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Abstract

This work investigates the characteristics of a fixed geometry

hollow cathode discharge laser containing various pressures and mix-

. tures of helium (He) and xenon (Xe). The laser oscillates at an

infrared wavelength of 3.507 1m, Power from three output couplers

using mixtures of 2.5% to 20% Xe at pressures of two to eight torr are

investigated. The output power is measured as a function of mixture,

pressure, and output coupler.

A modes of operation4 model is developed to explain the variations

in the curves for power vs anode current. The symmetric mode of opera-

tion is characterized by equivalent voltages driving the three anodes at

the same current. The asymmetric mode of operation is characterized by

the same currents being driven by different voltages, hence the asym-

metry. The non-equal current (NEC) mode of operation is characterized

by at least one of the anodes being driven at a different current.

The results of the investigation reveal a maximum power of 1.16 mw

with 10% Xe at 4 torr of pressure with an anode current of 27 mamps.

Evidence is also presented that the asymmetric and NEC modes of opera-

tion can provide additional power after the symmetric mode has

saturated.

.7. ,., ~ix



I INTRODUCTION

The hollow cathode discharge is a compact and simple approach to

electric gas discharge lasers because of the definite non-maxwellian

nature of electron distribution and the high electron and ion densities

P achieved. The Air Force Wright Aeronautical Laboratories (AFWAL) at

Wright-Patterson Air Force Base, Ohio, have developed a three anode,

tubular, hollow cathode laser using a mixture of helium (He) and xenon

(Xe) as the discharge medium. This continuous wave laser operates at

an infrared wavelength of 3.507 pim. This wavelength is close to the

stretching frequency of the carbon-hydrogen bond. Because of this

fact, this laser may be useful as a probe laser for detecting hydro-

carbons in the atmosphere and as a comustion diagnostic in the design

of turbine engines.

The purpose of this experiment is to optimize this He-Xe hollow

cathode discharge (HCD) laser with respect to gas mixture, gas pres-

sure, discharge current, and output coupler.

For a better understanding of the principles involved in a hollow

cathode discharge laser, the concepts of the glow discharge, the hollow

cathode discharge, and the He-Xe hollow cathode laser of this experi-

ment will be presented before the experiment is described.

The Glow Discharge

Gas discharges are achieved by applying voltage to electrodes

within a gas. Figure 1 illustrates the V-I characteristics of gaseous

discharges from 0.1 to 10 torr Hg (Ref 11:123).

The glow discharge is most commonly used in lasers because it is
A7..

characterized by an essentially constant potential difference between
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the electrodes over a wide range of currents. In contrast, the

Townsend discharge does not have the electron number density for

efficient excitation rates for a laser medium and the arc discharge

does not access enough of the laser medium (Ref 18:30). In the arc

discharge, the temperature of the gas approaches the temperature of the

electrons and the population inversion necessary for a laser is usually

lacking.

Figure 2 illustrates the diffuse luminous zones in a glow dis-

charge, along with plots of the luminous intensity, electric potential,

electric field, charge densities, and current densities. The zones will

be briefly discussed in order from the cathode to the anode. The

Aston's dark space is a result of secondary electrons ejected from the

cathode by ion impact. These electrons do not have enough energy to

. -ionize or excite the atoms of the gas and the ions have a small proba-

bility of recombination because of their velocity. Hence, this region

does not emit any radiation. The cathode sheath appears at the point

where ions or neutrals excited by electrons return to their ground

level. In the Crookes (or cathode) dark space, the gas is ionized by

the accelerated electrons which have not lost any energy exciting atoms

passing through the cathode sheath, resulting in the large charge

* - densities (p+ and p-) in this region. At pressures greater than about

1 torr, most of the electron energy is dissipated in the negative glow

region of the discharge (Ref 17:460). In the Faraday dark space, the

field is so small that the electrons cannot regain enough energy to

excite or ionize the gas atoms. The positive column is the most

luminous part of the discharge after the negative glow. It is charac-

terized by a low electric field strength with slow electrons and small

3
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excitation energy (Ref 11:130-132).

The proportions of these zones vary with pressure and the distance

between electrodes. As the pressure decreases, the negative glow and

the Faraday dark space expand at the expense of the positive column

which diminishes and may even disappear. Decreasing the distance be-

tween the electrodes decreases the size of the positive column without

varying the size of the other zones. Thus, the parts of the discharge

near the cathode and the Crookes dark space are essential for maintain-

ing the discharge. The positive column, however, is not (Ref 10:43).

The Hollow Cathode Discharge

One specialized form of gas discharge is the hollow cathode dis-

charge (HOD). In its simplest form, figure 3a, the HOD consists of an

anode and two plane cathodes (Ref 18:5). Each cathode has the various

zones of the glow discharge. If the anode-cathode distance is de-

creased (at a constant pressure) the positive column will decrease until

* it disappears completely. If the distance separating the cathodes is

then decreased, the negative glows of the two cathodes merge (figure

3b) and current densities increase for a constant voltage. Thus, the

discharge efficiency (current density/voltage) is increased. For small

pressures, the current densities can be 10 2to 10 3higher than the

normal cathode current densities (Ref 19:236). Figure 3b illustrates

the merged negative glows with a "split rod" configuration. .If the

cathode is shaped into an almost circular shape, the geometry results

in the circular negative glow of the HOD in this experiment. (See

figure 3c.)

The electron-energy distribution in a HOD is due to multiple ioni-

zation and excitation processes. In the positive column, electrons are

5
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accelerated by the electric field. Since the field in the HCD is much

weaker, however, other processes must account for the increased current

densit- and subsequently higher discharge efficiency. In the hollow

- .cathode discharge tube, the cathode is the circular shaped section of

the tube. The symmetry of this arrangement enhances ionization through

the Pendel effect and through increased secondary emission by non-

charged particles (Ref 17:460-461).

The Pendel effect is illustrated in figure 3c (Ref 18:7).

Electrons are emitted into the gas discharge from the cathode. Because

of the HCD geometry, any electron passing through the discharge enters

the opposite cathode dark space, is repelled by the high field, and re-

enters the negative glow. Thus, the electrons oscillate from side to

side within the negative glow. Ionization is enhanced as the electrons

deposit their energy into the negative glow rather than a less effi-

cient positive column (Ref 18:6).

In the positive column, a significant fraction of the noncharged

particles which might have created secondary emissions by collision

with the cathode are lost to the walls or to the anode because they

are unaffected by the field. In the HCD geometry, however, an

increased proportion of these particles strike the surrounding cathode

and the total secondary emission efficiency of the discharge rises

(Ref 17:461). The increase in electron density furLher enhances

ionization of the gas.

Helium and Xenon Hollow Cathode Discharge Laser

The He-Xe hollow cathode discharge laser in this experiment

oscillates in an atmospheric window at 3.507 um. The atmospheric

transmittance due to molecular absorption of 3.51 pm through a 10 km

...........................



. ,horizontal path is 0.91 at sea level and 1.00 at 12 km elevation

(Ref 9:116).

The specific Xe laser transition is from the 5d[3 1] state to the

6p[2 ]2 state (Ref 8:299). This notation is the Racah notation

(Ref 15:537).

Earlier investigations of Xe have shown it to be a very high gain

medium. Heavens investigated the oscillation of Xe (9% at 2 torr) at

eleven wavelengths from 2.0261 im to 5.5738 jim and recorded "the

remarkably high gain of 120 percent per meter compared to 2-12 percent

for the He-Ne lines (Ref 6:70)." Lengyel used 0.1% Xe at 2 torr in a

5-7 mm diameter tube and achieved 1 percent per cm at 2.02621im and

13 percent per cm at 3.507 pm (Ref 8:205).

Another advantage of the Xe lasers has been the small width of

their emission line (Ref 12:115). The normally narrow laser line is

not significantly affected by doppler broadening because of the larg,

mass of the Xe atoms (Ref 10:768).

Unlike the He-Ne laser, though, there is no energy transfer

between helium and xenon (Ref 8:205). The function of helium is

probably to increase the density of free electrons (Refs 8:205; and

16:511) thereby increase the efficiency of excitation (Ref 12:115).

-I~8 4,2
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II EXPER114ENTAL PROCESS

Scope

This section describes the experimental apparatus and techniques

used in this experiment. The experimental appratus section is divided

into five functional groups: discharge tube; laser cavity; vacuum and

gas supply systems; high voltage electrical system; and the optical

detecting system. The experimental techniques discussion outlines the

system evacuation and filling procedures and the power measurement

procedures. A section on radiometry briefly describes the calibration

of the pyroelectric detector.

Experimental Apparatus

Discharge Tube. The hollow cathode discharge tube shown in figure

4 is constructed from 3/8 inch O.D. 304 stainless steel tube with

0.070-inch wall thickness. The tube length is 8.5 inches with three

anodes 2.25 inches apart and 2 inches from either end. The anodes are

constructed from 304 stainless steel with ends recessed 0.240 inches

from the inside diameter of the discharge tube. To prevent the anode

from shorting to the cathode, a 0.035-inch thick alumina sleeve around

the anode extends to the inside diameter of the discharge tube. A

ceramic adhesive insulates and seals the anode (Ref 18:12). The tem-

perature of the discharge tube was monitored by a K-type thermocouple

connected to a Fluke 8024A Digital Multimeter.

A mini-conflat flange is welded to each end of the discharge tube.

These flanges are connected to mated flanges with calcium fluoride

brewster windows. A third flange is welded between the first anode and

the tube end. It is mated to a flange with a bellows valve connecting

.............'.".--..-.-.....-.-. '"'........""": -. , .....................
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'"'.* the vacuum and gas supply system. A wire mesh screen with stainless

steel wires every 1.0mm is inserted in the side arm containing the

• ,bellows valve.

Laser Cavity. The laser cavity is composed of two mirrors mounted

at a fixed distance of 32.53 cm. No attempt is made to vary this

S- distance since the object of the experiment is to derive the optimum

mixture and pressure for the medium within the hollow cathode discharge.

The cavity mirrors are mounted with very stable and precise micrometer

adjustments. Both mirrors are made of germanium, but with different

transmission coatings. The aft mirror is a total reflector (R > 99%).

The output coupler is varied using three couplers: coupler #1 (R

. 89.5%); coupler #2 (R = 79.0%); and coupler #3 (R = 95.6%).

Vacuum and Gas Supply System. The gas handling system is shown

in figure 5. Stainless steel vacuum lines and fittings are used with

copper gaskets at all couplings. The pump for the roughing system

evacuates the system to about 30 microns of pressure. The Granville-

Phillips Series 205 diffusion pump with liquid nitrogen cold trap

evacuates the system to a high vacuum; typically, 10-6 torr.

The absolute pressure within the system is measured with one of

two gauges. The l0-torr head (145 BHS-10) to the MKS Varatron is used

to measure the pressures for the roughing system and for the gas mix-

tures. For low pressure evacuation with the diffusion pump, a Varian

"nude" Baird-Alpert ionization gauge is used. To enhance equipment

lifetime, the 1% emission rate of the ionization gauge was used. The

1% emission rate is sufficient since the experiment calls for gas mix-

tures of one to eight torr of pressure and the diffusion pump evacuates

the system to about 10- 6 torr.

.. . . . . . . ...



Bellow Valves #1, 2 Butterfly Valves #3, 4

Gold Seal Valve #5 Toggle Valves #6, 7

Needle Metering Valves #8, 9

RP - Roughing Pump DP =Diffusion Pump

TG - Thermouple Gauge IG Ion Gauge

BG =MKS Baratron Gauge

* Figure 5. Vacuum and Gas Supply System
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The He and Xe lines each have a toggle valve for positive cutoff

and a needle metering valve for precision metering.

High Voltage Electrical System. The high voltage electrical

system is shown in figure 6. High voltage is supplied by a Gregory-

King Electronics 3kv 1A DC unregulated power supply. Tt is typically

operated at 1kv to feed power into a 10-channel current regulator which

was built in-house.

In this experiment, only three of the ten channels of the current

regulator are used at one time. The current regulation for each channel

is controlled by a 10-turn potentiometer. In order to guarantee maxi-

mum agreement in current settings, each potentiometer used was slipped

until the currents of the channels used were within 0.17 mamps of each

other (verified at 3, 8, 16, and 24 mamps). The potentiometers are

connected by a non-slip drive belt. The output of each channel is

connected to an anode of the hollow cathode discharge tube.

The median current is run through an ammeter and then to the

second (middle) anode of the hollow cathode discharge tube. The dis-

charge voltage is measured with the high voltage probe and digital

voltmeter combination. The high voltage probe is connected to the

middle anode for most of the experiment, but is temporarily held to the

first and third anodes when comparative voltage readings are required

for mode determination.

Optical Detection System. The optical detection system is shown

in figure 7. The beam is chopped by a rotary chopper and then

focused by an arsenic trisulfide lens (f - 6.1 cm at 3.51 um) to a

triglycine sulfate (TGS) pyroelectric detector from Laser Precision

Corp. The output of the detector is amplified and fed into a Fluke

13
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8050A Digital Multinmter with true RMS readout.

: . Experimental Techniques

Evacuation and Filling. To enhance outgassing during evacuation,

the hollow cathode is heated by running a discharge at high current

until the temperature readout is 55-60*C. After the power is turned

off and the voltage of the power source is back to zero, valves #1 and

#2 (figure 5) are opened and the roughing pump evacuates the system to

30 microns of pressure. Then, valve #2 is closed, the gold seal valve

(#5 in figure 5) is opened, and the diffusion pump with liquid nitrogen

cold trap evacuates the system to high vacuum. The system is evacuated

-6to a pressure of 3x1O torr or lower. Valve #5 is then closed, the

ionization gauge is turned off, and butterfly valve #3 is closed.

Thus, a pre-mix chamber is established between the gas lines and

valve #3.

Gases are mixed by the method of partial pressures. For example,

toggle valve #7 and metering valve #9 are opened until 0.499 torr of

Xe fills the pre-mix chamber. Valves #7 and #9 are then closed and

the procedure is repeated with the He valves (#6 and #8) until the MKS

Baratron indicates a total of 4.990 torr of pressure. After valves #6

and #8 are closed, valve #3 is opened and the 10% mixture of Xe is

turbulently mixed as it fills the evacuated portion of the system

between valve #3 and the discharge tube. The pressure gauge then

indicates a total pressure in the entire system of 4.000 torr. (The

ratio of entire system to pre-mix chamber is 1.273.)

Various pressures of the same gas mixture are obtained by mixing

the gases at the highest pressure required, taking the measurements,

and then slowly opening valve #2 to the roughing system. The system

-~15



pressure is thus bled down to the desired pressure for the next run of

measurements.

Power Measurements. Measurements of the laser power without the

i- focusing lens proved perplexing because of great power fluctuations with

very small movements of the laser mirrors or with changes of current.

This extreme sensitivity was atypical of familiar laser systems. The

beam was probably non-uniform and the adjustments of the mirror mounts

for maximum voltage readout from the detector were actually the adjust-

ment of "hot spots" within the beam onto the detector (Ref 5).

For a total power measurement of the beam, the chopped beam is

focused onto the pyroelectric detector. The true RMS digital multi-

meter provides the detector volts (dv) used to record the output of

the HCD laser.

At a given current setting, the power out also proved to be

. affected by the temperature of the hollow cathode and therefore by

time. For consistency, the power out reading is accepted as the maxi-

mum quasi-stationary dv power reading within 3 minutes or by the time

the hollow cathode reached 60eC, whichever comes first.

The anode voltages used for the efficiency comparisons are

obtained from the high voltage probe on the middle anode, generally

* - the median value of the three anodes.

Radiometry

The purpose of this experiment is to determine the relative output

powers for various mixtures and gas pressures of the He-Xe HCD laser.

For perspective, though, it is also important to relate the absolute

'- power of this laser to other lasers. Thus, it is necessary to calibrate

the detector.

16
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The calibration of the pyroelectric detector was accomplished with

a Model 11-200 High Temperature Infrared Radiation source from Barnes

Engineering Co. as a black body (BB) standard.

Detectors generate a signal which is a function of both power and

response (Ref 7:93). The generated signal is therefore the integral

of the responsivity and power.

S = fP(x) R(x) dx (1)

fAIBB( ) dQ R(X) dX (2)

or S = AQ fIBB(X) R(A) dX (3)

for a small detector at a large distance from the source.

One of the advantages of pyroelectric detectors is that they have

a flat response because they respond to temperature changes due to

power received. So, since temperature is energy dependent rather than

wavelength dependent, pyroelectric detectors are generally independent

of wavelength. Thus.

S = A 2RoT (4)

where 0 is the Stephan-Boltzmann constant.

Thus, measuring the signal at a temperature T, of a source of area A,

a distance r away, with a detector size Ad
2d

.'°.--,S r 2

R (5)
A A T

The detector was calibrated at 5000, 600, 700, 8000, and 900C.

Applying the data to equation #5, the responsivity of this detector

and rotary chopper combination is:

R - (5.444 - 0.046) x 103 w/mv

17
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or R (1.837 ± O.016)x 10-i mw/v.

The small standard deviations over the large range of temperatures

attests to the flat response of the pyroelectric detector. The validity

of the calibration was further checked by a linearity check. The

calibration had been accomplished with a black body aperture of

3.3x1- cm . The calibration was repeated at 9000C with five other

apertures from 1.OxlO to 1.0x0 cm . The results had a standard

deviation of less than five percent.

To determine the effective transmittance of the As S lens at
2 3

3.51 Um, two more sets of calibrations were made. The first was made

with a narrowband filter with half maximum values of 40% at 3.398 pm

and 3.599 1m. The final set of calibrations was made with the lens

and filter in place. Since a different solid angle is generated with

the lens, it was necessary to know the diameter of the lens. However,

the edges of the lens were non-uniform and probably less effective than

the paraxial section used in the experiment. Therefore, a variable

(iris) aperture with a set diameter of 1.62 cm was used in front of the

lens. To ensure the proper focus, the black body radiation was focused

with the 3.5 1m filter in place. An equivalent responsivity for each

case was calculated at each temperature. The ratio of the averages

resulted in an effective transmittance of 72.4% (at 3.51 jam) for the

lens. Thus, for the entire system at 3.51 -m:

S5-7---x (0.1837 mw/v)

or P - (0.254 mw/v) x S (6)

18
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III THEORY

Modes of Operation

As the experiment was conducted, many unexpected phenomena were

encountered. High pressures had power dips. Low pressures had leveling

and even declining curves. At times, small pressure changes caused

disproportionate power changes. If the bellow valve at the hollow

cathode was opened or closed, the physical discharge and the power out

changed abruptly.

These phenomena appear to be the result of the transition of the

discharge from one mode of symmetry operation to another. A symmetric

mode of equivalent voltages driving the three anodes at the same current

is the expected mode of operation. Under some conditions, though, an

asymmetric mode evolves; a mode in which the same currents are main-

tamned by different voltages at the anodes. This asymmetry is due in the

most part to plasma "creep." The plasma actually leaves the axial

portion of the hollow cathode tube and extends into the side arm of the

vacuum system.

This extension of the plasma is probably due to the plasma seeking

more surface area for primary electron emission, i.e., a larger cathode.

The larger cathode results in a lower voltage driving the same current.

This lower voltage on the first anode results in an "asymmetric" mode

of operation; asymmetric because the voltages and glow discharges are

now different. This asymmetry causes gradients within the hollow

cathode discharge and destroys the uniformity of the plasma within the

laser volume.

In order to present a potential barrier to the plasma, a wire

19



mesh screen was installed at the junction of the side arm of the hollow

cathode. In spite of the screen, though, the plasma would still transi-

tion into an asymmetric mode of operation at some pressures and mixtures.

It would appear that the wire screen merely reduced the number of

transitions.

. Although a uniform excitation of a long column is normally the

accepted premise of hollow cathode discharge lasers (Ref 16:61), this

non-uniformity is not necessarily an undesirable effect. When the

power in the symmetric mode begins to level, the asymmetric mode of

operation can actually generate more power from the laser. This aspect

* . :will be demonstrated in the power comparisons of section IV.

Gain and Loss Parameters

This treatment for gain and loss measurement relies heavily on

chapter 6 of Yariv's book (Ref 21 and chapter 3 of Pedrotti's unpub-Sw
lished book (Ref 13).

The total outgoing wave of a laser is (Ref 21:114):

"t I-t -12k' 2 2 -1 4k'(

Et tlt2Eie  [I [1 + r1r2e
2  + r1r 2  i ] (7)

Figure 8, however, illustrates that if a known loss is inserted via an

added transmittance, Ta, it scales with the exponential term.

tltTa 2 -12k'.t 2 2-4 -14k'£

Et =tt2TaEie [1 + r1r2 Teae + rlr 2Tae + ] (8)

or
Tat t e

Et E 1 2()
t Ei - 2 -i2k' C T (9)

1 - Tar 1r2e

The oscillation requirement is that the denominator become zero, or

1 Tar rre1 2 k (10)
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W.--77 7

where r_ = reflectivity of mirror 1

r = reflectivity of mirror 2

and T = transmittance of added loss.
a

The amplitude portion of this complex k' thus requires:

?..2 {yt(w)_
1 Tar 1 r 2 e (11)

Hence,% I 2
( = - In(Tarlr 2 ) (12)

or

-t = a- 1 In(Tar2 ) (13)

for rI = 1.00.

However, the gain (Ref 21:125) is:

Yo2-S @Y i + Pe i P s  14
""= 1T .F(14)

e es

where yo = unsaturated gain coefficient

P = total emitted powere

P = power emitted by spont, emission at threshold.
s

Once the oscillation threshold is exceeded, Y =Yt

Thus,

-' "P = P {2 I ( 1 5 )
e s a - in (Tar 2 )

However, the useful output of the laser is but a fraction of the

emitted power, specifically, [-In(l-T)I/L

* where
~2

L ak - in(Tar2 ) (16)

representing the total losses of the system. Hence,

22
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• ."-In(l-T) Yo0
= 0= - { - 1 (17Po Ps L L (17)

or, substituting the atomic parameters for the power emitted by

spontaneous emission at threshold (Ref 21:126),

P {8-rn s hAvV t s ont1{ H I} (18)
o Qt.~ t2 -

but, t n- (19)

and the output power becomes:

"P = f 87n 2 hvVc }{-1n(1-T)}{-- - 1} (20)

0 X 3 (t 2/t ) L:[.¢,. s oon t

This agrees with Pedrotti (Ref 13:3-43) and differs from Yariv only in

the fact that the approximation -ln(l-T)= T is not used. Note that this

approximation would have been inappropriate in the case of (-T)=R-0.790

*- *-for coupler #3 in this experiment. Let

(Is)A - 8rn2 hAVVc (21)
i'.-. ; s (t t2 / t spont )

where A-V/Z,the cross sectional area of the mode and (Is) is the

-.saturation intensity (Ref 21:108).

[ -" Let

g = yok (22)

and e = 1 - Li (23)

where Li represents the internal losses of the system including

diffraction losses, scattering and absorption by imperfect Brewster

windows, etc. (Ref 16:3-45). Finally:
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P = (Is)A[-ln(l-T)][ g 2-1i] (24)
0: o -ln[ (1-Li) (l-T) ]-ln(Ta 2)

The optimum coupling is found by setting the derivative with

respect to T equal to zero. Thus:

::'i (1 Topt) =exp[L - /_g11]

or Ropt exp[Li - /g'i] (25)

for Ta =1.00

L% A least squares fit of a number of data points to the non-linear

equation:

P- C[ g -1] (26)

where C = (Is)AI-ln(l-T)] constant (27)

g = gain (22)

a -In[ (l-Li) (l-T)] (28)

and x = -In[Ta2 ", the independent variable

will yield the desired gain of the medium as well as the internal loss,

Li. Obviously, the more inserted losses used, the better the resolu-

tion of the parameters of the laser medium, provided, of course, that

accuracy is within acceptable limits.

In fact, if the measurements are accurate, power out comparisons

should be valid by changing the "T" values and obtaining a theoretical

power figure. Within the medium, Li and g are not functions of T, but

the oscillation condition is. From equation 27,

C - (Is)A[-ln(l-TM)] (28)

where T is the coupler used in the measurement.
M

For the jth coupler, Tj,

24
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.... . . . . . . . . .,n ,= .

= [ln(lTM)] (29)

Hence,

[ln(l-Tj) g -(30)P"' P J ln-(l.-TM) -lnt(l-Li)(l-Tj) ]

Thus, a theoretical power out, Pj, can be compared to actual power out,

Po, to verify the g and Li calculations.

Alternate Method. An alternate method is to insert high losses

which will inhibit the oscillation of the laser until it approaches

threshold. This method yields a linear approximation to the tail of

the power curve and requires a mere linear regression instead of the

more involved non-linear fit.

Unfortunately, the resultant figure is the value of the "net" or

effective gain of the medium.

P 9[ g -1]=0

o a+x

requires that x = g-a or that the x-intercept equal the gain minus the

losses. If neither g nor Li is known, the other cannot be determined.

25
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IV ANALYSIS AND DISCUSSION OF RESULTS

Modes of Operation

In this experiment, the hollow cathode discharge exhibited

definite "modes of operation." For example, figure 9 illustrates the

large difference in output with a pressure change of one rorr. The

broken line (4 torr) reveals a leveling trend of the power followed by

an increase. The solid line (5 torr) depicts power out increasing in

a more familiar manner.

A study was undertaken to determine what causes such a behavior

in a small parameter change. In figure 10, the solid curve of 5 torr

is duplicated, but the broken line labeled "MODIFIED" is much more

linear in the 6-12 mamp region. Above 15 mamps (per electrode), the

curves coincide. The difference lies in different modes of operation:

symmetric vs asymmetric. The asymmetric mode is characterized by

unequal voltages driving equivalent currents.

The modification which resulted in the broken line was to set

the current, allow the power to stabilize (at the solid curve level),

disconnect the second anode, and then reconnect the second anode. This

modification will be referenced as the 3,2,3 modification. At the

lower currents, no change was evident. Above 15 mamps, the mode of

operation had already evolved into the asymmetric mode of operation.

In the 6-12 mamp range, the anode voltages and power out changed.

Typical figures are in Table I.
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Table I

Power and Anode Voltage Comparison in Different
Modes of Operation With 5% Xe at 5 Torr

ANODES ANODE VOLTAGE POWER OUT
7CONNECTED #1 #2 #13 (detector volts)

1,2,3 320 325 327 1.96
1, 3 313 0 325 2.22
1,2,3 313 323 325 2.20

This example illustrates the difference between the symmetric (first

case) and the asymmetric (last case) modes of operation.

An initial explanation would be that the gain is saturated with

the full complement of three anodes. A brief investigation, though,

of 5% Xe at 4 torr revealed the three curves in figure 11. The

symmetric mode leveled off. Using only two anodes resulted in only

slightly more power after the level off. However, the 3,2,3 modifica-

tion increased power significantlyt If the medium is saturated in the

three anode condition, one would not expect the power to be significantly

* higher under the 3,2,3 anode condition.

One possibility would be that the medium is saturated in the

symmetric mode of three anodes (hence the leveling of power out), but

the induced asymmetric mode destroys the uniformity of the glow dis-

charge and creates a gradient between the separate glow discharges.

*The general behavior of the 3,2,3 modification mode of 5% Xe at 4

torr is interesting. In contrast to the 5 torr mixture which evolved

naturally into an asymmetric mode above 12 mamps, the 4 torr mixture

tended to prefer the symmetric mode and would fluctuate between the

3,2,3 mode (higher power) and the symmetric mode (lower power) after

the 3,2,3 modification was made.
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This gradient results in more power out from the laser.

Another experiment was done using 10% Xe at 4 torr. The first

run was made with a symmetric current. In the second run, a resistor

in the current regulator for the first anode was replaced. Thus, as

anodes two and three were varied from 3 to 24 mamps, anode one was

varied only from 1.8 to 7.2 mamps. This difference resulted in a

deliberate, marked gradient between the first and second anodes. This

mode is referenced in this paper as the non-equal current (NEC) mode

of operation because the currents are not equal as opposed to the

'* asymmetric mode which has equal currents. As seen in figure 12 (with

arbitrary units), the NEC mode continues its increasing power profile

after the symmetric mode has leveled.

Due to the time constraints and the preset focus of this experi-

ment, this phenomenon was not investigated further, but is mentioned

as an observation for future investigation.

All the remaining data in this thesis was taken with equal cur-

* rents in the three anodes. All attempts were made to ensure that the

symmetric mode or the naturally-evolved asymmetric mode was operating

when the power measurements were taken; thus assuring the relationship

of the various mixtures and pressures. These modes will also be dis-

cussed in conjunction with the power out curves.

Power Comparisons

The power measurements were very consistent and could be duplicated

to within a few percent on different days with different fillings of

the same mixture and pressure.

The maximum power comparison in figure 13 summarizes the results

of this investigation: the optimum mixture and pressure is 10% Xe at
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4 torr. Measurements at 8% and 11% Xe at 3.5, 4, and 4.5 torr were

made to ensure the validity of this value. The resulting maximum

_U powers were all slightly less than the power for 10% Xe at 4 torr.

If the various power curves are compared to one another, many

trends become evident. For example, notice the legend in figure 13.

-- As the percentage of Xe increases, the pressure for the maximum power

'-curve decreases. Other trends are obvious when the curves are compared

in groups of pressure or mixture.

Pressure Comparisons. At 8 torr (see figure 14), all mixtures

have a power dip at the lower end. The current position of these dips

is illustrated in table II.

Table II

Current Parameters of 8 Torr Power Dips
*With Diiferent Mixtures of Xe

"- Xe CURRENT CURRENT
(BEFORE DIP) (BOTTOM OF DIP)

20 4.1 4.8
10 3.3 4.3

5 3.5 4.5
2.5 4.0 4.6

In the mid-range of 7-12 mamp, the curves show a definite uniformity.

The level-off phenomenon of gain saturation affects first 20% Xe at

13 mamps and then 10% Xe at 15 mamps. In table III, the dip data is

arrange.d according to power out in the range immediately after the

dip. A trend is more eviden te rent position of the dip in-

creases with power out.
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Table III

Parameters of 8 Torr Power Dips

% Xe POWER AT CURRENT CURRENT
9 mamps (BEFORE DIP) (BOTTOM OF DIP)

i0 1.37 3.3 4.3
5 1.11 3.5 4.5

20 0.87 4.1 4.8
2.5 0.60 4.0 5.6

At 4 torr (see figure 15), power increases with current with each

mixture until the leveling phenomenon is more prominent. After 18

mamps, both extremes, 20% and 2.5% Xe mixtures, actually decrease in

power out. Meanwhile, the output of the 5% mixture eventually begins

another climb and the 10% mixture is just leveling.

At 2 torr (see figure 16), the situation is reversed. The

extremes, 20% and 2.5% Xe mixtures, are fairly uniform, but first the

10% Xe mixture and then the 5% Xe mixture decline. At 2 torr, then,

the leveling phenomenon appears at a lower current and the evolution

of the asymmetric mode does not appear (at least not before the 30

mamp limit of this experiment).

Mixture Comparisons. At 20% Xe (see figure 17), the lower

pressures are more efficient. The turning point is 2.5 torr with the

maximum power decreasing on either side. It should be mentioned,

though, that the 2 torr power out was slightly higher until 4.5 mamps.

At 10% Xe (see figure 18), 2 torr actually declines after approx-

* imately 12 mamps. Af ter the power dip of the mode transition of the

* 8 torr power curve, it parallels the 4 torr curve which is still in

the symmetric mode.

At 5% Xe (see figure 19), the 4 torr curve has succumbed to the
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leveling phenomenon and is slow to evolve into the asymmetric mode.

However, at 5 torr, the transition to asymmetric is so rapid that the

leveling is unnoticeable. (See figure 10.) The 8 torr curve parallels

the 5 torr, while the 2 torr pressure remains in the symmetric mode

and actually declines rather than transition (before 30 mamps).

At 2.5% Xe (see figure 20), the 6.5 torr of pressure is the

survivor and parallels the 8 torr curve, including a slight mode

transition dip. The 2 torr power curve is leveling in the symmetric

mode and the 4 torr curve fails to transition and merely declines.

Coupler Comparisons. Figure 21 emphasizes the effect of the

different output couplers on the optimum mixture and pressure of 10% Xe

at 4 torr. Since coupler #1 (R = 89.6%) was the first coupler used,

it is used for comparisons. With coupler #2 (R = 79.0%) the power at

lower currents was boosted significantly (42% at 3 mamps) while the

power at higher currents was less enhanced (4% at 27 mamps). On the

other hand, the highly reflective coupler #3 (R = 95.6%) resulted in

the same power output at 3 mamps as coupler #1, but the power had a

lower rate of increase as current increased. At 27 mamps, output for

coupler #3 was only 68% of the output for coupler #1.

Efficiency Comparisons. If one defines the efficiency as the

ratio of power out to power in, then (assuming the calculated value

1 dv = 0.254 mw), the efficiency for three anodes is:

Eff (.254)(detector volts)/[3(anode voltage)(anode current)].

The efficiencies of the maximum power curves (figure 13) are

plotted in figure 22. Because the 5% mixture at 5 torr requires less

voltage, it is slightly more efficient than the optimum 10% Xe at 4
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torr. It is interesting to note that the 2.5%, 5%, and 10% Xe mixtures

all converge to a common value.

Figure 23 illustrates the relative efficiencies of the coupler

comparison in figure 21. The relationship in figure 23 is so pronounced

because the efficiency of the laser is directly proportional to the

power out while the power in is the same with each coupler. With

coupler #2, the efficiency at 3 mamps is much greater than with coupler

#1 because the difference in power out is so great. At 27 mamps, the

efficiencies are about the same. On the other hand, the efficiency of

- coupler #3 is the same as coupler #1 at 3 mamps, but then decreases

more rapidly.

Gain and Loss Measurements

Windows of various transmittances at 3.51 Um were inserted into

the cavity slightly away from normal. Power out was plotted against

-ln(Ta 2 ). Transmissivities at 3.51 -m were obtained by averaging at

least four values of I/Io outside the cavity. For severe losses, four

microscope slides were used. Their transmissivities were 0.543,

0.499, 0.495, and 0.484. Three thin quartz windows with transmis-

sivities of 0.904, 0.890, and 0.875 and a thicker quartz window of

T = 0.817 were used for more moderate attentuation and hence better

curve fitting. The resulting data was fit by the method of least

squhres to equation #26.

All measurements were taken at the optimum mix and pressure:

10% Xe at 4 torr. For comparison, the gain and loss parameters were

investigated at both low and high currents with coupler #3 (R - 0.956).

For contrast, a high current measurement was also taken with coupler

#2 (R 0.790). For consistency during the lengthy process, the current
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was varied slightly to maintain the reference power.

Curve Fit Method. The first set of measurements was made with

R = 0.956, current = 7 mamps, and power out - 1.31 dv. The data is

plotted in figure 24. The least squares fit of equation #26 yields:

a = 9.972x0
2 ; g = 1.988; and C = 6.912xi0

- 2

Hence, (from equation #28) Li = 1 - [(exp(-a)/(l-T)] - 5.33% and

(from equation #25) Ropt = exp[Li -(g xLi)] - 76.17%.

The second set of measurements was made with R - 0.956, current -

25 mamps, and power out = 2.5 dv. The data is plotted in figure 25.

-2
Least squares fit: a = 9.546x0- ; g = 1.724; and C = 0.1464. Hence,

Li - 4.92% and Ropt = 78.50%. Table IV is a comparison of theoretical

power out using equation 30 with the interpolated (straight line) data.

TABLE IV

Comparison of Theoretical and Interpolated Power
Using First and Second Measurement Data

OUTPUT THEORETICAL INTERPOLATED
COUPLER # R [%] POWER [dv] POWER [dv] % DIFF.

1 89.5 1.87 1.79 4.73
2 79.0 2.12 2.30 8.69

3 95.6 1.31 1.31 0.09

1 89.5 3.49 3.74 7.74
2 79.0 3.85 4.08 5.90
3 95.6 2.50 2.50 0.10

However, the third set of data proved to be perplexing. The

plotted data for R - 0.790, current 25 mamps, and power out = 3.9 dv

is plotted in figure 26. The least squares fit (solid line) yielded:

a -2.523x0 g -1.850; and C 6.136x1 However, the resultant

Li - 1.64% is implausible for this laser and greatly in variance with
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the earlier calculations. Also, the calculated Ropt 85.40% is

contrary to the experimental results. Note also the large discrepancy

in the theoretical power in table V.

TABLE V

Comparison of Theoretical and Interpolated Power
Using Third Measurement Data

OUTPUT THEORETICAL INTERPOLATED
COUPLER # R [%] POWER [dv] POWER [dv] % DIFF.

1 89.5 3.90 3.74 4.32

2 79.0 3.88 3.90 0.51
3 95.6 3.40 2.50 36.14

If, however, the Li is fixed at 5.125% (the average of the first

two), the two-parameter least squares fit (the dotted line in figure

26) is still very close to the first curve, but g = 1.788 and

C = 7.320xi0 - . Compare the values in table VI.

TABLE VI

Comparison of Theoretical and Interpolated Power
Using Two-Parameter Fit Data of Third Measurement

OUTPUT THEORETICAL INTERPOLATED
COUPLER # R [%] POWER [dv] POWER [dv] % DIFF.

1 89.5 3.42 3.74 9.30
2 79.0 3.81 3.90 2.44
3 95.6 2.42 2.50 3.31

In fact, it is reasonable to apply the average loss to the first

two cases as well. When a two-parameter forced fit is applied with

Li - 5.125%, the plotted curves are indiscernible from the three-

parameter fits. Table VII compares the 1.31 dv data, (g - 2.058 and
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C 6.542x ) a- the 2.5 dv data (g f 1.681 and C = l.536x

V. TABLE VII

Comparison of Theoretical and Interpolated Power Using
The Average Li - 5.125% for Low and High Current Data

OUTPUT THEORETICAL INTERPOLATED
Ropt COUPLER POWER [dv] POWER [dv] % DIFF.

76.07% 1 1.86 1.79 4.09

2 2.10 2.30 9.64
3 1.31 1.31 0.02

78.49% 1 3.51 3.74 6.44
2 3.89 4.08 4.98

": 3 2.49 2.50 0.33

Thus, for Li f 5.125%, the average difference between theoretical and

interpolated power is 4.51% for g = 2.06 at 7 mamps and average

g=1.73 at 25 mamps.

Taking the process a step further and performing forced fits for

several values, 4.92% < Li < 5.33%, the least variation of the average

difference between theoretical and interpolated power is 3.72% when

Li = 4.92% for all coupler data. It is therefore most reasonable to

accept the following:

Li - 4.92%; g = 2.14 at 7 mamps; and g - 1.75 at 25 mamps.

Alternate Method. The alternate method of gain measurement takes

a linear regression of the points on the tail of the curve. Since

four points were measured in this area, a fair approximation is pos-

sible. Table VIII compares this value with the calculated quantity

x - g-a from the first method.
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TABLE VIII

Comparison of the Curve Fit and Alternate Methods
of Parameter Determination

CURRENT R [%] X-INTERCEPT CALCULATED % DIFF.

7 mamps 95.6 1.750 1.960 12.02
25 mamps 95.6 1.541 1.583 2.73
25 mamps 79.0 1.693 1.500 12.87

Twelve percent difference would provide a good start for a non-linear

regression. Note however, that the calculated x-intercept for the

three-parameter fit of the R = 79.0% data would be 1.598, which is

only 5.94% different. This value is deceptively close; deceptive

because Li = 1.64% is implausible in this laser. Thus, the limitation

of the alternate method is again brought to light. It merely reveals

the quantity x = g-a. Unless a minimum variation of Pj i C[g/(a+x) -1]

is iterrated between the three couplers, one could only say that

g-a = 1.69.

Supplementary Observations

In this experiment, many phenomena were observed which were not

directly related to the other four divisions of this analysis section.

They are, however, items of interest which should not be left unmen-

tioned. These observations fall under the categories of temperature

dependence, contaminants, beam uniformity, and gas breakdown.

Temperature Dependence. The power appeared to have a definite

dependence on the temperature measured at the external surface of the

hollow cathode. The power would regularly increase during the temper-

ature ranges of 38-42*C, 48-52*C, and 57-600C. The laser power would

reach a higher plateau at each of these ranges.
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Contamination. The He-Xe is extremely sensitive to any contamina-

tion within the hollow cathode. With the least contamination (via

system leaks) the power output would be generally lower, would rise

more slowly, and would actually decline after about 12 mamps, much like

a symmetric mode which will not evolve into an asymmetric mode. For

example, a small leak developed at the aft brewster window in this

laser. It was only large enough for the diffusion pump to be unable to

-7
pump below 1.7x10 torr and yet the laser displayed these typical

characteristics of contamination. After fixing the leak, anode voltage

decreased and power increased yielding better efficiency. Until

completely outgassing the contaminants, the power decreases with the

laser valve closed. Opening the laser valve creates a reservoir effect

and decreases the partial pressure of the contaminant in the glow

discharge.

TW Beam Uniformity. As mentioned earlier, the laser beam appeared

to have "hot spots" which could be painstakingly focused onto the

detector. If one of the anodes was disconnected, the power of such a

hot spot would rapidly increase as much as 54%. On the other hand,

these hot spots would decrease in intensity as the temperature of the

tube increased.

Gas Breakdown. At lower pressures the gas discharge was more

difficult to initiate. This was more pronounced at lower mixtures of

Xe. For example, 10% Xe at 1 torr would require high current and

voltage settings for gas breakdown, while at 2.5% Xe, 2 torr would be

the lowest pressure for gas breakdown. This also led to a hysteresis-

type effect in the power curve. As seen in figure 27, when current

was decreased, the power remained up until one anode failed to break-
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down the gas. As the current was then increased, the power would stay

down until the anode resumed its usefulness.

.. Discharge Irregularities. With 20% at 4.5 torr, an irregularity

was noted in the physical characteristics of the discharge within the

tube. At 3 mamps (per anode), the glow discharge appeared normal

within the hollow cathode tube. As the current was increased to 21

mamps, the bright glow discharge advanced to fill the entire hollow

cathode tube from brewster window to brewster window. At 24 mamps, a

small jet of bright discharge was seen at the junction of the side arm

and the hollow cathode tube. Figure 28 illustrates the flame-shaped

cone extended into the axial portion of the glow discharge. As the

bellows valve was moved from the open to the closed position, every-

thing was stable until 1 turns before sealing. At this point, the

glow discharge dimmed significantly and "jumped" back from the brewster

windows. As the valve was sealed, the glow discharge jumped back to a

point halfway to the brewster windows, and the glow intensity increased

again. Table IX contains a synopsis of the events.

TABLE IX

Power and Anode Voltage Comparison at Different

Valve Positions with 20% Xe at 4.5 Torr

VALVE POSITION POWER ANODE VOLTAGES

[dv] #1 #2 #3

Open 2.06 328 359 357

1 Turns
before sealing 2.10 321 359 357

Closed 2.20 332 360 357
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U AXIAL VIEW:

vacuum system
Sside arm

,,inside wall of tube

-------- negative glow boundary

LONGITUDINAL VIEWS:

a. with valve open;

b. 1 turns before sealing;

c. with valve sealed.

Figure 28. Physical Characteristics of HCD at 24 mamps
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Because this phenomenon was observed late in the experiment, further

investigations of it were not possible. It would appear, though, to
.. be further manifestations of the modes of operation theory developed

* earlier in this thesis.

'59

.. .. - . . . . . .



V SUMMARY AND CONCLUSIONS

The He-Xe hollow cathode discharge laser is an infrared laser which

oscillates at 3.507 urm. The small size and minimal power requirements

of this laser make it an ideal probe laser. Power and anode voltage

p' measurements were within 3% from day to day and from filling to filling.

The He-Xe HCD laser operates in definite symmetry modes. The sym-

metric mode of operation is characterized by equivalent voltages driving

the anodes at the same current. The asymmetric mode is produced when

the plasma extends out of the axial portion of the hollow cathode and

is characterized by lower voltage at that anode. The non-equal current

(NEC) mode of operation is obtained by operating one or more of the

anodes at different currents.

The He-Xe HCD is more powerful in the symmetric mode until

saturation is reached. As current is further increased, either power

declines or the asymmetric mode evolves. After saturation in the

symmetric mode, the asymmetric mode produces more power. After satura-

tion, the NEC mode of operation is also more powerful than the

symmetric.

The use of internal mirrors in lieu of brewster windows would

reduce the internal losses and could increase the power. However,

assuming the brewster windows account for a total of 1% loss, applica-

tion of equation #30 indicates only a 4% power increase. This minimal

gain may be insufficient to outweigh the disadvantages of internal

mirrors. One disadvantage is that internal mirror coatings tend to

erode in the active medium of a laser. Another disadvantage is that

some of the Xe lines now inhibited by the calcium fluoride brewster
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windows would no longer be inhibited and could degrade the desired laser

line.

Figure 29 illustrates the optimum reflectance for an output

coupler with the laser operating at 7 mamps or 25 mamps. In the current

configuration, the optimum coupler for this laser is 78.3% or 75.9% with

the discharge current at 25 mamps or 7 mamps, respectively. Again,

., ,though, the "optimum coupler" would not enhance the current output more

than 4% over the current coupler #2 (R = 79.0%) and would probably not

be worth the cost.

The maximum power out for this He-Xe hollow cathode discharge

laser is achieved with 10% Xe at 4 torr of pressure. At 27 mamps, this

combination yields 4.15 dv (1.05 mw) with the valve closed or 4.55 dv

(1.16 mw) with the valve open.

If efficiency is the main concern, though, 5% Xe at 5 torr is

almost as powerful at 27 mamps, but requires less voltage and is

therefore most efficient.

Unfortunately, the higher currents cause high temperatures in the

system. The hollow cathode can reach 60*C within two minutes. If

this maximum power is required, some temperature controls will be

necessary. Finned jackets radiating to forced air may be sufficient.

7 :If not, water cooling will maintain temperatures.

Stable temperatures between 31C and 46*C can be maintained

between 3 mamps and 9 mamps, respectively. In this range, the most

power out is 2.91 dv (0.74 mw) at 9 mamps with 9% Xe at 4.5 torr.
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VI RECOMENDATIONS

.- Unless maximum power is required, the laser should be operated at

9 mamps with 9% Xe at 4.5 torr.

If maximum power is required, 10% Xe at 4 torr with 27 mamps of

current should be used. However, external cooling will be necessary

for use in excess of about 1 minutes.

Since the output was susceptibe to temperature changes, an investi-

gation of temperature dependence might be undertaken.

Operate the laser with coupler #2 (R=79.0%). From figure 30, it

is apparent that internal mirrors or a mirror closer to the specific

-optimum value would not be cost efficient.

A thorough investigation of the NEC mode should be made by varying

one of the anode currents while maintaining the others constant. This

procedure should be accomplished above the current at which the symmet ic

mode saturates. It sould also be accomplished above the current at

which the asymmetric mode saturates (e.g. 20% Xe at 8 torr above 24

mamps) to ascertain whether the NEC mode also enhances the asymmetric

mode of operation.
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