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ABSTRACT

A high power dye laser using LD490 and Rh6G has been
successfully pumped with a multiple array of hypocycloidal pinch
(HCP) plasmas. Laser excitation was achieved for the first
time with high-pressure heavy gases (Xe, Ar) in the HCP device.
Up to 230 kW of blue-green laser outputs were measured.

The untiuned peak wavelength of the blue-green laser with
LD490 is 503.5 nm and the maximum output energy density is 40
mJ/em>. The length of the laser pulse (FWHM) is ~1 us. A
maximum overall efficiency of 0.012% is achileved.

The laser output characteristics are studied in this
experiment for the type of gas, the filling gas pressure and the
laser cavity parameters.. The spectral distributions of laser
output, fluorescence, absorptlon and pumping light are also
studied. The spectral radliation of the HCP source shows good
spectral match wlth the absorption spectrum of LD490. Therefore,
the laser output power obtained with LD490 was higher than with
Rh6C. Consequently, the HCP array is very attractive to pump
blue-green lasers compared with the conventional flashlamps.

Spectral efficiencies of blackbody and bremsstrahlung
emissions are theoretically studied to compare the emlssion of
the HCP array. The maximum efficiencies obtainable are 26.46%

at the temperature of 9750 K for blackbody radiation and 13.84%

at 38,500 K for bremsstrahlung emission. The measured color
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temperature of the HCP array 1is 7,250 K when a blackbody emis~-
sion is assumed. The spectral efficlency for this temperature

is 22.08% or 83.45% of the maximum efficiency obtainable from

. blackbody radiation.
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CHAPTER 1

Introduction

A. Background

Dyes are more attractive than other gain media for producing a
laser that 1s easily tunable over a wide range of wavelengths. Dyes
can be used in the solid, liquid, or gas phases and their concentration,
and hence their absorption and gain, is readily controlled. Also, the
cost of the active medium, organic dyes, is negligibly small compared

to that of others. Early speculations about the use of organic com-

pounds (Refs. 1 and 2) produced correct expectations of the role of vi-

bronic levels of electronically excited molecules (Ref. 3), but the first
experimental study that might have led to the realization of an organic
laser was by Stockman (Ref. 4) et. al. and Stockman (Ref. 5). Using a
high-power flashlamp to excite a solution of perylene in benzene between
two resonator mirrors, Stockman found an indication of a small net gain
in his system. In 1966, Sorokin and Landard (Ref. 6) at IBM's Thomas J.
Watson Resear:h Center, Yorktown Heights, were the first to obtain stim-~
ulated emission from an organic compound, namely chloro-aluminum~phtha-
locyanine. Stimulated emission from phthalocyanine compounds, erypto-
cyanine and methylene blue was reported in 1967 by Stapanov and co-
workers (Refs. 7 and 8). Today dyes cover the range from 40 nm- 1
micron. The n-st efficient dyes are in visible region, generally
running between 460 nm to about 660 nm.

In particular the blue-green laser has a low absorption coefficient

in water (Ref. 9), and it is the best candidate for underwater communi-
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cation where high pulse energy is of primary importance. Usually the
flashlamp pumped dye laser is considered for this application. The
copper vapor laser is the best immediate choice for underwater range-
gated application, where 5-20 nanosecond pulses are needed. A single
pulsed laser that is suitable for both applications is not yet available.
A cw laser with reasonable efficlency is also unavailable. Of all the
flashlamp pumped dye laser pumping configurations that have been demon-
strated to date, only the vortex stabilized flashlamp configurat®on
offers the operational lifetime (>107 shots) and high average power
capabilities (>10 watts) required for most ocean optics applicatioms.
The goal for ocean optics is to define a device with the characteristics
of Table 1 (Ref. 10). However, there is no system which outperforms
these requirements to date.

A natural step to follow in developing dye lasers was the develop-
ment of laser pumping light sources. The flashlamps comparable in rise-
time and intensity to gilant-pulse ruby lasers enabled dye lasers to be
pumped with a convenient, incoherent light source. Xenon flashlamps
have been commonly used as the pumping light source for liquid dye
lasers. Other pumping light source have been tried for liquid dye
lasers, but these have not been shown to be better pump sources than
flashlamps (Ref. 10). However, flashlamps have some disadvantages for
high power operation. At optimum operation, the volume of the lamp is
completely filled with the discharge. The rapidity and uniformity of
the discharge is attributed to photoionization of the fill gas. For

this optimized operation of a flashlamp laser system, there are serious

limitations in the system that could not be overcome. Localized line

L e 4




Goal and Achievement for Ocean Optics

Table 1

AT s e TR ‘

Goal

in the Experiment

Achieved

Output energy per pulse

Pulse length

Pulse amplitude stability

Operational life

Output wavelength
Output bandwidth

Power consumption
Size

Weight

50 millijoule
0.5 microseconds
+ 5%

> 20 hours

490 30 nanometer
< 10 angstrom

< 10 kilowatts

< 24 cubic feet

< 550 pounds

163 millijoule

~ 1 microseconds

> 20 hours

503.5 nanometer
70 angstrom

< 10 killowats

< 24 cubic feet




discharges or filaments always form so that the discharge volume is not
completely filled. In addition, the nonuiform pumping of the dye cell
produces an undesirable profile of laser beams and reduces the optical
coupling efficiency. Also the relatively large inductance of the xenon
flashlamp leads to slow rise time in. current. The rise time of current

is typically 140 nanoseconds for energies below 100 joule. The maximum

electron or plasma temperature of the discharge is in the neighborhood
of 2.5-3.0 eV (Ref. 11). This plasma temperature of the flashl-mp can-
not be raised by increasing either the discharge current or the filling
gas pressure. The input energy 1s limited by the fact that the 25,000
K blackbody radiation should not load the envelope significantly in
times of a few microseconds (Ref. 11). Therefore, clustered linear flash-~
lamps for dye laser excitation which has a number of potential advantages
over competitive pumping techniques has been used. Furthermore, several
dye capillaries, each with its own linear flashlamp to realize a single
system that can produce either high energy-per-pulse at low pulse repe-
tition rates or low energy-per-pulse at high pulse repetition rates have
been used (Ref. 10). The primary disadvantages of the clustered flash-
lamp pumping geometry are that flashlamp lifetime is limited by wall
erosion and electrode sputtering to fewer than 106 shots and the effi-
ciency is characteristically quite low. Workers at Naval Electronics
Laborabory Center succeeded in producing 50 millijoule pulses (on a
single shot basis) from a double capillary clustered flashlamp system.
An efficiency of 0.25% was reported (Ref. 10).

Recently, the intense ultra-violet emission from a dense plasma

focus apparatus was studied, and advantages in power output, life




expectancy and availability of spectral selections in the UV, vacuum-UV,
and soft X-ray region have been recognized (Ref. 12), This device has
also been proved to be useful for visible spectral emission which 1is
suitable for pumping high power dye lasers. This geometry is called a
hypocycloidal-pinch or HCP and was originally developed for production
of plasmas with parameters characteristic of thermonuclear fusion re-
actors (Ref. 13). The successful pumping of an iodine photodissociation
laser at 1.315 uym and a xenon recombination laser at 2.027 um using the
hypocycloidai—pinch array have been reported (Ref. 13). Also laser
activity fromadye (rhodamine 6G) by using a double unit array of HCP

as the exictation light source has been reported (Ref. 14). By using the
HCP device, a plasma electron temperature, Te’ of 1 keV and a plasma
density, ng» of 1019 cm-3 have been achieved (Ref. 15). However by
changing the operating conditions, such as filling gas pressure, gas
species, input energy and the HCP geometry, it 1s possible to lower Te
and n, to the ranges apprximately 1 eV and 1018 cm_3, respectively.
Expecially, the multiple unit array of HCP which renders a long gain
length is suitable for pumping a blue-green dye laser at the power level
appropriate for the underwater communications.

Recently a low power blue-green dye laser has been indeed pumped
with an array of HCP (Ref. 16). A low pressure-light gas regime of HCP
operation was used and consequently the laser output was limited to 10
mJ per pulse at an efficiency of 10_42. When a few torr of heavy gas,
Xe, was used they failed to obtain laser action due to the slow rise
time of the pump light even though the heavy gas produced higher energy

light pulses than that of the other gases tested - such as deuterium,




helium and nitrogen. This slow rise time (>2 us) may come from the

large capacitance (86 yF) they used for the system.

B. Purpose of the Project

The purpose of this project is to develop a new pumping light
source for dye lasers by using a hypocycloidal-pinch (HCP) array which
may enhance the output power level of pulsed blue-green dye lasers.
Demonstration of high power capability, durability of the system as
well as characterization of the HCP plasma as a dye laser source are
the major objectives of these experiments.

The following are subjects of investigation for the purpose:

1. Laser output power or energy as a function of filling gas
pressure in HCP (argon, xenon and helium);

2. Laser output energy dependence on output coupling;

3. Laser output power as a function of number of shots;

4, Laser output energy as a function of the dye concentration;

5. Laser output energy as a function of input energy;

6. Spectroscopic analysis of the pumping light of HCP;

7. Lasing spectrum and fluorescence spectrum of dye LD490;

8. Absorption spectrumof dye LD490; and

9. Spectral efficiency of radiation for pumping LD490.




CHAPTER 1I

Description of Theory

A. Hypocycloidal-pinch Plasma as
a Laser Pump Source

Figure 1 shows the cross section of the hypocycloidal pinch appar-
atus used for dye laser pumping. The device consists of eight brass
electrodes. One can visualize this geom:. 'y as formed by the cross sec-
tion of the coaxial plasma focus apparatus rotated about an axis, Z, po-
sitioned in front of and perpendicular to the electrodes. In contrast to
the normal practice which forms an HCP array by parallel connections
(see Refs. 12, 13 and 15), a series connection is used here. The series
connection increases the impedance of the HCP array and correspondingly
more electrical energy is dissipated in the device than would be for a
parallel connection. As shown in the figure, the eight electrodes are
connected in series with four chains of resistors. Each resistor chain
consists of seven resistors resulting a total of twenty-eight resistors.
When the switch is triggered, the currents flow through the resistor
chains for a very brief period of time providing voltage divisions for
each electrodes. Due to this divided voltage applied on the electrodes,
gas breakdown occurs over the insulator surfaces simultaneously. The
insulators which were made of ceramic glass (Macor) and placed between
the electrodes are in the form of a disk, but have a decreased thickness
toward the center hole so that the shadow effect of the electrodes could
be minimized. Once gas breakdown is achieved at the insulator surface,

the current buildup causes the current sheet to more radially outward in
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an inverse pinch mechanism by the action of the Fx3 force, forming a
parabolic current sheet over the insulator surfaces. The current sheets
subsequently accelerated toward the center hole until they collapse into
the hole.. The collapse of the current sheets makes two types of plasma
modes depending on the filling gas species and pressures (Ref. 13). The
first is a heavy gas-high pressure plasma mode and the second is a light
gas—low pressure plasma mode. In the latter case, the current sheets
launched from the insulators advance radially toward the center hole and
form strong pinches around the axis of the apparatus. These pinches pro-
duce several plasma foci. 1In the former case, the collapse of current
sheets is mild and forms plasma rings near the edges of the center holes
as indicated by the circular line in Figure 1. For dye laser pumping,
the high pressure mode is preferred to the low pressure mode because it
is easy to insert a dye cuvette along the axis of the apparatus without
disturbing the plasma-ring formation, and the heavy gas plasmas produce
more high-intensity light pulses than light gas. It is also possible to
adjust the diameter of plasma rings by changing the impedance of the
circuit, the rundown distance, and the filling pressure.

The following seven phases of the discharge occurs in the dynamics

of the hypocycloidal-pinch:

1. Voltage division at the electrodes through resistors;

2. the inverse pinch over the insulator at the beginning of
the discharge;

3. the rundown of the current sheets as a result of the 3 X %

force toward the center hole;




10

4. the collapse of the current sheets into the center hole;
5. the formation of plasma rings;

6. the expansion and radiative cooling of the plasma which

results in
the intense emission of radiation in the ultra-violet,

visible and infrared ranges.

- RN R A 0 e i G i
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The HCP array used in the experiment has a rundown radius of 32 mm with
a 16 mm diameter center hole. The space between electrodes is 6.4 mm. i
An O-ring is positioned between the electrode and the insulator in order i
to make vacuum sealed chambers which keep the filling gas. The impe-
! dance of this device varies rapidly from zero to the maximum value as
the current sheets move toward the center hole. The dominant component .
of the impedance of the system is the inductive reactance. The maximum !
inductance of the device for one unit can be calculated by the following
simple formula, assuming the current sheets as a coaxial path (see Fig-

ure 1).
} L = (uo h/27) 1n (rz/rl) (henrys) (D

where, M3 permeability, 4m x 10.7 henrys/m
i h; distance between electrodes, 6.4 x 1073 n
radius of the plasma ring, 8 x lO-Bm

rys radius of the outer edge of the electrodes, 32 x 10“3 m.

The calculated value of the maximum inductance for one unit is 2.7 nH.

Therefore, the total series inductance (Lt =7 x Lmax) of the HCP array

is 18.6 nH. This value is less than the inductance of the capacitor used
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and extremely small when compared with a typical linear flashlamp. Only
coaxial flashlamps may have comparable inductances. Therefore, it is
desirable to have the HCP coupled with an extremely fast pulse power
source for efficient operation although no effort was made to obtain

such a power source for this experiment.

B. Dye Laser Kinetics

In the energy levels of a typical dye molecule in solution as shown
in Figure 2, there are a manifold of singlet electronic states, G, S1,
S2 and triplet states Tl and T2. For most purposes, dye lasers can be
described by these five electronic energy states and the transitions
between these states. Each of the electronic states is very wide in
energy, being broadened by a continuum of vibrational, rotational, and
solvent states. This continuum gives rise to the characteristically
broad, structureless absorption and emission bands in the electronic
spectra of dye molecules in solution. If the ground state G of the
molecule is in a thermal equilibrium with its surroundings at room temp-
erature, most of the molecules are in the lowest vibrational level of G.
Thus in the absorption process, the molecule is raised from the rota-
tional-vibrational levels of the excited singlet states S1 and S2 in
accordance with the Frank-Condon principle (Ref. 17). The molecular

absorption cross section oo(A) is defined by the relation (Beer's Law)

(o)
IL, M) = 1(0, ) e @ (VN (2)

where 1(0, A) is the light intensity incident on an absorbing sample of

length L, N is the molecular concentration (number of molecules - cm_3)
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and I(L, A) is the intensity of the transmitted beam. A convenient form

for solutions to this equation is

-e(A)ML

I(L, A) = I(0, A) - 10 3)

where M is the molar concentration and €(}) is the molar decadic extinc-
tion coefficient (measured in litre . cm—l . mole—l). 1n terms of €(A),
OO(A) = 3,82 x 10—21 £(A). Here Oo(l) is given in units of cm2 (Ref.
17).

Depending on the wavelength of excitation light, the molecule may
be excited to the first excited singlet state, S1, or higher excited
singlet states S2. The latter is the case for many laser dyes excited
by UV pump sources. De-excitation of an excited dye molecule takes
place through fluorescence emission or through various nonradiative pro-
cesses. The process that is directly used in dye lasers is the radiative
transition from the lowest vibronic level of the first excited singlet
state, S1, to the ground state, G, for almost all dyes. The internal
conversion between S2 (and higher excited states) and S1 is usually ex-
tremely fast, usually taking place in times on the order of 10—11 - 10_12
sec; vibrational relaxation in the S1 state also occurs in times on the
order of picoseconds (Ref. 17), This is the reason why fluorescence
process is generally independent of the initial electronic state, 52,
or the initial vibronic state of S1 to which the molecule may be excited.
I1f we compare these times with the lifetime of the S1 state, which is on
the order of nanoseconds, these times are very short. Therefore, the
fluorescence quantum efficiency, the fluorescence spectrum and the

fluorescence lifetime of most dye molecules are independent of the wave-




length of excitation light. During the relaxation process, S2+51,

which is a nonradiative transition, the large amount of energy must be

Therefore, ‘n thc comparison between the excitation

dissipated as heat.

processes G-+52 and G-»51 we see the disadvantage of the excitation pro-

cess G+82. Fluorescence (and hence stimulated emission) takes place

from the lowest vibronic level of S1 to various vibrational-rotational

levels of G. From here again, fast vibrational relaxation brings the

Therefore, . is obvi-

molecule back to the lowest vibronic level of G.

ous that the dye laser is in effect a four level laser system with all

the four levels lying in the singlet manifold. But there are two other

important processes. The first is intersystem crossing from S1+Tl and

subsequent T1-T2 absorption at pump or laser wavelengths. Both these

processes can have an influence on the performance of the dye laser.

As indicated earlier, stimulated emission originates from the lowest

vibronic level of S1, and takes place to a vibronic level of G. Since

the relaxation processes in the excited singlet states are so rapid,

all the excited dye molecules have an equal probability of emitting to

A given vibronic level of G. The emission cross-section Oe(X) is given

by the relationship (Ref. 17)

s 4
i Oe(>‘) - A E() , )
87 - Tf - C °n

where E()) is the fluorescence line shape function normalized such that

[TEQ) dy=0 . (5)
e j

Q{ is the fluorescence quantum efficiency (or quantum yield), n is the
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refractive index of the dye solution at wavelength A, Tf is the fluores-
cence lifetime (observed lifetime of the S1 state in the absence of

stimulated emission) and ¢ is the velocity of light, The many processes

which tend to decrease Qf can be grouped together into nonradiative pro-
; cesses occurring between states of the same multiplicity (internal con-
version), and those occurring between states of different multiplicty -
(intersystem crossing). If Kg is the rate of internal conversion be-
tween S1 and G, and Kt the intersystem crossing rate from S1 to Tl, then

the quantum yield of fluorescence is (Ref. 18)

F Tt ¢
i U =% FK +1/7 (32)
4 g t - rf
¥
K and
' T
¥ ¢
N Q = 7 (5b)
; rf
4
3 Finite values of Kg and Kt therefore lead to a decrease in Qf. Inter-
5 system crossing, in addition, populates the triplet states and results

in subsequent T1»T2 absorption. This can cause a severe loss mechanism
! in dye lasers.
The gain coefficient of the dye laser medium at wavelength X (in

the absence of external losses) is defined as
d 2() = 0 (M) N, - a®) N~ o) N, - ot () N (6)
N e 1 0 1 t

where N NI’ Nt are the molecular population densities (molecules/cm3)

O’
0 1 t
in the states G, S1 and T1, respectively; Oe‘ o, 0, 0 are respect-

ively the stimulated emission cross section, the G*S1/S2 absorption

cross section, S1*S2 absorption cross section and the triplet-triplet

- ——— - o — . L~

ST O T e S AT 4 I = 2
. ' . ! "l
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(T1+T2) absorption cross section. The three absorption processes which
lead to a decrease in gain at a given wavelength A are ground state
absorption, excited singlet state absorption and triplet-triplet absorp-
tion.

Ground state absorption at lasing wavelengths is due to partial
overlap of the fluorescence and absorption spectrum of the dye. If
most of the dye molecules were excited to higher singlet states, the

ground state absorption term oo(k) N. would be small and the zain would

0
have a maximum very near the peak of the fluorescence spectrum (in the
absence of S$1+S2 and T1»T2 absorption losses). For rhodamine 6G, the
Stokes shift is small and the gain maximum does not generally occur at
the peak of the fluorescence band. On the other hand, for some Coumarin
dyes (blue laser dyes) which have large Stokes shift, the peak gain
occurs at the wavelength of the fluorescence peak. In many dye laser
systems, part of the active medium had to remain unpumpéd for construc-
tional convenience. The unpumped solution acts as a passive absorber
and causes a shift in the laser emission peak towards longer wavelengths.
Coarse tuning methods such as concentration tuning, tuning by variation
of the length of the active medium or bv variation of pump power, all
utilize ground state absorption (Ref. 17).

Molecules in the excited state S1 can absorb either pump or dye
laser photons and go to higher excited singlet states S2 (Ref. 19). As
ment ioned earlier, rapid radiationless decay from S2 by a cascade of
internal conversion and vibrational relaxation processes, brings the

molecule back to the lowest vibrational level of S1. Therefore, excited

state absorption does not in general cause an inversion loss. However,
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the optical loss assoclated with excited state absorption of pump or
laser photons does adversely affect the dye laser performance in many
ways. Absorption at lasing wavelengths reduces the gain and efficiency
of the laser. If ol(k) > Oe(k), the gain is negative and laser action
cannot be obtained at wavelength A, For ol(k) < ce(A) lagser action is
possible but with reduced gain due to a lower effective stimulated emis-
sion cross section. At the pump wavelength, Ap’ the optical loss coef-
ficient due to excited state absorptions is c;(A) Nl, where oi(k) is

the excited state absorption cross-section at the pump wavelength.

This loss coefficeint increases with Nl' Another undesirable result of
excited state absorption is that since the $2+S1 transition is radiation-
less, pump or laser photons absorbed by molecules in Sl reappear as heat
in the dye solution, leading to deterioration in laser performance.

One of the earliest recognized problems associated with dye lasers
was accumulation of molecules in the triplet state Tl and subsequent
T1+T2 absorption., The radiative transition from TI*G transition is spin
forbidden and hence the triplet state lifetime Tp is relatively long
(usually in the 1077 ~ 1072 sec range), depending on the environment of
the dye (Ref. 19). It is possible to estimate the radiative lifetime,
Trp’ of the phosphorescence on the basis of the G*T1 absorption. Since
this transition is normally completely obscured by absorption due to
impurities, the phosphorescence radiative lifetime can be obtained from
the quantum yield of phosphorescence, Qp, and the observed phosphores-

cence lifetime Tp: Tp = QP Trp (Ref. 18). The radiationless transition

from an excited singlet state S1 to a triplet state Tl can be induced by

internal perturbations as well as by external perturbations. Molecules
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crossing over from S1 to Tl by intersystem crossing are trapped there
and cannot participate in laser action. A much more serious consequence
in that since triplet-triplet transitions are spin allowed, the relevant
absorption corss-sections 0t are large and for many dyes this absorption -
spectrum overlaps the S1+G fluorescence spectrum (Ref. 18). This leads
to a reduction in gain.

Dye parameters for rhodamine 6G and LD490 are shown in Table 2.

For LD490, only the available parameters are listed.

C. Rate Equations

A simple geometry of the HCP pumping configuration, as shown in
Figure 3, is used for the rate equation calculations (Ref. 17). The
laser resonator is made of the active medium of length L with two flat

~100% transmission windows, T_ and TZ’ and two mirrors (Ml' M2) of re-

1

flectivity R1 and RZ' At the boundary conditions, the right surface

of mirror M1 becomes boundary 1 and the left surface of mirror Mz be-
comes boundary 2. The laser light within the resonator is split into
two components, I+(x, t, A) propagating in the positive x direction and
I (x, t, \) propagation in the opposite direction. Ii(x,t, A) is the
photon spectral intensity, i.e., the photon flux per unit wavelength

A. The total laser spectral intensity I1(x, t, A) at any point within

the resonator is
T(x, t, A) = [T(x, t, A) + I (x, £, A). (N

+
In the treatment of the rate equations all variations in I (x, t, A),

and in the molecular populations normal to the laser axis, are assumed
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to be averaged out.
The rate equations for the :molecular population density Nl in the

first excited state S1 is

f 3N (x,t) N, (x,t)

L —p— = W(t) Ny(x,t) - T N, (x,t) / o, (1) I(x,t,)) dx

g

5 8,060 [ C0) 1056, @) (8)

where W(t) is the pump rate (s-l). The intersystem crossing rate Kt is

included in the fluorescence lifetime Tee In equation (8), depopulation

of the S1 state due to the excited state absorption at the pump or laser
wavelengths is neglected due to the short duration of the S2+S1 transi-

tion as compared to T Nl(x,t)/Tf is a spontaneous emission, and this

£

term decreases the population density N The stimulated emission is

1
represented by Nl(x,t) . f oe(k) I(x,t,A) dX. The stimulated emission
also leads to the depopulation of N1 for the S1 state. Consequently,
both the stimulated emission and the spontaneous emission lead to laser

: action. Therefore, the total laser spectral intensity, I(x, t, A) is

increased by these two emissions. Lastly, the ground state absorption

is represented by No(x,t) . f OO(A) I(x,t,A) dA. The ground state ab-
sorption at the laser wavelength increases the population density Nl.
Higher excited triplet states also decay nonradiatively in times

11 sec or less, so that the depopulation of the Tl

on the order of 10~
state due to T}1#T2 absorption can be also neglected. Thus leading to

the rate equation for the triplet state population density Nt as

BNt(x,t) Nt(x,t)
—_— = Kt Nl(x,':) - T

ot 9

-
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where Kt Nl(x,t) is an increment term of Nt due to molecules crossing
over from S1 to Tl by intersystem crossing. Nt(x,t)/'tt represents a
phosphorescence which i« the radiative transition form V1+G, therefore,
the phosphorescence decreases the triplet state popuiation density Nt‘
The total molecular density N is assumed to be constant and given

by
N = No(x,t) + Nl(x,t) + Nr(x,t) . (10)

The equati - for the photon spectral intensity iuside the active

medium is given by

+ + +
DAL L AL GG 1 (e, 1) {0 (N-0" 0N G, 0 -0° (DN (x, 1)
c at Ix e 1 0

. . Nl(x,l)
15 (A)Nt(x,z)r*r {) : (V)

U,

. | N](x,t)
1-(X,r,)\))’,(x,t,x)+b(}\) _[._ o E(A) (11)
f

where g(x,t,A) is the gain coefficient including time and space depen-
dence. bi(x) is a geometrical factor which takes into account the
fraction of spontaneous emission going into the active volume, For
transverse pumping, the pump intensity Ip is assumed to be constant with
respect to x, and reduction of Ip transverse to the resonator axis (i.e.,
into the active medium) due to the absorption is neglected.

For the simple dye laser configuration of Figure 3, the relations

are
+ -
I (0, t, A) =R, T1(0, t, ) (12a)

(L, t, ) = R, ta, u,on (12b)
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where R1 and R2 are the reflectivities of the resonator mirrors Ml and

- MZ. The instantaneous photon spectral intensities from each end of the
§ resonator are (1 - Rl) 1 (0, t, A\) and (1 - RZ) I+(L, t, A). The total
|
; output spectral intensity is
- +
Iout(t, A o= (1 - Rl) I (0, £, A) + (1 - RZ) I°(L, t, A) (13)

Using the boundary conditions for Iou (t, A), at boundary 1

t

10, t, \) = I7(0, t, A) + 17(0, t, A) = (1 + R T7(0, t, 2).(14)
Therefore,

- _1(0, £, A) |
I (0, t, X)) = “?le—ﬁzj_ (15) !

At boundary 2
(L, t, A) = T'(L, ¢, A) + T (L, t, A) = (1 + Ry TH(L, t, 1).(16)

Therefore,

+ _I(L, £, A)
1 (L, t, A) = W 17

The equation (13) becomes

(1 - RZ) (1 -R
m*i{lj I(O, t, )\) +

5)

W I(L, t, A) (18)
2

Iout(t’ A) =

In this experiment, the reflectivity of mirror M1 was >99%, therefore

Rl ~ 1. Then equation (18) becomes
|
(1 - R)
i Lo (60 M) (g T €0 ) (19)
!Z
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For threshold, the gain per unit length should be equal to or

greater than the loss per unit length. This relation is given by
G2\ RR, = GF(M) R, 2 1 (20
12 2=

where G(\) = exp{fL g(x, A) dx}. G()A) is defined as the single pass
0
gain of the medium, After reaching threshold, the laser output is in

the following form

I = - I(t, A) % 1n R.R,= - I(t, A) % In R (21)

out 172 2

fL I(x, t, A) dx is defined as the average value (with
0
respect to x) of the laser spectral intensity, for any time t. The ordi-

where I(t, ) =

=

nary photon rate equation extensively used is given as follows (Ref. 17)

31(—;—;——)‘1 = {25(c, 1) L + ln R} 1—%4-—)‘1 (22)
rt

where Trt = 2 In/c and g(t, A X, t, A) dx are defined as the

l“h—‘
O&.

photon round trip transit time and the averaged value of gain (with re-
spect to x) for any time t, respectively. n is the refractive index of

the dye solution and c is the speed of light.




e . Do s T —
— —— e ——

25

CHAPTER III

Experimental Results and Discussion

A. Experimental Arrangement and Electrical System

Figure 4 shows the experimental arrangement of a dye laser system
with an HCP array. As shown in the.figure, seven brass electrode disks,
separated by six insulators, are connected in series with resistive vol-
tage dividers. The dotted curves represent the final positions of the
current sheets which produce the array of plasma rings. The plasma rings
emit intense radiation over a wide range of the spectrum. The intense
light emitted excites the active medium of the dye laser system and pro-
duces a high power laser. The dye was circulated by a micrepump which
had a 3-micrometer filter inside. This filter was inserted in order to
minimize the scattering of laser emission by impurities. For best fil-
tering, a 0.4 ~ 0.5 micrometer filter should be chosen, but in this ex-
periment, the 3-micrometer filter was used and it was found to be satis-
factory. The total amount of dye was 2 litre. A stainless steel can
was used as the dye reservoir. The dye circulating system was made of
stainless steel, teflon, and glass which were not chemically reactive
in the methylalcohol solution of dye. The dye circulating method has
normally been selected to minimize the dye degradation and the loss due
to absorption by the accumulated triplet state.

Ml and M2 are the resonator mirrors. Ml is a flat mirror with >99%
reflectivity, M2 is an output concave mirror which has 2-meter curvature.

Several output mirrors with different reflectivities were used. These

flat-concave mirror combination was chosen to satisfy the stability
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condition for an optical cavity. The stability condition for the optical

cavity 1is

0<g <1, (23)

1 8

where 8, and g, are the dimention.ess quantities defined as

L

g =1 - =
1 rl
- L

gl =1- T,

and T and r, are the mirror radii of curvature and L is the length of
the laser resonator. The calculated values of 81 and 89 for the HCP
laser svstem was 1 and 0.83, respectively. Therefore, 8 * B, was V.83
which satisries the stability condition. The laser output and pumping
livht siynal from the HCP were monitored with silicon diffused photo-
diodes (EGSG, SCD-040A), Dl and D2. The spectral responsivity at the
wave lensth of 590 nm, i.e., rodamine 6G lasing wavelength, was 0.3 A/W,
ami oat H00 nm, i.e., LD490 lasing wavelength, was 0.25 A/W. Several
neatral density filters, F, were positioned in order to protect the
Jetector from over powering.

The dve cuvette was made of quartz or pyrex glass tubing which had
a o2-mm overall length. Two different diameter glass tubes were con-
nected to complete the dye cuvette. The large diameter feor both was
13 mm and the small diameter was 8 mm or 3.5 mm. The puprose of this

peometry was two fold., The first aim was to reduce the effect of the

unpumped length of the active medium which causes the shift of the laser

peak wavelength to longer wavelengths due to ground state absorption.
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The second one was to pump the laser active medium uniformly over the
whole gain length of the dye cuvette., For these purposes, a long stain-
less steel tube attached with a small quartz window on its end was in-
serted in the larger diameter glass tube so that the active length of

the dye is limited to the smaller diameter tube. Both ends of the glass

tube were sealed with the stainless steel tubings and teflon O-rings.
The HCP device was evacuated to a pressure less than 2x10_2 Torr

before it was filled with argon, helium or xenon gases.

B The schematic diagram of the electrical system including the HCP
is shown in Figure 5. A power supply (universal voltronics, BAL-10-70)

) with the maximum operational range of 50 kV, 70 mA was used for charging

!
the capacitor bank Cl' In this circuit, two processes are coupled - a ’

charging process and a discharging process. The major components are

the main capacitor bank, Cl’ and the HCP as the load. The main capaci-

tor bank, C consisted fo three 2-UF capacitors connected in parallel.

el Y- ronindd )

1!

The parallel connection of the main capacitor banks was made with two

aluminum plates which were insulated by thin mylar sheets. Because the
inductance between two electrodes is proportional to the distance be-
tween the electrodes, the two closelv placed aluminum plates with almost
zero dJdistance result in near zero inductance. The measured total capaci-

tance of Cl was 6.01 UF as listed in Table 3. The two processes of

charge and discharge are controlled with switches S1 and SZ' The

switches Sl and S2 were electrically operated simultaneously with an-

e—— - il O s et it .

other manual switch. A vacuum relay was used as S1 which had a hold-off

veltage up to 50 kV. As switch Sl’ a normal relay was used. The

charging resistors Rl and R2 were chosen to control the charging time




29

"RALSAS TVOINLOATY HHL 40 WVYOVIA DILVWIHIS °G TdN9I1d

4-
wooew L1l
| 1 ,}w .T.
gl = |

_m_ _
‘ W
(dOH) avol . o o "A'H
tH 1S
{o/oll.m..
tS
YO3IMS J8UTdY 1 CS
S Burdaeyo :1IS Mg OAT nd ...‘,,mmiom mma
oA VWOT :2d GAL T 240y “d4doge e

Mueq J03Toeded urew AXQ9 ¢ (J4ME0°g douejToeded paancesu) 4ngtl T




& 4 e,

» 423,

L LRI

Table 3

Characteristics of the Main Capacitor Bank

Number of capacitors

Number of switches

Maximum voltage

Total Capacitance

Total energy

Total inductance

Inductance of one capacitor

I on short circuit
max

60 kv
6.09 uF
11 kJ
20 nH
60 nH

200 kA

30
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and to prevent over loading the power supply. By connecting resistor
R3 between the trigger capaciltor, C2, and the load, a closed circuit for

C2 was constructed. In order to minimize the inductance of the circuit,
all components were connected as close as possible with coaxial cable.
High voltage closed toroid type terminators were capped on the resis-
tors Rl and R2 for minimizing the leakage and corona losses. The cal-
culated value of the circuit inductance 1s shown in Table 4. The HCP
and the main capacitor bank were separated by a spark gap while charging.
When the charging process was finished, the spark gap was initiated by
the voltage applied on the trigger pin which was produced by closing

S,. At the same time, S was opened for discounnecting the power supply.

2 1

Then the energy of the capacitor bank was transferred to the load (HCP).
In this experiment, a single spark gap was used and jitter associated
with multiple gaps were avoided. Because only one spark gap was em-

ployed, the circuit of S, connected with the same power supply and

2
ground of the main capacitor bank, it was possible to generate the trig-
ger voltage for the spark gap. If several spark gaps had to be chosen
for the discharging process, an independent power supply might be re-
quired for triggering the gaps simultaneously. The circuit parameters
were investigated by detecting the induced current signal on Rogowski
colls. The period of oscillation was found to be 6 us. Therefore the

rise time was about 1.5 us and the ringing frequency was 167 kHz. The

ringing freguency of an RLC circuit is calculated as

(24)




TABLE 4

Inductance of System

32

Total inductance Lt
Inductance of capacitor bank Lc
Inductance of coaxial cable Lw
Inductance of HCP Lh

Others (Miscellaneous) Lm

149 nH
20 nH
47.09 nH
18.6 nH

63.31 nH

+ L
m

h

*
L=L +L +1
t c w




where £ = ringing frequency (hertz),

¢ = capacitance (farads),
I.t = inductance (henries), and
R = resistance {ohms).

The HCP system used had an under-damped circuit or

2
0 > 3
MC

Therefore, equation (24) can be reduced to

fo—1 (25)

From equation (25), the total inductance of the system was calculated
by measuring the frequency f and the capacitance C. The expression

for resigtance of the circuit is

L
t
naz\!; | (26)

The instantaneous value of current in an oscillatory RLC circuit is

calculated as

1 = 2WECV - exp (- %ii) . sin 2mft (27)
t

where 2%fCV = undamped peak current,
Rt
exp (- --—) = damping factor,
2Lt
sip 2nft = oscillatory function, and
t = time.

The peak discharge current occurs at 1/4 period of the circuit ringing

frequency. At peak current the oscillatory functiom sin 2nft is unity,




and the expression for peak current is

" R
1 | Im = 21fCV exp (- th') (28)

but 1/Ltc >> RZ/(ALi), therefore equation (28) becomes

Im = 27fCV, (29a)

or

I =V (29b)

£
m Lt
The results of these calculation for the circuit parameters are given in

Table 5.

B. Laser Output Power and Energy
Versus Filling Gas Pressure

The laser output energy and power dependences on filling gas pres-
sure for argon, helium and xenon are shown in Figures 6, 7, and 8. The
maximum gain of the laser medium was normally obtained at the 15 ~ 20
Torr range of the filling gas pressure. For these data, an 8.0 mm inner
diameter (I.D.) quartz dye cuvette, 4.6x10-4 m/1 dye concentration and
1.9 kJ input energy were used. The peak laser energy with xenon gas in
HCP was 1.5 times more than that for argon gas. Xencn has a higher atom-
ic number than argon and produces more photons than argon gas. The laser
output with argon was also 1.5 times larger than that for helium. The
atomic numbers of xenon, argon and helium are 54, 18 and 2, respectively.
Although heavier gases produce more gain, use of these heavy gases nor-

mally resulted in a longer current rise time, As explained earlier,




Table 5

Circuit Parameters

[ ' Period of oscillation T 6 us

] Ringing fequency f 167 kHz
Inductance L, 149 nH
Resistance R 0.3128 Q
Capacitance C 6.09 uF
Peak current Im 156.6 kA
Rise time T 1.5 us
Operating voltage range 0 ~ 40 kv
Operating pressure range 1 ~ 100 Torr (Ar, Xe, He)

—ny
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however, the rise time strongly affected by the circuit impedance.
Therefore high-voltage capacitor banks (capacitance= 6uf) were installed
for this experiment and the rise time of the current, which was about
1.5 us, did not show significant differences for different atomic
weight gases.

As shows in Figure 15, the spectral pumping light energy with 20
Torr of argon filling gas pressure showed good matching with the absorb—
tion band of LD490. Because of this reason, the optimum pressure was ’
experimentally determined as 20 Torr.

From Figures 6, 7, and 8, one may recognize the slope differences
and the differences of peak laser outputs. The slope of the laser out-
put with xenon is steeper than that of argon or helium. And the laser
output terminates at 100 Torr of xenon. However, the laser output will
not actually be zero. The termination of the laser output was caused by
the dye degradation. For the data of laser output power and energy de-
pendence on pressure of filling gases, quartz tubes were used as a dye
cuvette. The quartz allows the UV light to transmit and damage the dye.
The life time of dye, as a laser active medium, is a function of the
light energy of the pumping source. The upper limit of half life can

be calculated by using the following equation (Ref. 20):

T =.i3~ (Jl_l) (30)
lim 2u2

the u's are conctant for a given dye laser system, For LD490,

u1x103 = 1.88 and

-uleo8 = 0.42 (J1°

L.
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1

Therefore, T o 224 (kJ1 7). This information indicates that a small

11
dye volume and intense pumping light results in more rapid reduction of
laser output or dye life time. Consequently, the data in Figures 7 and
8 are not truly a function of gas pressure only, but a function of gas
pressure and dye degradation. If the laser output dependence on filling
gas pressure is investigated by changing the dye solution for every shot,
the slope of the laser output with xenon would be more mild. But this
test was not performed because of the difficulty of changing the dye for
every shot.

C. Laser Output Energy Dependence

on Output Mirror Transmittance

Figure 9 shows the laser output dependence on the cavity tuning. In

this case, the cavity loss is varied by the output mirror transmittance
(T). The maximum output energy was obtained with a 40% T output mirror.
As explained earlier, the photon spectral intensity at the cutput
mirror was described by Equation (19) as well as the Equation (6) for
gain. Employing the boundary conditions such as I+(x =1L, t, A) and

I (x =1L, t, A) to Equation (17) yields the following equations

(L, t, V) = (1+Ry) ta, e, N (31)
or
4R,
(L, t, ) = —= I (L, ¢, A) (32)
Ry

Therefor, correlating Equations (19) and (32), we have
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R
@, 6, M) = 1 I (6, V) (33)
2

R

The constant, 1:%~, on the right-hand side of Equati{on (33) represents
2

the fractiona® ;'ioton loss due to the output cou 'ing before the popu-
lation inversion is reached. 1In Figure 9, the positive direction of
the x-axis indicates the transmission increment. The transmission is
increased while the reflectivity decreases. And the fractional photon
loss decreases as the reflectivity R2 of output mirror increases.

As the rel!llectivity R2 decreases, the threshold energy in:reases
due to the inc:. ased photon loss. The threshold .ondition was defined
by Equation (21). However, as shown in Figure 9, the laser output
energy increases until the transmission reaches 407%. After the thresh-
old, the laser output can be determined by Equation (21). To interpret
the experimental data shown in Figure 9 which represents the laser out-
put as a function of mirror transmittance, Equations ((17), (21), and
(21)) are employed. If the averaged value of the laser spectral inten-
sity I(t, }) becomes invariaat, the laser output must be decreased by
the increasc in R2 according to the correlation shown in Equation (21).
However, Ttt, ) is varied corresponding to the gain g(t, A) in the
Equation (22). The pumping light intensity XP(L) is a function of time
and it shows the peak value at about 2.0 us as shown in Figure 10. The
population inversion takes place over the threshold point which is deter-
mined as a function of the output mirror transmittance. Therefore, it

is necessary for the threshold point to be placed at the time before

the pumping light intensity, lp(t), reaches the peak point. At a cer-

tain threshold, the laser output is maximized where the peak of laser




43

R e T T T e i et e

*dOH WOY¥d TYNIIS IHOIT ONIdWNd ANV ¥ASVT NIT4O-AN1E

1HOIT ONIdANd

AmW~<ﬁwe¢—hﬁll T T |

‘0T TNOId

43SV

—rayvi

— 091t

-1 02¢
(M)

ALISN3ILNI

H3IMOd YISV




44

output approximately coincides with the peak of the pumping light inten~
sity. Such a result is shown in Figure 10. The peak-match occured at
about 2 us. The population density Nl at the first excited state is
built up by the higher pump rate W(t) until the gain g(t, A) becomes
large enough so that the peak of the pumping light intensity Ip(t)
matches with the peak of the laser output signal which corresponds to
I(t, A). If the peak laser output occurs beyond the peak of pumping
light intensity by means of selecting an output mirror with the lower
reflectivity, the corresponding saturation time slows down to cause an I
increase in the triplet state population Nt' The low gain and triplet
state population due mostly to the slow saturation time rapidly decrease
i the laser output as shown in Figure 9. The growth of the triplet state
1 population density Nt plays a role as a significant loss factor in dye
laser systems. The triplet state populations absorb the photons at the
pump or laser wavelengths to build up to the excited triplet state T ,

n

o and then decay rapidly to the state T Again the phosphorescence

1

lifetime Tp is much longer than the fluorescence lifetime T There-

£
: fore, during laser action, the triplet state populations do not tramsit
to the ground state G. Consequently, the increased Nt leads to the
self-termination of laser action as shown in Figure 10. The light after
the termination of laser action becomes useless, and the unused light
attributes to the decrease in efficiency of the laser system. 1If the
rise time of the pumping light becomes very short, in other words, the

B light pattern is swung to the left-hand side of time-axis in Figure 10,

a significant amount of light can be accumulated for use‘ul laser out-

put power.

AN R SRR I s e e o @ N AR e A I S L e ] — - T., -
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D. Laser Output Power as a

Function of Number of Shots

Decreases of laser output with the repetitive shots was investi-
gated. Figure 11 shows the experimental results for about 50 shots
which began with a new dye cuvette and fresh dye solution. The laser
output power gradually decreases as the number of shot increased as
shown in the figure. The input energy for each shot was kept at 1.9 kJ.
The optical conversion efficiency of the HCP was reported to be 0.8%
(Ref. 21). Therefore, the absorbed energy was roughly 15.2 J for each
shot when we assume that the total pumping light was absorbed by the
laser active medium. The decrease of the laser output can be explained
by two factors. The first is a dye degradation which causes absorption
at the laser wavelength and consequently reduces the laser output power.
The secon:! cause mav be sputtering on the dye cuvette by the brass vapor
from electrodes. This vapor acts as a light attenuater. After about
50 shots, the laser output power was somewhat stable until approximately
the 150th shot. This result is not shown on Figure 11. The coated dye
cuvette was exchanged with aclean one after the laser output becomes
stable. However, no substantial increase of the laser output was obser-
ved indicating the sputtering is not a significant factor for the de-
crease of the laser output as the dve degradation.

When araen and the quartz dve cuvette were used lasing was observed
unt il about 190 shots. While with xenon and quartz cuvette only 30
shots were obtained before the laser action diminished. The xenon gas,

which was the heaviest 2as used in the experiment, produced more inteunse

light than argon sas.  Accordinglv, the more intense light produced, the
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faster the laser output decayed. With a pyrex dye cuvette, the decrease
of the laser output occurred much slower than with the quartz. In this
experiment, the lifetime of LD490 with a pyrex tube was not pursued.
It was reported that the exclusion of UV excitation energy could in-
crease the dye stability (or lifetime) as much as 50 folds (Ref. 20).
This was indeed observed in the experiment. The dye lifetime is much
longer with the pyrex cuvette than with the quartz cuvette since the
transmission: cutoff wavelength of quartz is 190 nm while that of pyrex
is 280 nm as shown in Figure 12 (Refs. 22, 23).
E. Laser Output Energy Dependence

on Dye Concentration

Figure 13 shows data for laser output energy versus dye concentra-
tion of LD490. The operating conditions for data plotted in Figure 13
were a 2% transmission output mirror, a 3.5 mm I.D. quartz dye cuvette,
20 Torr filling gas pressure of argon and 1.9 kJ input energy at room
temperature. With 4.6x10_4 M/1 dye concentration of LD490, the laser
achieved the peak value of output power. For a commercially available
flashlamp, 2x10_4 M/1 dye concentration of LD490 is normally regarded
as the best value of the concentration (Ref. 24).

The laser output power is in general functions of the dye concen-
tration and the photon flux density of a laser pumping light source.
Then a correlation which links the laser pumping light intensity to the
dye concentration has to be made to interpret the results shown in Fig-
ure 13. Commonly while a constant light intensity is maintained, the

denser the dye concentration, the higher the laser output. However,

there is a limit on the dye concentration, thereafter the laser output




*SSVIO XTYAd ANV ZI¥VND 30 FADNVILIWSNVYL TVNMAIXE AHL 2T TWNOLd

——  (wu) HIDONITIAVM

1 11) 2 00€ 002
1 1 i ! l 1
e 0c \ _q..
-
. D :
- oy 2
<
X3YAd =
- ziyvno — ) 7% 8
Y
- —108 __
(a3
| I | ] l l 00l &




49

*ALIZAND HAA Z1YvVaAd a1 ww G°f “‘YOWHIW

INd1N0 NOISSIKSNVEL %Z ‘¥¥0L 07 NOOYV ‘(™M 6°'T J0 XAO¥INZ INdNI NV IV

ILVEIAd0  “NOILVIINIONOO JFAd JHI 40 NOIIDNNA V SV AOYANIT INdLINO ¥IASVI €1 |WNOI4
( N,Ol x)
NOILYHLNIDNOD 3AAQ
YA S S b 0
| | | i 1 1 |
1
: &
$
. 2
4 S
e
® ® “ -
o ok
, |




50

starts to drop significantly because the increase in opacity of the dye
medium limfits the penetration of light and thus localize the lasing
activity of the dye on a thinly penetrated area only. On the other
hand, the dye medium under the penetration depth would absorb substan-
tial amounts of photons at the lasing wavelength during the amplifica-
tion process.

The intensity of light uniformly absorbed by the laser active
medium can be determined from the dye concentration for a given pumping
source. Accordingly, one may expect that the pumping light intensity
of HCP is much higher than that of flashlamps at the absorption band of
LD490. The absorbed energy at the absorption wavelength can be ex-

pressed by the following equation
- - "E()\)McL
Eabs(k) = Ep(k)(l 10 ) (34)

where EabS(A) = the absorbed energy by the laser active medium at the
wavelength A (Joule)
EP(A) = the pumping light energy at the wavelength A (Joule)
£()) = the molar decadic extinction coefficient at the wave-
length A (litre cm-.1 mole—l)
MC = the molar concentration of the laser active medium

(mole litre !

)
L = the length of the absorbing sample (cm).
From Equation (34), the absorbed energy will increase as the molar con-

centration Mc increases. The following were the actual values used in

the experiment
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1

e()) = 2.1x104 (1itre em ! mole” )

L = 1.75x10"2 (cm).
The product of these two quantities is defined as
a=€c(A) L
= 3.7x102 (litre mole-l).

Then the percent absorption, namely the ratio of the absorbed energy

to the light energy becomes
=1 - 10-Mc
Eabs(x)/Ep(A) 1-10 (35)

With the parameters listed above used in the experiment, the percent

absorption is 0.18 for 2.3x10~4 M/1 dye concentration and 0.32 for

4 4

4.6x10 " M/1 dye concentration. The percent absorption for 4.6x10°
M/1 dye concentration is 1.8 times bigger than that of 2.3x10-4 M/1 dye
concentration. The laser output energy for 4.6x10-4 M/1 was ~2.13 mJ
and for 2.3x10-4 M/1 was ~1.21 mJ. Hence, the laser output energy for
4.6)(10-4 M/1 was 1.76 times larger. Thus, based upon the dye concentra-
tion, one can see that the ratio of laser output (see Figure 13) deter-
mined from the experiment agrees well with the ratio of percent absorp-
tions.

Beyond the 4.6:(10-4 M/1 dye concentration, the laser output drama-

tically decreased. In this case, the decrease in laser output was due

to the fact that the light energy Ep from the HICP was mostly absorbed

by the dye within a thin penetration layer of the dye curvette and the
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dye beyond the optical penetration depth swallowed a substantial number
of photons at the laser wavelength. This phenomenon can be easily ob-
served by burning a Polaroid film positioned in front of the output
mirror. If the dye concentration is too thin, then the burned trace
on the film by the laser beam will reveal that the central area of the
laser beam has more brightness than the outer area. If the burned trace
at the center area is darker than at the other area, it can be concluded
that the dye concentration is too thick. This observation was made
using Polariod Film (Type 667) in the experiment.
F. Laser Output Energy Dependence

on Input Energy

Laser output energy dependence on input energy was investigated.
Figure 14 shows the experimental results of the laser output dependence
on input energy. The data depicted by open circles represent the laser

4

output energy with 2.3x10° M/l dye concentration and 20 Torr of argon

filling pressure using an optical arrangement which consisted of a 2%
output mirror, a 3.5 mm I.D. quartz dye cuvectte. The black points were
obtained by replacing the 2% T mirror, 3.5 mm I.D. quartz dye cuvette

4 M/1 concentration with a 40% T mirror, a 8.0 mm I.D. pyrex

4

and 2.3x10°
dye cuvette and 4.6x10 © M/l concentration, respectively. The slope
efficiency of the laser output described by those open circles in Fig-
ure 14 is as small as about 0.68x10_4Z and the threshold is 0.3 kJ of
the input energy. However, the slope efficiency for the tlack point

data 1is 42x10_42 which is much greater than those of the open circle

data. The threshold energy is 1.38 kJ as shown in Figure 14, The

laser output varies linearly as a function of the input energy. The
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following equation shows the linear relationship between the input and

output energles
Eo - BEi (Joule) (36)

where Eo is a laser output energy (Joule),

B is a slope efficience (%),

E1 is an input energy (Joule).
Dividing the slope efficlency by the total volume of the laser active
medium, the slope efficlency per unit volume can be defined in the

following form
~3
S =B/V (% cm ) (37)

The calculated value of S for the 2% transmission mirror and the 3.5 mm
I.D. cuvette was 8.63x10-5 (% cm-3) and the value for the 407 T mirror
and the 8.0 mm I.D. dye cuvette was 101.9x10_5 (% cm—3). From the latter
case, S becomes 12 times higher than the former one. The reason why the
efficiencies are so different can be explained by the laser nutput de-
pendence on the output mirror transmittance. As mentioned earlier (see
Figure 9), the optimum condition of laser output occurred for a 40% T

; output mirror, At this point, the laser active medium absorbed more

i energy due to the time dependence of the pumping light from the HCP and
resulted in the highest gain. The laser output with the 40%Z T mirror
was 10 times bigger than the output with 2 2% T mirror. This value is
in agreement with the difference for the slope efficiencies per unit
volume, S,

The threshold energy difference is due to the output mirror transmit-

. A N —— - -
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tance. The effects of dye concentration and volume may be resulted in
a combined aspect. The optical conversion etficiency of the HCP was re-
ported to be 0.8% (Ref. 21). Therefore the actual threshold energy for
the 2X¥ T mirror is 2.4 J and for the 40% T case it 1is 11.0 J. Then the
threshold energy difference between two different data is 8.6 J. For
many coumarin dyes, the threshold energies have been reported to be
about 12 J for flashlamp pumping (Ref. 25). According to the reference,
the lasing performance of many coumarin dyes was investigated using a
quartz dye cell (3 mm diameter, 14 cm long) which was located in the
center of a 30 cm long cavity formed by both a curved (0.5-m radius of
R curvature) and a plane broad-band mirror having 99% and 94*2% reflec-
tivities, respectively. For this system, the output mirror transmit-
3 tance was ~6%. Even though these investigators used a very low trans-
mittance mirror, the threshold energy they obtained was about the same

as the threshold energy of HCP laser system using a 40% T mirror. This

4 et B e -

difference indicates that the emission of the HCP source has a better
spectral distribution for pumping a blue-green laser and a better cou-
pling of the source and the dye medium.
G. Spectroscopic Analysis of the

Pumping Light of HCP

The spectral energy distribution of the pumping light of HCP from
200 nm to 460 nm is shown in Figure 15. The operating conditions of
the HCP are as follows. The input energy was 1.9 kJ and the fill pres-
sure of gases (argon and xenon) was 20 Torr. An 8.0 mm I.D. quartz or
pyrex glass tube was injerted aloug the axis of the HCP and through

which the emitted light was sampled.
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As was noticed earlier, the laser output had the maximum value at
the ~20 Torr filling gas preasure. The spectral distribution of pumping
light with 20 Torr gas pressure also showed that the peak wavelength of
pumping light matched very well with the absorption peak wavelength.

The spectrum of the pumping light was recorded on a KODAK spectro-
scopic plate (type 103-F) and the plate was developed with KODAK devel-
oper D-19 for 2 minutes. This plate was positioned inside the 1.5-m
McPherson spectrometer. By using a microdensitometer, the density dis- ‘
tribution of the pumping light for both continuum and line spectrum were
traced. The continuum part of the spectrum was chosen and the following
relation was used for converting the optical density into the energy

density deposited (i.e., exposure) (Ref. 26).

D = Ylog E (38)

where D is a diffuse density,

E is an exposure, and

Y is a coefficient depending on development time.
The spectral response dependence of the spectrometer was not included
but the spectral sensitivity of the plate from 200 nm t¢ 460 nm was
taken into account from the KODAK data book (Ref. 26).

In Figure 15, the solid curve represents the spectral distribution
which was obtained using the pyrex glass tube and argon gas. The dotted
line shows the distribution with quartz tube and argon gas. The dashed
line was obtained with xenon gas and quartz tube. The shaded area rep-

resents an absorption band (FWHM) of LD490 which contributes to laser

excitation. The peak wavelength of the spectral distribution with xenon
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is 418 nm and with argon.for both quartz and pyrex is 394 nm. The peaks
of the spectra are matched well with the right side of the absorption
band which covers from 370 nm to 430 nm The other absorption band
(FWHM) lies from 230 nm to 280 nm. From this data, one can see the
integrated energy difference at the apsorption wavelength not only be-
tween filling gases, but also between pyrex and quartz tubes. The emit-

ted light energy from xenon gas with the quartz tube at the absorption

Ny e

band was 1.3 times greater than that from argon gas with the same tube.
Therefore, the laser output with xenon gas was 1.5 times more than that
with argon filling gas for the quartz tube, as was explained in section

B of this chapter.

Figure 12 shows the transmission curves of quartz and pyrex tubes
for 1 mm thickness, which include surface reflection losses. The pyrex

cuts off the UV portion (below 280 nm) and the quartz transmission cut-

————

g off is about 190 nm. This characteristic can also be noticed from Figure
i 15. The light intensity with the pyrex tube and argon terminated at
about 270 nm and the light with quartz and argon terminated at ~200 nm. {
Q' Because of these transmission characteristics, the UV light is cutoff
by the pyrex tube before reaching the laser active medium. The UV light
%4 ; within the absorption band contributes to exciting the dye molecule to
t the higher excited state S2. This excited molecule transits to the first

i excited state, S1, rapidly (intersystem crossing) and increases the pop-

ulation density, N Therefore, the UV light loss due to pyrex trans-

1
3 mission cutoff will decrease the laser output energy. The area differ-

ence between the visible and the UV absorption band was 1.4. The

resulting laser output with pyrex was reduced by 1.5 from that with

.

BRCn, os <o < iAo . e SRR 5 R T Lt SN Jh SRR ' e "




Ny

v g G g 2

T - = o

59

quartz. This laser output difference agrees well with the area differ-
ence of the two LD490 absorption bands.
H. Laser and Fluorescence Spectrum

of LD490

Figure 16 shows the spectrometer system used for measurement of the !
spectral distribution of the laser beam. The components of the system

indicated in Figure 16 are as follows:

M.; A flat mirror with >99% reflection, XC = 490 nm, AA = £ 60 nm,

l;
where Ac is the center of wavelength of a mirror.

Mz; A concave mirror with 60% reflection (2 m curvature),
Ac = 500 nm, AX = % 60 nm.

B.S; Beam splitter

M3; A plane mirror

D.G.; Diffused glass

L.; 8.0 cm focus lense

Sl; S1lit 1 (opened 10 um)

Sz; Slit 2 (opened 70 um)

P.M.; RCA 1P28 photomultiplier

F; Neutral density filter

P.D.; Silicon diffused p~i-n photodetector (EG&G, SGD-040A)

The laser beam coming out through the output mirror M2 was splitted into
two beams through the beam splitter (B.S). One of the splitted beams was
directed into the photodetector (P.D.) and the other toward the spectro-
meter. The latter beam reflected by the mirror M3 toward the diffused

glass (D.G) which was used to obtain a virtual light source for the
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spectrometer. The diffused laser beam was collected by the lense L and

imaged on the s8lit S This slit opening of 10 um was adequate to oper-

1
ate the system within the linear range of the photomultiplier. The
gpectrum was produced at the glit 82' The slit 82 was kept at 70 um
which corresponded to about 1 angstrom spectral dispersion. The center-
wavelengths were varied between 495 nm and 513 nm. The beam passing
through the exit slit was detected by a RCA 1P28 photomultiplier for the
various center wavelengths. The other laser beam, which was detected by

a silicon diffused photodiode (P.D.), was used as a reference to calibrate
the output signal of the photomultiplier. The filter, F, was used to
attenuate the laser beam intensity to within the operating range of the
photodiode. These two signals were displayed on a dual beam oscilloscope
(Tektronics, Type 555) and the traces were photographed with a Polariod
instant film (Type 667). A trigger signal which came from the spark gap
switch was used to trigger the oscilloscope. The output signal from P.M.

was relatively calibrated by using the spectral sensitivity of the P.M.

supplied by the manufacturer. The equation of calibration is as follows

P (A = Py(X) {1 - } (39)

a2
S(Xm)(lm -2

where PC(A) is the calibrated laser peak power at the wavelength ) (W).
PO(A) is the measured peak power of the laser output at the
wavelength )} (W).

S(Am) is the photomultiplier sensitivity at the wavelength Xm

1

(mA W 7).

1 nm) .

a is a normalization factor (mA W

= St iy
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Xm is the wavelength at the reference point (nm).

A is the measuring wavelength (nm).
When the results from the 1.5-m McPherson spectrometer-photomultiplier
system were calibrated, the spectral distribution of the laser beam of
LD490 became as shown in Figure 17.

The system without the output mirror Mz, slit S2 and photomultiplier
(P.M.) was used for obtaining the fluorescence spectrom of LD490 on the
KODAK safety film 5062 which was positioned in lieu of the slit SZ' The
fluorescence spectrum was scanned with a microdensitometer to convert it
to a density curve as shown in Figure 18. The spectrum of a mercury lamp
(EG&G, Model No. 6035) was used as a wavelength reference whose lines
were drawn as thick vertical lines on the x-axis in the figure. The
pictures of spectral responses of laser, fluorescence and the HCP pumping
light including the mercury reference lines were compared as shown in
Figure 19. These were taken on high speed Polariod land film (Type 57)
by positioning the film at the location of slit Sz. The operating con-
ditions for these data shown in Figures 17, 18, and 19 were an input
energy of 1.9 kJ, argon gas of 20 Torr pressure, dye concentration of
4.6x10_4 M/1 and a 8.0 mm I.D. pyrex dye cuvette.

From these figures we find that the laser output power had the peak
value at the wavelength of about 503.5 nm and had a 4.0 nm spectral half-
width. The fluorescence has the peak value at 490 nm which was not
matched with the wavelength of peak laser output. The reason for mis-
matching between the laser output peak and the fluorescence peak wave-

lengths may be explained as follows. Firstly, this is due to the over-

lapped part of the absorption and the fluorescence spectra as compared
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to the results shown in Figures 18 and 20. Most of the blue-green laser
dyes do not exhibit this overlapped part as claimed in Ref. 17 and more
discussion about this result will be done in section I. Secondly, the
mismatching is due to a part of the unpumped active medium which is
caused by the configuration of the dye cell. The unpumped dye solution
acts as a passive absorber at the ground state, G, and causes a shift in
the laser emission peak towards longer wavelengths. But this unpumped
solution does not cause the loss of the absorbed photons in the lasing
process, since they repump the dye molecules and hence increase the in-
version. In this experiment, the shift may be caused by the second

reason.

1. Absorption Spectrum of LD490

f, The absorption spectrum of LD490 in the solution of methanol/water
(1/1) is shown in Figure 20. The absorption spectrum has three peaks at i
: 405 nm, 250 nm, and 225 nm. These three Gaussian type distribution

curves are mainly superposed on each other and form the total absorption

curve. The first absorption band with the 405 nm peak indicates the

ground state absorption to the first excited singlet state Sl and has a
! 60 nm half-width from 370 nm to 430 nm. The second and third absorption

bands with the 250 nm and 225 nm peak wavelengths represent the ground

and have a 50 nm half-width from 230 nm to 280 nm, and a 15 nm half-
? width from 215 nm to 230 nm, respectively. The molar decadic extinction
4

coefficients € (litre mole_1 cm—l) are 2.lx10A at the first peak, 0.8x10

at the second peak and 1.75x104 at the third peak. As discussed earlier,

the second and third peak absorption bands will not contribute to the
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laser action due largely to the transmission cut-off when a pyrex dye
cuvette is used. For a quartz dye cuvette, the whole absorption band
will contribute to laser action (see Figures 12 and 20). The absorbed
photon energy at the first peak is about 3.06 eV and the energles of
the second and third peaks are 4.96 eV and 5.51 eV.

As discussed in the earlier section, the partial overlap between
the fluorescence and the absorptlion spectrum does not normally exist for
most blue-green dye lasers. However, comparing the absorption spectrum
in Figure 20 with the fluorescence spectrum in Figure 18, one can obvi-

k ously recognize the area .. partial overlap. Tlhe tar-right of the ab-

sorption spectrum is decaying and ends at about 470 nm and for the

2o

fluorescence the far-left ends at about 460 nm. Thus, there is about
; a 10 nm width of the overlapping repion. This area is very small com~
i pared with the non-overlapping areas. Unless there exists some unpumped
i
. solution which was explained as a second reason for a laser wavelength
23 shift, the peak laser wavelength would be matched with the fluorescence 1
peak. However, there was some unpumped solution that may caused the
i ~13 nm shift in the laser emission. /
‘ i
J. Laser Performance ot Dves ?
h
(Rh6G, LD490) using HCP ;
t

‘ Using LD490, the performance data ot the most efficient laser out-
put pumping bv HCP was listed in Table 6. The molecular structure of ;
LLD490 is shown in Figure 21. For the data in Table 6, the laser signal

shown in Figure 10 was taken. For the laser pumning in the Figure 10,

607% T output mirror was used. As an independent data, this maximum

output signal is not following the result of Jaser output energy depen-
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dence on output coupling shown in Figure 9 whose result has the maximum
at the 407 T output mirror. From above discussion, one may recognize
that the HCP laser system would have better coupling if the operating
condition of the laser pumping system is properly set. The averaged
power in Table 6 is obtained by considering the interval between shots
which is about one minute.

In Table 7, the performance data of LD490 and Rh6G are listed. 1In
order to compar. the laser performance of these two dyes, the operating
conditions are also included. The laser peak power from Rhé6C .. 2 kW
while that from D490 is 2.25 kW which is higher than the formei. This
tendency cannot be found for lasers pumped with c¢ommerical Xe flashlamps
(Ref. 24). This Jdifference is the result of the fact that the spectra
of HCP at the UV wavelength is strocgzer than that of flashilamps which
are richeur in visible than UV wavelenyths.  As noticed earlier, the
spectra of the HLP with rilling ygas pressure of 20 Torr shows good spec-
tral matehing with the absorption band of LD490 (see Figure 15). Con-
sequentiv, the HCP laser svstem is suitable for pumping blue-green and
UV lasers whose absorption bands lie in near and far UV wavelengths,

respectivelv.

K. Sroorral fesicie o of Radiation

5 important to note that for a given spectral band there is an

¢

N optinur. tomperature that masinices the perventage of the total radiation

appearise in e absorption band of the laser active medium.  The purpose
of thi. e tien i o i the spectral etticiencies of blackbody and
Bremant gt ans tadiat oo tor pumpin LDad00 The spectral efficiency is




Table 6

Performance Data of LD490

Laser peak wavelength (untuned) 503.5 nm

Peak power (Max.) 230 kW

Averaged power (Max.) 3.8 mW

Pulse energy (Max.) 163 mJ

Pulse energy density (Max.) 40 mJ cm_3

Pulse length (FWHM) ~1 us

PRR Single shot
Overall efficiency (Max.) 0.0127

Spectral width 7 nm
Concentration &.6xlO~A mole litre-l
Operating temperature Room Temperature
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defined as the ratio of the absorbed photon flux to the total incident
(over all wavelengths emitted) photon flux. The primary interest of
this section is the absorption spectrum of LD490 without the far UV
absorption band.

The equations used for blackbody radiation are as follows (Ref.

27)
2 2
2¢ h =2 -1 -1
Ly = w55 (Wm "~ sr m ) (40)
A 5. he/AkT
A0 (PE/MT
o \ b -2
M=T [ L dy =0T (W ) (41)
e
0
where L, = spectral radiance,

M = radiant exitance,

Vs owaveleneth (m),

ho= Plank's constant 0 s),

. . . -1

¢ = velocity of light in a vacuum (m s ),

' : ' ,‘].

ko= Bolreomann's constant (1 K 7)), and

i ihselate electron temperature (K).

o

The Stetan-Boltomann censtant, °, is wgiven by

- R ~2 -
27k . ] 2 =4
= = Sonothx ) (W m K )

Poradiant photon flux density can be written as follows:

- (V)N
M = o p L - D ML

-0
Yody (Wm ) (42)

\ . . . e . -1
where (Y = molar Jdecadic extinction coefficient (litre mole cm )
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Mc = molar concentration of laser medium, 4.6x10-4 (mole litre-l)

3(m).

I. = the length of the absorbing sample, 4x10°
The values of Mc and L are the actual quantities used in the experiment.

Therefore, the spectral efficiency of ble_kbody radiation is

Mabq
th = 'Mw; x 100 (%) (43)

The equation used for bremsstrahlung emission are as follows: (Ref.

28)
~-28 2. ==l .
E = 1.9x10 NONZT Nk ) T can(=12395/AkT )
A € L : = €
-3 -1
(W em anestrom (44)
~ -0 o -3
F=/ F._db= 1,50 kI AN N, (W em ) (45)
0 A e ¢ 1
where E\ = the spectral bremsstrahlung emission per unit wavelength
and unit velune
E = the total radiation power
N = electrons per unit volume
e
N, o= ifens per ounit volune
i i
= et rective nuclear charge
¢ = Caunt factor
i = clectron temperature
o

In Equations (44) and (45), kT is in eV, and A is in angstroms. The
2

ahsoriod radistion ;owey i3

o S UMD

T R A AL ) (W oem ) (46)

fheretore, the pectral ctiicieney of bremsstrahlung emission is
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Eabs
nbr = E x 100 (%) (47)

The values for calculating the spectral efficiency, nbr’ are

- _ 17 -3
Ne = Ni 10 (cm 7),
Z =1, and
g = 1.

For this computation, a VAX computer and a Tektronics 4051 Graphic
System were used and the results are shown in Figures 22, 23, 24, and 25.

Figure 22 shows the spectral efficiency for blackbody, , as a function

1

of T. The maximum n is 26.467% at the temperature of 9750 K (5.84 eV).

bl
Figure 23 shows the spectral radiant emittance of blackbody for two dif-
4 ferent temperatures and the absorption spectrum of LD490., At the optimum

temperature (Topt) of 9750 K, the peak wavelength of emittance is 297 nm

which is not matched with the peak of the absorption spectrum (440 nm).

2y 5 BT

o In order to compare the emittance for the optimum temperature with the
2 emittance for the temperature whose peak wavelength is matched with the
<
1# peak of the absorption spectrum, Figure 23 is drawn. From this figure,
: one may see the reason why the peak of absorption is not matched with
f the peak of TOpt emittance. When the peak of spectral emittance matches
r the absorption peak, the short wavelength side of emittance shows a sharp
% decrease which causes a decrease of spectral efficiency. Therefore the

B LI

peak of TO . emittance should be shift to be shorter wavelength than
the absorption peak. Consequently, the peak of TOpt emittance matches
with the tail of the shortest wavelength of the absorption spectrum.

Actually, a calculation of the temperature for maximizing the photon

flux from a blackbody in the wavelength band, Al ~ AZ’ has been reported
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and the equation is as follows (Ref. 29)

i (ch/A TR, /A ) - 1}
opt 3 ln(kz/ll)

(48)

kT

However, the Equation (48) only considers a certain pump band and does
not consider the dye absorption profile. With Equation (48), the optimum Z
temperature for pumping LD490 which has absorption band (FWHM) from 370
nm to 430 nm is 12,000 K. This optimum temperature for the absorption
band is different from the optimum temperature considered for the absorp-

tion profile. The rather large difference indicates that care should be

taken for optimizing the pump source spectrum with the lasant absorption
band.
Figure 24 shows the spectral efficiency for bremsstrahlung emission,

n,_, as a function of Te. For low pressure discharges the plasma is

br
often optically thin and bremsstrahlung emission may be applied. At a :
temperature of 38,500 K (3.18 eV), the efficiency shows the maximum of
13.84% as shown in Figure 25. The figures shows '"'normalized' spectral

; radiance densities f 'r several different temperatures and an absorption

profile of LD490. The spectral curve is obtained by using the following

equation

E
A
. = 49
! En E (49)
; where, En is a normalized spectral radiation density and E is the spec-

tral bremsstrahlung emission. Figure 25 shows that En at the absorption

spectrum builds up at the temperature increases until the optimum temper- ;

ature, 38,5300 K, is reached. At temperatures above optimum, En decreases

AR iitnis i CTors aic VRS .




and thus the efficiency decreases. The peak wavelengths of En with
temperatures of 60,000 K (5.0 eV), 38,000 K (3.2 eV), 24,750 K (2.1 eV)
and 18,750 K (1.6 eV) are 130 nm, 190 nm, 300 nm, and 400 nm, respec-
tively.
A As the temperature increases, the spectral emission of blackbody
radiation increases both at the short and long wavelengths. On the
other hand, bremsstrahlung emission shows an increase only at short wave-
lengths and a decrease at long wavelengths. Therefore, the optimum tem-
peratures for blackbody and bremsstrahlung radiation shows significant
difference.
The radiation of a high-current flashlamps almost corresponds to
the blackbodv radiation at 8,000 K. The optimum temperature of black-
body radiation for pumping blue-green lasers is too high to obtain with
. flashlamps due to their low explosion energy (Ref. 11). On the other
hand, the radiation from the HCP plasma operated with high pressures
may be considered as a t - «body radiation and the optimum temperatures
for pumping blue-green dye lasers could be achieved with proper operating
i conditions. The high-input power operation of HCP for obtaining optimum
temperature little affects the lifetime of the all-metal HCP array.
. Indeed the color temperature measured was already over 7,200 K even with

the limited energy source (<3 kJ) used in this experiment.
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CHAPTER IV

Summary and Conclusions

A high power dye laser using LD490 and Rh6G was successfully pumped
with a multiple array of hypocycloidal pinch plasmas. In the experiment,
two different types of heavy filling gases in the high pressure regime
were used., For the first time laser excitation was achieved by the HCP
filled with high-pressure heavy gases (i.e., Xe or Ar). The untuned
peak wavelength of the blue-green laser with the LD490 was 503.5 nm and
the maximum output power was 230 kW with ~1 us half-width. The maximum
output energy was 163 mJ for LD490 and the maximum output energy density
was 40 mJ/cm3. A max.imum overall efficiency of 0.012% was achieved using
the HCP. The slope efficiercy of this system was 0,0047. The overall
efficiency was somewhat smaller than that for commercial flashlamp laser
svstem (<0.25%) (Ref. 10). This difference is mainly ascribed to the
impedance mismatching between the HCP and the high impedance external
circuit used. However, the externial circuit inductance could be sig-
nificantly reduced by adopting a fast pulse power circuit for the best
matching. Furthermore, a disk type capacitor bank system is custom made
and placed around the HCP, the system efficiencv will be improved dras-
tically.

The optimum pressure of the filling gas was -20 Torr. At +<his pres-
sure, there was a pood spectral match between the pumping light and the
absorption band of LD490. By using venon gas, 1.5 times more laser out-

ut energy was obtained as cempared with argon gas. This result 00
£ [ 2
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that using heavier gas in the HCP results in the emission of more intense
light. Laser output from the laser medium inside of a quartz dye cuvette
was about 1.5 times more intense than that obtained using a pyrex dye
cuvette. This result is due to the fact that the absorption band of blue-
green dye exists in the UV spectral region which is within the pyrex
transmission cutoff region.

A dye concentration of 4.6x10-4 M/1 was the optimum for the HCP
laser pumping. In the case of flashlamp pumping, optimum dye concen~
tration is reported to be ~2.3x10-4 M/1. This indicates that the HCP
laser system is more suitable for high power blue-green laser pumping
than flashlamp laser systems.

Input energy limitation was not found up to 4.3 kJ. It is expected

that the input energy limitation is very high because the HCP laser
pumping system is comprised of all metal housing, and because the plasma
compression has the radial direction towards the center of the dye cuv-
ette and it compresses the dye cuvette uniformly. Accordingly, the
yielding point of the cuvette placed in the center of a HCP due to the

plasma compression force is in general substantially higher than the

tensile yielding point of a cuvette due to the plasma expansion from in-
side of the tube as in most of flashlamp configurations. The high input
energy limitation means the suitability of HCP for high power blue-green
laser operation.

For dye laser operation, one of the important factors is the rise-
time of the laser pumping source. In reality, the risetime of HCP tends

to increase as molecular weight of the gas species increases, but the

risetime is more significantly dependent on the external circuit para-
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meters. For this reason a capacitor bank which is formed by three units
of a low capacitance and high voltage (2.03 uF and 60 kV) capacitor was
selected to hold the risetime to less than 1.5 us. This was adequate
for pumping the dye laser. The minimum threshold energy was achieved
when 300 J of input electrical energy was used indicating one capacitor
unit (maximum energy capability: 3.7 kJ) is sufficient. As a result,

ks

the risetime can be decreased by a factor of 3°, and the system efficien-
cy can be increased substantially. Also it will be possible to operate
the HCP laser system repetitively because the charging time could be
reduced since the capacitance is small.

The optical threshold energy for LD490 was 11.04 J for 40% T out-
put mirror. The threshold energies for coumarin dyes have been reported
to be about 12 J with a 6% T output mirror for flashlamp pumping (Ref.
25) which is same with 40%Z T for HCP pumping. This may be due to the
fact that the emission of the HCP source has a better spectral distri-
bution for pumping a blue-green laser and a better coupling of the source
and the dye medium.

The round trip fractional photon loss in the resonator was adjusted
by selecting the output mirror transmittance. The optimum condition for
the maximum laser output was obtained with a 40% output mirror trans-
mittance.

The laser output power of LD490 is higher than with Rh6G. This
result proves that the light emission of HCP in the UV is intenser than
of the commercial flashlamps. The laser output of Rh6G pumped with Xe

flashlamp is higher than that of LD490. Therefore, the HCP laser system

is suitable for pumping blue-green and UV dye lasers.
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Spectral efficiencies of blackbody and bremsstrahlung emissions
were studied to obtain optimum temperatures for pumping LD490. The max-
imum efficiency of blackbody radiation is 26.462 at the electron temper-
ature of 9750 K (0.84 eV). While for bremsstrahlung emission, the max-~
imum efficiency is 13.84% at the temperature of 38,500 K (3.18 eV).

Since the radiation of high-pressure HCP plasmas may be considered as
blackbody emission, higher power operation is desirable for further
optimization of blue-green dye pumping. The measured color temperature
of the HCP array is 7,250 K when a blackbody emission is assumed. The
spectral efficiency for this temperature is 22.08% or 83.452 of the max-
imum efficiency obtainable from blackbody radiatiom.

The change in the surface optical characteristics of the dye cuvette
which was used in the experiment was mainly caused by the electrode-
sputtering and revealed as a negative aspect. The surface of the dye
cuvette is easily coated by brass vapor distilled from the brass elec~
trode due to high plasma temperature. This coating enabled laser output
energy to decrease. However, this decreasing effect was less significant
than the photodegradation of dye. This coating effect would be eliminated
by using high temperature metals such as tungsten, molybdenum, etc.

In conclusion the reported results make significant progress toward

satisfying the goals enunciated in Table 1 for underwater communications.

Future improvements of the HCP laser system may fully achieve these goals.
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