedthrough

and plasma

Digital I/O
interface card

Figure 5.1. Experimental setup for the single Langmuir
probe experiments.
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The probe circuitry was connected to the plasma using the same feedthrough

drawn in Figure 3.2. The probe tip was 0.38 mm diameter tungsten wire with

length 7.9 mm extending into the plasma. The remainder of the wire is

shielded from the plasma by alumina tubing. The total probe area is then

9.53 mm2.

5.3 Density and temperature measurements

5.3.1 Decay of electron density

Ambipolar diffusion has been observed to account for the electron

density decay in microwave resonant cavity discharges. Sanborn Brown

reports decay by ambipolar diffusion in a helium microwave resonant cavity,

as do Hopwood and Asmussen p ^ for argon resonant cavity discharges.

For constant particle velocity, ambipolar diffusion is governed by

n(x)=noe-2^, (5.13)

where no is the plasma density at the source and XQ is a characteristic

diffusion length. Thus, if a semi-logarithmic plot of the electron density is

linear, diffusion dominates particle loss.

Another common mechanism for particle loss is recombination of

electrons with ions. Under steady state electron-ion recombination, the

plasma density n is governed by the following differential equation:
dn o o
— = vi n - an"5 - D V^n=0, (5.14)
at

where vi is the ionization coefficient, a is the recombination coefficient, and D

is the ambipolar diffusion constant. In one dimension, equation 5.14 can be

rearranged to give the following equation for n:
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5.3.2 Experimental measurements

The electron and ion densities of the discharge as a function of distance

downstream from the base of the cavity is plotted in Figure 5.3 for 20 mTorr

and Figure 5.4 for 4.5 mTorr. Both discharges have an input power of 125

Watts. The electron density is observed to decrease exponentially with

distance away from the cavity base from a maximum of 2.5 x 10 cm" for the

19 mTorr discharge. This same density behavior with downstream distance

was reported by Hopwood, et. al., op in a similar, but larger, source and is

attributed to ambipolar diffusion. In a compact multipolar ECR ion source,

Srivastava, et. al., report the same exponential decay of plasma density

away from the cavity base. Srivastava's source had a peak density of 4.5 x
1 1 ?̂10 cm" for a 1.5 mTorr discharge in argon. This value is larger, but still

comparable, with the peak density in this source at 4.5 mTorr.

In the lower pressure discharge shown in Figure 5.4, the density decays

exponentially to a downstream distance of about 4 cm. After 4 cm

downstream, the density strays from this exponential decline and begins to

decrease inversely with distance. In this region, the density decay can be

attributed partially to recombination rather than diffusion. Most likely, a

combination of diffusion and recombination are causing the plasma decay

away from the cavity base.

The ion densities determined from the single Langmuir probe

experiments compare favorably with those reported in Chapter 3 from double

Langmuir probe experiments. From Figure 3.4, with the probe 3.5 cm

downstream from the base of the cavity, the iori density at 115 W input power
10 3

and 20 mTorr discharge pressure was approximately 7 x 10 cm" . At 4

mTorr discharge pressure and the same location, an ion density of
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Watts of input power. Lines are an exponential fit to the
data.
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of the data. Dashed lines are a fit to the function ne = a/x+b.
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in ^
3.5 x 10 cm' was measured for 115 Watts input power. These are

comparable to the values measured with the single probe with 125 Watts

input power at 3.5 cm downstream, where the ion densities are 6.5-9.0 x 10

cm"3 for 19 mTorr and 3-4 x 1010 cm'3 for 4.5 mTorr.

In Figure 5.5, the plasma potential is plotted as a function of

downstream distance from the cavity for a (a) 197mTorr and (b) 4.5 mTorr

discharge with 125 Watts input power. The plasma potential decreases

linearly with distance, behavior also reported by Hopwoodj et. al., op in

their similar source. At 20 mTorr, the plasma potential drops off from a peak

of 17 Volts at the base of the cavity. The plasma potential at the base of the

cavity is 23 Volts for the 4.5 mTorr discharge, but drops off much more rapidly

with distance.

In Figure 5.6, the electron Debye length is plotted as a function of

discharge pressure and is observed to decrease linearly with pressure as in

Figure 3.7. The maximum Debye length observed, at 4.5 mTorr, was 0.004 cm

which is much smaller than the probe radius of 0.02 cm, satisfying the

condition discussed in section 5.2.1.

Also of interest is the collision mean free path (mfp), given by

T2

Xei«3.4xlO1 3-r—[cm] (5.13)
nlnA

where the electron temperature, Te, is in electron volts and the density, n, is in

cm . The term In A, Spitzer's impact parameter, is taken to be 10.2 for this

discharge/0116841 The mean free path is a measure of the typical distance a

particle must travel before encountering a collision. Also in Figure 5.6, the

collision mean free path is plotted as a function of discharge pressure. These

values were taken at the base of the cavity (downstream distance = 0) for a
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discharge power of 125 Watts. As shown in the plot, the collision mean free

path decreases rapidly with increasing discharge pressure, i.e., the discharge

becomes more collision-dominated as the pressure is increased. The mfp at

pressures below about 12 mTorr is on the order of hundreds of centimeters.

At a pressure of about 20 mTorr, the mean free path is on the order of a few

centimeters, closer to the dimensions of the discharge chamber. As required

by the assumptions for Langmuir probe theory, the collision mean free path

remains much larger than the probe size. »

5.4 Electron energy distribution functions

The electron energy distribution function (EEDF) is often assumed to

be Maxwellian for both experimental measurements (such as Langmuir

probe) and plasma modeling. Many sources^^81^' p ' have

indicated that ECR discharges do not, indeed, follow a Maxwellian electron

distribution. Hopwood, et al., p report a distribution which falls below a

Maxwellian distribution in the high energy region. Heidenreich, et al. e

found the EEDFs of oxygen microwave plasmas to fall between the

Maxwellian and Druyvesteyn distributions, which are defined below. Moisan

and Wertheimer J have modeled the effect of high-frequency fields on the

EEDF of argon discharges and have found that electrons fall below the

Maxwellian distribution in the high energy region and have a lower average

electron energy than dc discharges under the same pressure-discharge size

conditions.

The Maxwellian distribution is given analytically by

fe)M(E) = a V i e -E/Teff (5.14)

and the Druyvesteyn by
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fe,D(E) = a>/E e ^ e / - (5.16)

For the same average temperature, the Maxwellian distribution has more

high energy particles than does a Druyvesteyn distribution. The effective

temperature, Tgg- is defined to by <E> = ̂ "ksTe where

<E>= fEfe(E)dE * (5.17)fEf

is the average energy. The distribution functions must also be normalized to

one. If these normalizations are performed, p in equation/5.16) is calculated

tobefHei883{$«0.54.

In the EEDFs to follow, distributions are shown which have been fitted

to the experimental data. The curve fits were performed by the curve fitting

routine within the DeltaGraph Pro® software package by Deltapoint, Inc.

This package allows the user to define a functional model with variable

parameters, which are calculated in an iterative least squares fit. For more

details about the curve fitting package, see reference [Del93].

5.5 Experimental EEDFs

Figure 5.7 contains the electron energy distribution function at the base

of the cavity for a 14 mTorr discharge. Several theoretical distributions are

shown along with the experimental data. The best fit, as determined by the

curve fitting routine described above, occurs for a Druyvesteyn distribution

with an average energy <E> = 5.3 eV. A Maxwellian fit of the data with

average energy as a parameter received the best fit for <E> = 4.3 eV. This fit

gave more high energy electrons than were measured by the experiment. A

Maxwellian with <E> = 5.3 eV is shown as well for comparison to the

Druyvesteyn distribution. This distribution greatly exceeds the number of

high energy electrons.
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One explanation for the absence of high energy electrons outside the

ECR region is that they may be trapped by the magnetic multicusp. The

magnetic field cusps (recall Figure 2.3) act as curved magnetic mirrors,

trapping those electrons moving parallel to the field lines. As with any

magnetic mirror, those particles with lower energy are lost more rapidly from

the mirror than those with higher energies, resulting in an EEDF which falls

below the Maxwellian distribution for energetic particles. In addition to the

ECR region, the presence of the strong high-frequency microwave field affects

the EEDF.

If the high energy electrons are indeed trapped in the magnetic

multicusp, the EEDF should become more Maxwellian as the collision

frequency increases. That does occur in this discharge as illustrated by

Figures 5.8 and 5.9. Recall from Figure 5.6 that the mean free path for

collisions approaches the scale size of the chamber near 20 mTorr. Figure 5.8

is an EEDF for a discharge at 4.5 mTorr pressure and Figure 5.9 is an EEDF

for a discharge at 19 mTorr pressure. The 4.5 mTorr discharge has an EEDF

which falls well below the Maxwellian distribution for high energy electrons.

However, the 19 mTorr discharge very closely approximates a Maxwellian

distribution. In the higher-pressure, collisional discharge, the high energy

electrons are not preferentially confined by the magnetic cusp and are able to

fill a Maxwellian distribution. Note also that the average electron energy

increases with decreasing pressure. This behavior, noted also by Hopwood, is

required to maintain the discharge as diffusion losses increase.

Figure 5.10 shows the EEDF for 0 cm, 1 cm and 2 cm downstream of

the cavity base. The EEDF retains the same shape and the average electron

energy decreases slightly as the probe is moved away from the cavity.
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Figure 5.7. EEDF of a 14 mTorr discharge with 125 Watts input
power. The probe was located at the base of the cavity
(downstream distance = 0 cm).
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Figure 5.8. EEDF at the base of the cavity for a 4.5 mTorr, 125
Watt discharge. The solid line is aMaxwellian distribution of
average energy 7.22 eV and the dashed line is a Druyvesteyn
distribution of average energy 6.15 eV.
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Figure 5.10. EEDF at three different downstream locations for a
14 mTorr, 125 Watt discharge. Curves are fit to a Druyvesteyn
distribution.



CHAPTER 6

IMAGING OF ECR REGION

The spatial intensity distribution of the optical emission reveals

information about uniformity of heating in a plasma. In tjiis experiment, a

charge-coupled device (CCD) camera is used to image the discharge in the

ECR region of the microwave resonant cavity.

6.1 Experimental Setup

Figure 6.1 shows the experimental setup for the CCD imaging

experiments. The CCD camera is model 1530-P/PUV manufactured by

EG&G/PARC. The camera is powered and cryogenically cooled by the model

1534 Cryo Power Block. The CCD camera consists of an array of 512 x 512

photodiodes covering an area 7.9 mm square. The data were collected using a

personal computer with fiber optic links to the camera, allowing both camera

control and data acquisition through the computer. Data were acquired by the

OMA4000 software supplied by EG&G/PARC. Images were displayed as they

were taken, then stored to disk. The data was then converted to ASCII and

contour plotted using DeltaGraph Pro® software . In most of the

experiments, the diodes were binned in groups of 8 x 8 resulting in a 64 x 64

array output to allow for faster data manipulation on a personal computer.

The plasma source was bolted to one port of a six-way cross and a glass

viewport was directly across from it to allow viewing of the discharge region

along the axis of the cavity. The CCD camera was placed in the line of sight of

83
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Figure 6.1. Experimental setup for CCD imaging experiments.
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the discharge. Optics preceding the camera included a 5 mm focal length

converging lens and an adjustable aperture. Because the detector is very

light-sensitive (10 photon/count), much attenuation of the light is needed. A

low-bandpass filter Model S10-671 (670.8 ± 11 nm) manufactured by Corion

was used as well as neutral density filters to protect the very light-sensitive

CCD array. The bandpass filter was chosen to center around the strongest Li-

I line. The exposure time was set to maximize exposure and thus retain

detail without saturating the detector. Exposure time varied from 10 to 100

ms, depending upon the intensity of the emission.

6.2 CCD Imaging Results

Figure 6.2 is a typical image of the ECR region taken by the CCD

camera, with light intensity corresponding to increased signal in the legend

below the figure. Superimposed on the image are the TE111 mode electric

field lines and the multicusp magnetic field lines. Plasma emission is

strongest at the top and bottom ECR zones. These correspond to the regions

where the resonant cavity electric field is perpendicular the magnetic field

lines allowing for the most efficient coupling of microwave energy to the

electrons. Three ECR regions to the right of the antenna are clearly visible as

is one ECR zone to the left of the antenna. However, the emission intensity

from the left side of the discharge is about 85% of the emission intensity from

the right side of the discharge. Two factors could be contributing to this

asymmetry. First, and most likely, is that the microwave input antenna is

not centered in the cavity. This would perturb the electric field mode causing

an asymmetry in the discharge. Another possible contributor to the

asymmetry is the argon gas flow which is from the right side (see Figure 2.2).

If this were the case, the asymmetry should decrease with gas flow (i.e., lower
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Figure 6.2. CCD camera image of ECR zone of an argon
discharge at 22 mTorr and 124 Watts. The TE111 electric field
lines and multicusp magnetic field lines are superimposed on
the image.
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pressure). As Figure 6.3 indicates, an asymmetry is visible even at 5.9 mTorr

and 3.7 mTorr.

Figure 6.3 contains images of discharges at four different operating

pressures: (a) 22 mTorr, (b) 16 mTorr, (c) 5.9 mTorr, and (d) 3.7 mTdrr, each

with an input power of 124 Watts. As illustrated by these images, the

discharge becomes more uniform as the pressurer decreases. This can be

explained by considering the collision mean free path as discussed in Chapter

5. Recall that the mean freejmth is on the order of the discharge chamber for

pressures near 20 mTorr and hundreds of centimeters for pressures below

about 12 mTorr (see Figure 5.6). In the collisionless discharge, particles

diffuse to the center of the discharge chamber much more readily resulting in

a more uniform discharge.

Figure 6.4 contains spectra taken with the spectrograph described in

section 4.2. These spectra were taken at the same time as the CCD images

were taken but without the low bandpass filter using the same setup shown

in Figure 4.1. For reference, the brackets indicate the wavelength region of the

full width of half maximum of the optical filter used with the CCD camera. In

Figure 6.4 (a), about half of the light corresponds to Li-I and the other half to

Ar-I. This spectrum corresponds to Figures 6.2 and 6.3. The second spectrum,

and the CCD image in Figure 6.5, were taken after approximately 30 mg of

LiCl were added to the system. The lithium emission is strongest near the

bottom of the ECR region. This is expected because the LiCl is deposited in

that region of the discharge chamber. A continuous flow or spray of lithium is

needed to fill the chamber more evenly.
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Figure 6.3. CCD camera images for argon discharges at (a) 22
mTorr, (b) 16 mTorr, (c) 5.9 mTorr, and (d) 3.7 mTorr. Input
power is 124 Watts.
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Figure 6.4. Optical emission spectra for an argon/LiCl
discharges. Brackets on the axis indicate region within full
width at half maximum of line filter, (a) is before and (b) is after
new LiCl addition.
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Figure 6.5. CCD camera image for a high-lithium discharge at 8.3
mTorr and 132 Watts input power.



CHAPTER 7

CONCLUSIONS AND FUTURE WORK

7.1 Conclusions
»

A multicusp, electron cyclotron resonant, microwave resonant cavity

lithium plasma source has been constructed and tested. This source will

provide a lithium plasma for laser enhanced isotope separation studies. Four

plasma diagnostic techniques have been implemented to measure the

operating characteristics of this lithium plasma source. These diagnostic

techniques include: double Langmuir probe measurements of ion density and

electron temperature; optical emission spectroscopy of lithium-argon

discharges; single Langmuir probe measurements of the electron energy

distribution function, electron temperature and electron density; and two

dimensional charge-coupled device camera imaging of the electron cyclotron

region.

Initial operation and characterization of the source was performed with
10 3

argon-only discharges. Ion densities were measured to be 4-16 x 10 cm for

argon discharges at typical operating pressures of 4-20 mTorr and input

powers of 100-250 Watts at a location of 3 cm downstream of the cavity. The

electron Debye length was measured to be 0.004-0.007 cm for those same

operating conditions.

Lithium was introduced to the system by placing lithium containing

compounds directly into the discharge region of the cavity. Lithium chloride

91
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and lithium carbonate were both tested as sources of lithium. About 10 mg of

LiCl was initially tried in the system, and no change in the resonant cavity

behavior was seen. This amount of LiCl was "used up" very quickly (in about

15 minutes of discharge time) so the LiCl was then increased to extend the

lithium discharge time. It was found, however, that as the LiCl: was increased

a higher background argon pressure was needed to ignite the discharge.. The

pressure could then be decreased and the discharge maintained. Li2CO3 was

also introduced in the same manner and was found to have^less of an impact

on plasma start-up. The latter lithium compound was used up much more

slowly but deposited much less lithium into the discharge. It was also

observed that very little lithium was detected downstream of the cavity when

Li2CC>3 was used while LiCl produced a large Li-I optical signal as far as 5

cm downstream. After several months of continuous LiCl use, the discharge

chamber became "conditioned" and a more constant amount of lithium could

be maintained in the discharge.

Electron energy distribution measurements indicate that the electrons

have a Druyvesteyn distribution function at pressures below 16 mTorr. At 20

mTorr, the discharge becomes collisional and the EEDF is Maxwellian. The

average electron energy decreased with increasing discharge pressure. At 4.5

mTorr an average electron energy of 6 eV is measured. This number

decreases to about 4.7 eV for a 19 mTorr discharge. The electron and ion

densities fall off exponentially with distance downstream from the cavity
11 o

base. Peak electron densities of 1.5 x 10 cm' were measured near the
10 3

cavity base, and these densities dropped to 1 x 10 cm" at 10 cm

downstream of the cavity.

A two-dimensional imaging system utilizing a charge-coupled device

camera was successfully designed and used to image the electron cyclotron
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resonant region of the discharge. A left-right asymmetry in the plasma

emission was noted, particularly at higher operating pressures of 16-22

mTorr. This asymmetry is most likely caused by misplacement of the

microwave input antenna. Plasma uniformity in the center of the discharge

was observed to increase with decreasing discharge pressure. At 16-22

mTorr, clearly distinguishable ECR regions were observed. At an operating

pressure of 3.7 mTorr, the emission was very uniform in the center of the

discharge region.

7.2 Suggestions for future research

Some modifications and improvements of this source would make it

more useful for lithium plasma production. A method to control the flow of

lithium into the discharge region would improve reproducibility and perhaps

eliminate the need for a buffer gas. Such a system would need to be designed

carefully to avoid problems mentioned earlier such as condensation of solids

on the input line. The use of elemental lithium should be considered to avoid

the damage to the vacuum system components and the quartz discharge

chamber cause by the presence of free chlorine. However, lithium must be

handled carefully because it oxidizes very rapidly in air and is also quite

flammable and toxic.

Continued study of the electron energy distribution function is

warranted. Recall that the ionization of the species to be enriched is provided

by electron impact of the excited atom. Modeling of the EEDFs effect on

isotope separation efficiency should be performed. Such a model may be used

to determine the best operating parameters (power, discharge pressure) for

isotope separation studies. A detailed model of the downstream chemical
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kinetics is needed as well to fully understand the plasma behavior away from

the cavity.

It is the hope of the author that this lithium plasma source will be

successfully used as a means for laser isotope enrichment. The source has

been designed with that end in sight. It has been shown for the first time that

microwave discharges can successfully dissociate lithium compounds and

integrate free lithium into a background argon discharge. Care has been

taken to provide laser access to the discharge created by the source.
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APPENDIX A

VACUUM RESONANT CAVITY FIELD MODES

The vacuum resonant cavity field modes are derived in this appendix.

Introduction of such perturbations as the quartz cup and the discharge will, of

course, change the resonant field modes. The vacuum modes, however, provide

a good reference or "starting point" for igniting the discharge and

understanding the cavity behavior.

The derivation begins with the sourceless Maxwell's equations with

periodic time dependence:

dE
VxB= jt£—=-j>scoE (A.2)

V-E = O (A.3)

V-B = O (A.4)

By combining the two curl equations and with jie =~o, these lead to
c

V 2 W - ; H E H -
Assuming propagation in the z-direction and dependence such as

The wave equation becomes

/ 2
(A.7)

2 2 ^
where Vt is the transverse part of the Laplacian, V - —2

dz
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In a cylindrical resonant cavity, reflection at the end faces requires a

standing wave solution in the z-direction. The standing wave has the form

A sin kz + B cos kz. (A.8)

To satisfy boundary conditions, k must be given by

k = ^ ' (A.9)

where p is an integer and h is the cavity height. For transverse magnetic fields,

E t = 0at0,h. So

EZ,TM=Vfcyr) cos ^ j p j , p = 0,1,2,... -'

For transverse electric fields, Bz = 0 at z = 0,h. This gives

In cylindrical geometry

so the transverse wave equation becomes

1 a / dW\ 1 d2W (to2 o\
rdr\ dr) r2 a<j)2 [<? )

The solutions to this equation can be found by separation of variables:

= R(r)O(<j>). Thus
2

,<|>) = Jm(Ymnr) e*m*, where y2 = \ - k2. (A.13)
c

The transverse electric boundary conditions are n • VBZ | surface — 0. Thus

"^T I a = 0 = Jm
f (Ymna) =*> Ymna = Xmn', (A. 14)

where a is the cavity radius and x ^ ' is the n zero of the derivative of the

m order Bessel function. Putting this contraint along with the constraint on

k into the definition of y one obtains
2

( a J - c 2 -
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thus

For fr=-—, the resonant frequency is given by:

A similar derivtion gives the transverse magnetic resonant frequencies. The

boundary condition is Ez (r=a) = 0. We get yxnn a = Xmn, where Xmn is the n

zero of them Bessel function. Then

(A.17)

IA a ; v x i ; J
and

For the compact resonant cavity, the cavity radius was chosen to be

fixed at a = 4.45 cm and the microwave frequency is fixed at 2.45 GHz.

Equations A. 16 and A. 18 can be solved for the cavity height. Thus one

obtains for the transverse electric mode

= P7T (2jrf) £oHo - (A.19)

L V a / J
and for the transverse magnetic mode

hTM = P?r [ (27if)2 eoMo - (^f]' • (A.20)

Table A.1 contains the first few zeros of the Bessel functions. The

lowest order mode supported is the TEon mode corresponding to a cavity

height of 6.1 cm. The first non-zero value corresponds to x n ' = 1.841 and this

results in a cavity height of h=10.4 cm. No other modes can be supported by

this cavity at 2.45 GHz if the radius is to remain fixed at 4.45 cm. Figure A l

shows the probable electromagnetic mode relative to the cavity walls.
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Table A.l. Zeros of the Bessel functions.

Jn(Xnm) = 0 JA(Xnm') = 0

XQI = 2.4048 xoi' = 0.0000

x n = 3.8317 * xn '= 1.8412

= 5.1356 xi2 ' = 3.0542

: = 5.5201 xo2' = 3.8317

Introducing a plasma into the cavity changes the effective dielectric

constant. In a plasma,

e(co) = e 0 1 - 2 •
\ <° )

Thus E is effectively reduced inside the discharge. The cavity height h goes as

-, so for a constant cavity width and resonant frequency, the cavity height

must be increased with the plasma present.
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APPENDIX B

MODIFICATIONS AND MAINTENANCE OF COPPER VAPOR LASER

*

Modifications and maintenance were performed on the Oxford copper.

vapor laser on June 27 and June 28,4994 to prepare it for use as a pump

laser for the Lambda Physik dye laser in the lithium isotope separation

experiment. To be used as a pump laser, low divergence optics and a

polarizing filter were required in the copper vapor laser. Additionally, to

improve power output, excess copper buildup around the edges of the laser

cavity had to be removed and a fresh copper charge needed to be added to the

tube. Before maintenance and modifications, the output power of the laser

was 6 Watts.

To prepare for cleaning the excess copper out of the laser tube, the tube

was removed from the case by disconnecting electrical and gas connections

and removing the bolts on the grounded end of the tube connecting it to the

case. The glass laser tube and connected flanges (which contain the

electrodes) were lifted out of the case and placed on the laboratory bench. The

end window on the grounded end of the tube was first removed by removing

the four bolts on the retaining ring. The end flange was then removed by

loosening the recessed bolts on the end of the flange. The electrode was

inspected and found to be in good repair. The end window was cleaned using a

lint-free tissue and the cleaning fluid found in the laser maintenance kit

After modifications, the copper vapor laser was found to have insufficient
power to act as a pump source for the dye laser. This appendix has been
included as a reference for those who might use the copper vapor laser in the
future for other applications.
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provided with the laser. Only the non-coated, inside of the window may be

cleaned. The window was held in the retaining ring and few drops of cleaning

fluid dropped onto the window. The window was then scrubbed gently using

circular motions with a lint-free tissue. The window was removed from the

retaining ring holding only the edges and rinsed thoroughly with methanol.

The window was then returned to the retaining ring, taking care that the

coated side was facing outward. The viton o-ring providing the vacuum seal at

the window was replaced with the spare found in the maintenance kit. The

size of this o-ring is 40.87 mm i.d. x 3.53 mm and the o-ring was first coated

with a thin layer of vacuum grease before use. The o-ring on the flange was

also replaced with the spare from the kit; its size is 113.67 mm i.d. x 6.99

mm. The uneven copper buildup around the inner edge of the laser tube was

loosened using a round bottle brush of 11/2" diameter. The excess copper was

then removed using the shop vacuum. This procedure was repeated until all

of the copper buildup had been removed. The end flange was then replaced,

taking care to tighten the recessed bolts evenly around the tube until

resistance is just felt. To complete the maintenance on the grounded end of

the tube, the window and retaining ring were replaced again tightening the

bolts evenly and until resistance is just felt.

The same maintenance was performed on the high-voltage end of the

laser tube. First the retaining ring and window were removed and cleaned

using the above procedure. To remove the end flange, two bolts were removed

from each of the plates connecting the two end flanges. The gas in and gas out

lines and the pressure gauges were disconnected as well. The high voltage end

flange was then be unbolted and pulled away from the laser tube. The high

voltage electrode was found to have sustained some minor damage but was

determined to be still usable by the Oxford Lasers service engineer. The



103

damage consisted of a hole in the lower portion of the electrode semicircular in

shape with a diameter of approximately 1 cm. Again, the excess copper was

loosened and removed from the laser tube and the high voltage electrode,

flange, wand gas lines reassembled, again replacing the o-ring. The tube was

returned to the laser case and bolted to the case with the rear optical

assembly still removed.

After returning the tube to the case, new copper was loaded into the

laser cavity through the open rear end of the tube. Ten (average) 1.1 gram

pieces of copper were cut from a used eight inch high vacuum copper gasket

The copper in high vacuum gaskets is of very high quality, more so than

typical electrical wire. The ten pieces of copper were placed evenly on the

recharging holder and pushed into the tube to the line marked on the holder.

The line which was used is marked "CB'94:n and is farther back than the line

originally on the holder to allow more even distribution within the tube. The

holder was rotated 180* and withdrawn from the tube, taking care to hold it

against the upper edge so as not to disturb the copper pieces. The rear mirror

was then reattached again replacing the o-ring seal.

The laser was then reconditioned by allowing the tube to be pumped

out for about 45 minutes. To do this, the GAS OUT switch was opened (down

position) and the GAS IN valve was closed. A pressure gauge located in the

gas out line was used to monitor the pressure and check for leaks. The laser

was then aligned with the planer mirrors still in place and the output power

checked. To align the laser, it was run until the green laser light was

produced. The rear mirror was then aligned by maximizing the output power

by adjusting the two screws on the rear mirror optical mount. The rear mirror

may also be aligned by using a neutral density filter to protect the eyes and

viewing it through the front mirror and tube with the laser turned off after it
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has been allowed to run for 45 minutes. To align the mirror, use the rear

screws to center the mirror in the tube. Then the laser was turned back on

and allowed to run until laser light is produced. The front mirror was then

adjusted until well focused and the power maximized. To facilitate cleaning

of the laser with the new copper charge, the fast gas in/out were turned on for

10 second intervals and allowing the pressure to stabilize between the

intervals. The maximum power after alignment and running for

approximately 60 minutes was 8.0 Watts. ,

Next, the unstable optics set was installed into the laser. With the

laser again turned off, the planer front and rear mirrors were removed,

wrapped in lint-free tissues, and stored for future use. The rear beam dump

was removed from the laser case to facilitate alignment of the new front

mirror. The front mirror, which is a 4 mm diameter convex mirror mounted

onto a plate, was installed using the planer mirror mounting screws. The

front mirror is at a 45* angle with respect to the vertical and is mounted such

that the outer edge of the mirror can just be seen when viewed down the rear

of the tube. The laser head cover was then replaced and the laser turned on

and allowed to heat up until laser light was seen. The front mirror was then

adjusted by dumping the beam on the front wall of the laboratory,

approximately 2 meters from the laser. The laser head cover must be opened

to adjust the mirror. Normally, this would require that the laser be warmed

up again for approximately 30 minutes between adjustments. To avoid such

long delays, the head panels override was switched and the case opened.

Adjustments were then made quickly, taking less than one minute for each

adjustment; the cover was closed and the override switch turned off. This

allowed for quicker adjustment, but care must be taken to make adjustments

as speedily as possible. Laser light could then be seen again within a few
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minutes after adjustment. This procedure was then repeated until the beam

emerging from the open end of the laser was fully circular. The laser was then

turned off and the 50 mm diameter concave rear mirror mounted in place in

front of the rear beam dump. After the laser was turned on and allowed to

warm up again, the rear mirror was aligned by viewing the beam through

goggles and focusing the beam on the front beam dump. The beam retains a

missing small semicircle due to the front mirror in the unstable optics setup.

Final adjustments were made by maximizing the output p̂ ower with the

power meter. The final output power was measured to be 7.1 Watts.
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APPENDIX C

INSTALLATION AND ALIGNMENT OF DYE LASER

In this appendix are notes on the installation and alignment of the

Lambda-Physic Scanmate dye laser which will provide the iight for laser "

enhanced isotope enrichment studies. This is a transcript of notes taken by

the author during installation of the laser and provides some information not

included in the laser manual.

C.I Mixing Dye and using Dye Circulator

(1) Measure dye weight and put dye into container, then pour
solvent over dye. Dyes which do not dissolve easily may be
assisted by using an ultrasonic mixer. Be sure to use a new
filter with a new dye/solvent mixture. When attaching dye
container to circulator, it is helpful to turn circulator pump
on as the container is lifted into place.

(2) Changing dyes: The circulator needs to be rinsed
thoroughly rinsed with solvent only prior to introducing a
new dye.
(a) Carefully unscrew dye container and lower slightly.

With right hand, press reverse flow button. Continue
lowering dye container with left hand until it is
completely free of the circulator. When most of dye
has been returned to container, unplug circulator with
right hand while still holding the reverse button
down. It is helpful to have the circulator plug resting
on the receptacle as lightly as possible.

(b) Pour the used dye into an amber container (to protect
from light) if it will be used again, or dispose properly
if it will not. Dyes can be saved for later use and will
be better preserved under refrigeration. Remove
filter from circulator and store in a zip-lock bag with
dye.

(c) Rinse the circulator with solvent only by circulating
solvent both forward and reverse using about 2/3
liter. This must be repeated with clean solvent at
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least three time, or more until solvent is clear. Again
to clear circulator of solvent, use the reverse button
and lower the container away from the circulator.

(3) If the efficiency of the dye laser drops and all other reasons
are eliminated, a fresh dye may be needed: A typical dye
lifetime is 1-2 years.

(4) The dye used in the original installation of this laser was
DCM. The concentration was 0.71g DCM in 1 liter DMSO
(dimethyl sulfoxide). At the dye peak of 658 nm, the
maximum output energy was 7.2 mJ with 100 mJ of input
from the XeCl excimer at 308 nm. The output* energy at 671
nm, the wavelength to be used in the first experiments, was
6.3 mJ.

C.2 Alignment of Dye Laser

(1) The maximum input power from the excimer laser into the
dye laser is 100 mJ. The optics in the dye laser cannot
withstand more than 100 mJ for an extended time.

(2) When the cover is open on the dye laser, the input shutter is
opened by pulling up on the red knob above the shutter.

(3) Begin dye laser program by typing "scanmate" at the DOS
prompt of the controller (notebook computer). Inside the
laser case is a switch which turns on the microelectronics
which control the grating. Each time that switch is turned
on the grating is driven to its calibrated (zero) position,
written near the grating inside the laser (1058.612 nm).
The endstop must be calibrated on the computer. The
program will save this setting, but if the software is
reinstalled this setting must be checked and possibly
changed. To do so go through the following menu:
(a) set grating
(b) cal endstop: enter calibration number (1058.612)

(4) Set grating to peak of dye while making alignment
adjustments. To set grating position:
(a) grating
(b) set (type in endstop wavelength: 1058.612)
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(c) execute
All actions done by the controller must be followed by the
command execute for them to be done.

(5) Note micrometer setting (3.12) written near micrometer on
laser. Begin alignment by setting micrometer to this
factory setting. The nearby thumbscrew may then be used
to move beam such that it is aligned with aperture in beam
alignment tool.

(6) Determine that mirrors are at the proper position for the
wavelength region being used. There are three possible
regions: red, visible, and violet. ,

(7) Inside the laser, all vertical adjustments have green knobs,
whereas horizontal adjustments have yellow knobs.

(8) Checking alignment
(a) Block preamp beam with beam block. This is a long

steel rectangle with a black lip which rests on the
optical rail at the preamp beam entrance.

(b) The line on the grating should be homogenous. Knot
adjust OSCILLATOR vertical position. This can be
best checked at the edge of the dye emission by
carefully lifting the grating.

(c) Rotate cuvette and look for "shadow" on grating.
Align on top of oscillator beam by rotating cuvette.

(d) Check that small pin below cover with three
apertures is slightly off center and recheck rotation.

(e) Maximize beam intensity by moving small pin below
apertures. Check to see that beam is homogenous.

(f) Readjust micrometer to maximize intensity. It
should not be necessary to move micrometer far from
factory determined position.

(9) Adjust depth of focus
(a) Loosen screw on vertical oscillator adjustment

bracket. Pull bracket all the way forward. Push back
slowly to maximize beam intensity. This adjustment
should not go all the way back; to do so could cause
damage to the cuvette.

(b) Use a small corner of paper to ensure that the
amplified stimulated emission (ASE-full range of
color of the dye, not the lasing color) extends
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approximately 1 mm below the laser beam. If not,
adjust screw in hole on oscillator. This will probably
need to be adjusted only if a major change is made in
the laser setup such as moving from side by side setup
to end to end setup.

(c) Readjust thumbscrew for alignment with aperture on
beam alignment tool.

(10) Adjust preamp beam *
(a) Remove preamp beam block. :

(b) Adjust PREAMP vertical position to superimpose on
oscillator beam.

(c) Adjust depth of focus on preamp beamjto maximize
intensity. Beware of a color shift, and adjust
accordingly.

(11) Telescoping" lenses
Two telescoping lenses can be used to obtain a larger output

beam.
(a) The f—50 lens goes in the first lens holder. Place the

beam alignment tool between the two lens holders
and adjust the vertical and horizontal knobs on lens
holder to center beam.

(b) The £=150 lens goes in the second lens holder. Place
the beam alignment tool at the end of the beam and
adjust the vertical and horizontal knobs on lens
holder to center beam.

(c) If any shift in wavelength occurs when telescoping
lenses are used, check two mirror positions.

C.3 Using Etalon

(1) Check wavelength range on etalon. This is a dial which
must be aligned with a white ball.

(2) Insert etalon by sliding it onto two pins just above the
grating. Be sure not to touch the surfaces of the grating.

(3) Initialize etalon
(a) In the controller program, type etalon then init. The

two keys -> and *- are used to move the etalon motor.
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(b) Go above normal position using arrow key (above
«2500). Look for fringes on the grating. Adjust
horizontal (yellow) know of etalon until fringes are
straight, not curved.

(c) Pull etalon out of beam. Note position of dot of light
. on circular piece below words "oscillator cavity

endmirror." This dot will not be seen with etalon in
place, so make careful mental note of the position.

(d) Push etalon back into place. Move arrow keys to put
leftmost line coincident to where dot was with etalon
out.

(e) Note this position, designated as normal position.
(2077 in initial adjustments. Should He within ±6 of
this.)

(f) Normalize at central wavelength where etalon will be
used.

(g) Sync position of etalon. Another etalon will be
needed to do this part. Using another etalon, either
in the beam path or with a view-through etalon, note
fringes. Beginning with position 0, press right arrow
key until double fringes are seen. Note position (+60
in initial setup). Return to 0 and press left arrow key
until double fringes are then seen (-85 in initial
setup). Set position to arithmetic mean (-7). Quit.

(h) Adjust diode detectors vertically until sensors A and
B are equal. A thumbscrew located above the diode
detectors makes the adjustment. Note that 255 is -
the saturation level of the diodes. A neutral density
filter in front to the diodes can be rotated until the
diode read about 180-200.

(i) Quit initialization.

(4) Press scan to setup scan with etalon. Index refers to the
index of refraction of the environment of the laser, usually 1
for air. The grating chamber can be filled with a different
atmosphere for certain applications. The minimum scan
step is 0.001 nm. Counts refers to the number of pulses at
each scan position.

(5) The excimer laser can be triggered from the dye laser
controller. Connect the SYNC OUT on the LAN to the EXT
TRIG on the minicontroller of the excimer. Be sure the
trigger is in external mode on the excimer laser.
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Figure C.I. Alignment of laser beam on diode
detectors.

C.4 Moving and Realigning Dye Laser

Any time the dye laser is moved, the grating must be locked. The

transportation lock is in place in the up position. It is located behind the

grating cover. Before moving the dye laser, be sure it is well aligned and

power is maximised in the present position. Note the output power. Move the

dye laser and pump laser to their new positions, and simply move the entire

box containing the laser until output is once again maximized. Then begin

making fine adjustments within the laser itself as described above in

"Alignment of Dye Laser."
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APPENDIX D

EXCIMER LASER INSTALLATION

D.I Installation of Excimer Laser

The following procedure was followed when installing the excimer laser

and should be used when moving the laser from one location to another:

(1) Evacuate all of the gas lines and backfill the Ijalogen line
with an inert gas. Note: The halogen line should be
backfilled with inert gas any time the line is opened, whether
to move the system or when simply changing the bottle.
(a) Insure that the halogen gas bottle is closed and the inert gas

bottle (usually He) is opened
(b) Turn on laser mini controller, press FI to bypass thyrotron

warm-up, and press [VALVE CONTROL],
(c) Fill block and halogen line by pressing [INERT] then

[HALOGEN] about four times until the pressure on the block
is about 30-35 psi. This pressure is displayed on the mini
controller.

(d) Check for leaks in the halogen line using soapy water
(Snoop).

(e) Evacuate the halogen line by pressing [PUMP], [VACUUM],
[HALOGEN].

(f) Repeat steps (c) and (e) three times.

(2) Ensure that all valves in the laser are closed. Carefully
open halogen bottle and set regulator to 45 psi. Fill line
with halogen by pressing [PUMP], [VACUUM], then toggle
[HALOGEN]. Press [PUMP] again to turn pump off.

(3) Evacuate rare gas (xenon) and buffer gas (neon) lines by
pressing [PUMP], [VACUUM] and [RARE] for xenon and
[BUFFER] for neon.

(4) Press [ENTER] to leave valve control mode. Usually a
NEW FILL will follow this procedure.
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D.2 Cleaning and Changing End Mirrors

The end mirrors should be cleaned every few months, or about every

three gas fills. The following procedure should be used whenever cleaning or

replacing the mirrors.

(1) Flush and fill cavity with inert gas:
(a) In [VALVE CONTROL] mode, pump out the laser head to 30

mbar. Do not go below about 30 mbar at any time when
evacuating the laser head. To do this, press [PUMP],
[VACUUM], [LASER HEAD].

(b) Fill laser head to 500 mbar with inert gas (heljum) by pressing
[INERT] and [LASER HEAD]. The inert gas valve stays
open only 10 seconds, so it may have to be toggled more than
once.

(c) Pump out laser head again to 30 mbar.
(d) Repeat steps (2) and (3) three times.
(e) Fill laser head to 1000 mbar with inert gas before opening.

(2) Have the optics rubber stopper ready for removal of
premount. Remove all six of the 3 mm screws which hold
the premount against the cavity. Pull end mirror and holder
off and put rubber stopper in premount opening to maintain
helium environment in laser head.

(3) Carefully disassemble end mirror premount and clean
noncoated side of mirror. Reassemble and replace onto
laser head cavity. The o-ring may be wiped, but never use
vacuum grease in an eoccimer laser!

premount

collar

laser cavity chamber

coated
side m i r r o r

Figure D.I Mounting of end mirrors in excimer laser.
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(4) Repeat step (1), flushing and filling cavity with inert gas
three times. Leave cavity in evacuated state (30 mbar) in
preparation for next step, passivation fill.

D.3 Passivation Fill:

After the cavity has been opened to air, it must be passivated. If

the laser has been unused for some time, or moved, this step is necessary as

well.

(1) Starting at 30 mbar, add 200 mbar of halogen* gas by
pressing [HALOGEN] then [LASER HEAD]. Again, the
halogen valve will remain open only 10 seconds, so it may
have to be toggled more than once.

(2) Add enough inert gas (helium) to bring the laser head
pressure up to 2000 mbar, again by pressing [INERT] and
[LASER HEAD], toggling as many 10 second intervals as
necessary.

(3) The passivation gas mixture can be held from 2 hours or
overnight, depending upon how long the laser has been
opened or not operated.

D.4 New Fill:

Begin with laser cavity evacuated to 30 mbar. Press [NEW FILL] and

hit [ENTER] when XeCl Ne shows up on menu to check program. If gas fill

amounts are not correct, the values in the following table should be entered.

To begin new gas fill, press [EXE]cute when XeCl Ne is displayed in the

controller register. The new fill will proceed automatically in the order HCl

then Xe then Ne.
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Table D.I Partial pressure of gases used in XeCl excimer laser.

Gas Partial Pressure

HC1 90 mbar
Xe 110 mbar
Ne 3100 mbar

D.5 Maintenance

To retain maximum lifetime, the following maintenance schedule is

proposed:

(1) New fill should be done every three weeks of running time.
If the laser will be unused for an extended period of time, a
passivation fill is recommended. Any time the laser is
moved, an inert fill is required, followed by a passivation
fill in the new location.

(2) Cleaning end mirrors is recommended every three gas
fills. Remember, do not use vacuum grease on the o-rings or
anywhere else in the excimer laser.

(3) The halogen filter should be replaced every year.

(4) The halogen-containing gas should not be used indefinitely.
HC1 is very corrosive and unstable in the presence of
atmospheric moisture. Any time the halogen bottle is
removed or replaced, the halogen line should be flushed and
filled several times with an inert gas. This is described in
step (1) under "Installation of Excimer Laser" above. Also
note that refrigeration grade copper tubing is used in the
halogen gas line.
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