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1.0 The Sodium-Mercury Laser. Abstract of Phase I Results

A new laser of exceptionally high efficiency (30%) appears to be possible,
based on discharge excitation of the sodium-mercury excimer NaHg(A) state. The
most likely waveband for oscillation is 1.0 - 1.39tm, but it is possible that the
trasnsition will be tunable over a wider range. This project sets out to determine the
lasing performance and scalability of NaHg and to develop a pre-commercial
version of the laser at a power level (1.5kW) appropriate for many industrial
welding, cutting and heat-treating uses.

The reason that this promising system has not been much explored to date is
that a moderate temperature (580 - 6000C) is required to obtain sufficient •odiir-n
vapor pressure for efficient laser excitation. Because conventional bakeable
vacuum equipment is only rated to 4500C, previous work on the NaHg system has
used vessels of sapphire or alumina, bonded by high temperature ceramic frits and
brazed to niobium and then to stainless steel in order to carry a close-out valve. As
a prerequisite for any fieldable device and indeed for the proposed laser test
experiments a rugged metal cell had to be devised, with laser quality sapphire
windows.

In Phase I we have succeeded in designing and testing a metal cell apparatus
which has been cycled repeatedly to 6000C and can contain a 20cm discharge. The
cell contains three categories of component:- sapphire windows, current
leadthroughs and a close-out valve. The conventional kovar-sapphire/alumina seal
can be used because there is a good thermal expansion match up to 6500C,
however a higher temperature braze is used, and two further steps are taken. The
whole cell is placed in a vacuum to prevent oxidation, and nickel replaces copper
as the gasket material, for improved compatibility with the metal vapor and
reduced oxidation. A combination of ceramic-insulated, nichrome wire heater
elements and nickel heat shields was used to bring the test cell to temperature with
relatively low radiative and conductive heat losses. In conclusion, a usable
apparatus has been demonstrated for the lasing tests proposed in Phase II of the
project.

A number of theoretical calculations were performed in order to specify the
optimum lasing test conditions, and determine the method of pre-ionisation
necessary for the creation of a uniform volume discharge. It was found that
ultraviolet (uv) preionisation was particularly efficient in this system, and that an
energy transfer from Hg to Na helped to accelerate the growth of ionisation once a
certain level (1011 electrons per cm 3 ) had been reached by uv preionisation.
Optimum laser gain (2.8% cm-1) is predicted for a specific discharge power of
20kW cm-3, although a gain as high as 1.5% cm-1 is predicted at excitation power
as low as 2kWcm- 3. Typical lasing operation was simulated, showing that the
buildup time was 0.2ptsec, and that following a "gain-switched spike" the steady
laser efficiency was expected to be 30%. The test cell built in Phase I is designed to
reach the 2 - 20kWcm-3 regime relevant to a Phase II test of NaHg laser efficiency.
PLEX Corporation, Brookline MA. Research Sponsored by SDIO/IST and managed by the U.S.

Army Strategic Defense Command, Huntsville, Alabama. Contract DASG 60-92-C-0141.
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3.0 Phase 1 Experimental Results

The most important Phase 1 experimental objective, to establish a hot cell
technology suitable for Na/Hg laser experiments, has been achieved. In the laser
modeling we found that a Na density of 2x10 17 atoms cm-3 is required in order to
provide useful gain. This requires a temperature of 5800C in a pellet of pure Na
situated in the coolest part of the cell, and hence the cell components in general
have to be able to withstand 6000C, approximately. These components consist of
a) a close-off valve,
b) sapphire windows,
c) high voltage leadthroughs.
The cell itself can be made of 304 stainless steel, which is compatible with Hg/Na
vapors at these temperatures.

When the study began it was known that over a temperature range up to I OOOOC
there was a very good thermal expansion match between sapphire or alumina
ceramic (the window and insulator materials) and niobium. In fact this combination
is used in high temperature sodium-mercury street lamps. However the use of
niobium carries the penalty that it is very readily oxidised in air at temperatures as
low as 2000C. For this reason street lamps have an evacuated glass envelope
around the central arc tube. Shortly after the beginning of Phase I it was realised
that the thermal expansions of nickel-iron 'Kovar" and sapphire (alumina) were
excellently matched up to 6500C (Figure 3-1). In fact, the combination is used in
many commercially-available vacuum windows and HV leadthroughs. However all
of these components are only rated for bake-out at 4500C maximum. Discussion
with the principal manufacturer of these components, ISI Inc., revealed that there
were two reasons for this limit:
1. The braze material commonly used (Ag-Cu) begins to soften at 7000C.
2. Bake-out is usually in air and the copper gaskets used in the vacuum seal

oxidise rapidly in air at 6500C. Even Ni-plated gaskets oxidise in time.
However ISI suggested the use of Ticusil 5 braze alloy which was good to 8000C
and it was decided to employ a vacuum region around the test cell, not only to
prevent oxidation of the Ni gaskets but also to provide thermal insulation; a safety
zone for metal containment in the event of a window or leadthrough breakage; and
to prevent oxidation of the nichrome heater wires which would operate at up to
1,000oC, locally. Special sapphire windows of 1" clear diameter and two designs of
HV leadthrough were all obtained from ISI with the manufacturer's expectation
(but not guarantee) that service would be good up to 6500C in vacuum.

The design of the test cell is shown in Figure 3-2. Internal to the cell we
arranged for a lcm x 1.5cm x 20cm discharge volume between two electrodes.
One of the electrodes was supported on a 30kV ceramic leadthrough, and the other
electrode, while grounded, had an internal pre-ionisation circuit supplied by a
20kV ceramic leadthrough. At each end of the cell was a sapphire window. These
windows are cut from single crystal uv grade sapphire (which also has the best IR

4
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FIG. 3-2 Electrode design of 20cm discharge test cell
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transmission) and optically polished. They appear to be of laser quality. Before
attempts at lasing, however, an interferogram will be taken on each window.

The 20cm test cell is mounted inside a 16 inch diameter x 18 inch tall 10-4 torr
vacuum chamber (Fig. 3-3) which has heater and thermocouple leadthroughs. The
test cell itself sits on ceramic stands and is surrounded by a heat shield of 0.010
inch nickel sheet. Nickel was chosen because of its low emissivity (0.1) and its
rigidity up to 7000C. Heat is provided to the cell via four windings of 0.025"
nichrome wire each of resistance 15 ohms which are insulated with flexible woven
ceramic sleeve (Nextel 312) rated at 12000C and compatible with vacuum. The
windings are powered by individually adjusted SCR controllers slaved to a master
thermocouple. The temperature is recorded at five locations on the cell (window,
HV leadthrough, valve and at each end of the steel bellows section, which serves as
a thermal break. The valve (MV150 from Huntington) was nominally rated at
4500C but again the limitation is oxidation in air, and we have shown that it is
capable of operation in vacuum up to 6000C.

The cell was heated 3 times to 6000C and its cooling curve recorded in order to
estimate the balance of heat loss between conduction and radiation. The rate of
heat loss at 6000C was 470W, comprising 280W due to radiation and 190W due to
conduction. The relatively low radiation loss is attributed to the low emissivity of
the nickel heat shield, estimated to be 0.15 from the data. After each heating cycle
the vacuum integrity of the test cell was confirmed by letting air into the outer
chamber while maintaining the cell under vacuum.

Metal vapor was not employed in these tests because the compatibility of Na
and Hg with the cell materials is assured by previous work. The most important
point is that sapphire remains optically clear in contact with this mixture at 6000C,
as seen in previous tests.

In conclusion, the Phase I experiments have demonstrated a viable technology
for the accomplishment of the proposed laser experiments of Phase II. More than
this, the Phase I test cell is fitted with 20cm electrodes so that it is immediately
usable for the first discharge tests of Phase II. Possibly the 20cm di',charge will
also be usable for the first oscillation experiments.

7
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4.0 Phase I Theoretical Results

4.1 NaHg: The A - X Transitions

Although the NaHg(A) state has been described as a single state in all prior
work, including the PLEX SBIR proposal, it is in fact composed of two
components, A(1/2) and A(3/2), which have recently been estimated [1] to lie
0.18eV apart, with the A3/2 at higher energy than the Al/2 (Figure 4-1). In this
section we re-visit the calculation which relates the shapes of the A and X
potentials to the fluorescence (or gain) profiles and sf'ow that a set of potential
parameters can be chosen that includes state splitting and yet is compatible with
previous measurements.

Prior experiments gave the following parameters for an assumed single A
state:

I. Huwel et.al. [2] scattered Na(3p) atoms off ground state Hg atoms to obtain
De = 0.755eV for the binding energy, and re = 3.46 A for the equilibrium
internuclear distance.

2. Schlejen and Woerdman [3] measured absorption in the red wing of the
Na(3p - 3s) transition to obtain De = 0.755eV and re = 3.1 A.

3. McGeoch (unpublished) fitted fluorescence data to obtain the approximate
values De = 0.77eV and re = 3.03 A.

The theoretical curves of reference [1] were least squares fitted by Morse
potentials, in order to use them in an easily available form in the fluorescence
calculation. The fit was constrained to have the correct asymptotic energy
corresponding to the Na3p state.This corrected the excess binding of about 0. 1 eV
expected in the theory [1]. The Morse potential is of the form:

V(r) = DeIl -e-fl(r-re)]2 _ De

The fitted Morse potentials are shown in Figure 4-1, and have parameters

A1/2 De = 0.88eV re = 2.80A 3 1.24

A3/2 De = 0.70eV re = 2.85A = 1.27

It was found that these re values, which are lower than previous experimental
estimates, did not match the experimental fluorescence curve (Figure 4-2). The set
of Morse parameters finally chosen was:

9
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FIG. 4-1 Theoretical NaHg(A) state potentials [1] and fitted Morse potentials with
asymptotes constrained to match Na3p energy.
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Calculated Stimulated Emission
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FIG. 4-2 Stimulated emission cross sections for NaI-g(A-X) transitions (solid
curves). Arithmetic sum of cross sections shown as dotted curve (not
weighted by relative state populations) and experimental fluorescence
curve from prior work shown as dashed curve. The experimental
detector calibration was uncertain below 900nm.
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Al/2 De = 0.88eV re = 3.10A =1.24

A3/2 De = 0.70eV re = 3.10A 13=.27

The gain profiles were calculated using the classical form of York et al. [4]. Any
one frequency v in the A-X fluorescence spectrum is generated at an internuclear
distance Rc representing a Condon point for that frequency. The emitted frequency
is related to the A and X potentials by

hv(Rc) = VA(Rc) - VX(Rc) + hvo

where hvo is the frequency of the Na(3p - 3s) transition.The NaHg(X) potential has
been determined experimentally by Huwel et al. [5].

The total contribution to spontaneous emission at frequency v is the sum of
all Condon point contributions, weighted by the thermal distribution in the upper
state and the volume of R space per unit frequency interval. Therefore

S(V) 4,rR,2 A(R, ) (xp-VA(R,))

The units of S(v) are photons per unit time per unit frequency interval. In this
expression A(Rc) is the spontaneous emission rate at R = Rc. A(Rc) is
proportional to the oscillator strength f(R) which is projected by Windholtz et al.
[1] to decrease with internuclear separation, and the stimulated emission (gain)
cross section is proportional to X.2 S(v). Using their oscillator strength, parametrised
as

fA-X = -0.1552 + 0.068R + 0.003336R 2

with R in Angstroms, the gain cross sections were calculated for the Al/2 - X and
A3/2 - X transitions (Figure 4-2).The above set of potentials gives maximum gain
wavelengths of 1250nm and 1050nm, respectively. The sum of the two gain cross
section curves is also shown, to illustrate (not to scale) the relative gain profile that
would result from equal populations in each state.The experimental fluorescence,
also shown (scaled) on Figure 4-2, peaks at 1000nm and is a sum of contributions
from the two emission bands.The experimental fluorescence could not be recorded
accurately below 900nm because of a detector cut-off. There is not sufficient
fluorescence data to say whether in that experiment the two states had reached
thermal equilibrium or not.

Assuming that both A states form with the same efficiency, and relaxation is
slow compared to radiation (TRAD - 200nsec), the anticipated gain spectrum will
then be the sum of the two gain curves. However it is likely that partial relaxation

12



occurred in the fluorescence experiment, and even more likely that substantial
relaxation from 3/2 to 1/2 will occur in the higher density laser conditions. The
gain optimum is therefore expected to be closer to 1250nm. In section 4.3 the
kinetic model includes relaxation in calculations of the gain and laser performance
in typical discharge conditions.

There is a small absorption at the laser wavelength due to the inverse of the
gain process, free-bound absorption from colliding pairs of ground state sodium
and mercury atoms. The absorption coefficient is given by

K(v) - gx[Na][Hg] I 4-rR- A(Rc) ex -Vx(R)))

where gX and gA are the state degeneracies. For typical laser conditions of

T = 1000K [Na] = 2xl0 17cm-3 [Hg] = 2xl0 1 9cm-3 this absorption is
0.1 % cm-1 (at 1250nm) , very much less than the typical gain of approx. 2% cm-1.

13



4.2 Boltzmann Calculation of Electron Energy Distribution Function.

A set of the most important low-lying atomic energy levels (Figure 4-3) was used
in a calculation of the electron energy distribution function. The energies of some
of the more important molecular species are also shown for comparison. The
calculation employed the Hg excitation cross sections of Rockwood [6], and the Na
cross sections of Schlie [7] and of Shuker et al. [8] .Some results for 1% Na, 99%
Hg that are used in the following sections are given in Figures 4-4, 4-5 4-6 and 4-
7.

The drift velocity is shown in Figure 4-4. Figure 4-5 shows that the fraction
of discharge power going into the excitation of Na(3p), the laser precursor level, is
70% at E/N = 5x10- 17 V cm 2 and rises to over 90% at E/N = lxl0-16 V cm 2 , for
1% sodium in the mix. Anywhere in this range the laser will be highly efficient, as
modeled in the following section, but the ionisation rate, in conjunction with the
external circuit, determines the operating E/N that will exist, and once the
discharge current reaches several A cm-2 , the multiple step ionisation of sodium
exceeds recombination for E/N greater than 5x10- 17 V cm 2 , ensuring that this
lower value will be experienced in operation. Higher than 70% fractional power
into Na(3p) could be achieved at this E/N by increasing the sodium fraction above
1%. For example, at 2% Na the fractional power would rise to 85% at this E/N.
However, the cost of working at higher Na fraction is less safety margin on the
braze technology of the laser cell. The cell temperature would have to rise by
approx. 50 OC just to double the Na density in the range of interest (around 2x 1017
cm-3). At 2x101 7 cm-3 the cell temperature is 5800C.

Although calculations show that the discharge will be self-sustaining at E/N
= 5x10-17 V cm 2 , the discharge will not ignite at this E/N, because the ionisation
mechanism at low electron density is either via Hg( 3 P1) or Na+ excitation,
requiring E/N in excess of 1.5x10-16 V cm 2 (Figure 4-6).The use of preionisation
to assist this process is the subject of Section 4.4.

Finally, the excitation rates for the Na(3p) and Na(4s) levels are given in
Figure 4-7. Because the superelastic rates (for the reverse processes) are very high
it is necessary to consider them also as the discharge power is increased. They
contribute to the slow decline in predicted laser efficiency at discharge powers in
excess of 10kW cm-3 (following section).

14
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DRIFT VELOCITY vs E/N for1 % Na, 99% Hg
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Conditions 1% Na, 99% Hg
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FIG. 4-5 Fraction of discharge power going into Na(3p) excitation and Hg
elastic losses as a function of E/N for a I1%Na, 99%Hg mixture.
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Calculated Excitation Rates for 99% Hg, 1% Na
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FIG. 4-6 Rate constants for mercury atomic excitation and sodium ionisation as
a function of E/N at low electron density.
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Inelastic and Superelastic Rates at 1 % Na
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FIG. 4-7 Inelastic and superelastic rates between Na3s, 3p and 4s states at high
electron density (-5x10 14cm-3) in I1%Na, 99%Hg mixture.
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4.3 Kinetic Model of Gain Experiment and Laser

In this section we estimate the gain that would be expected in a sodium-
mercury discharge as a function of the discharge power per unit volume that is
applied. The results show that a specific power of 1 - 2 x10 4 Wcm-3 gives the
highest gain, and is therefore optimum for our gain experiment. We also simulate
the lasing performance and find that a laser efficiency of 30% should be obtained
at specific powers up to 3kW cm-3, decreasing to 25% at 10kW cm-3. If these
projections are correct an optimally efficient laser would be designed to operate in
the pulsed mode at up to 3kW cm-3.The energy deposition (established in previous
metal vapor discharges) would be 30J per litre, implying a pulse duration of
1 Ogsec. At 30% efficiency the extracted specific energy per pulse would be 9J per
litre.

The three low-lying NaHg states A(1/2), A(3/2) and B, previously discussed,
will dominate the behaviour of the model, but a higher NaHg state will also form,
designated NaHg**, representing principally the behaviour of the NaHg(C,D)
species [1 ] asymptotic to the Na(4s) state which forms in the discharge.
An overall view of the states involved in the kinetic model is given in Figure 4-8.

The rates for excitation and de-excitation of Na(3p) and Na(4s) (via Na(3p))
by electron collisions are obtained by running the Boltzmann solver (previous
section) for a specified discharge E / N. These four numbers are inserted into the
kinetic code as constant driving terms. Direct excitation to Na(4s) from the ground
state Na(3s) is forbidden. In addition to the above electron collisional rates, we
consider molecule formation via 3-body complexing and the reverse process,
collisional dissociation. Electron induced mixing of the laser upper levels could
also be important, and electron collisional destruction of these levels is included. It
is considered that collisional de-excitation by Hg should be rapid from the B state
to the A states, because of the curve crossings at large internuclear distance.
Finally, in addition to spontaneous and stimulated emission, the possibility of
NaHg2 trimer formation is considered, merely as a worst case scenario, although
there is no experimental evidence for trimer formation. Metal vapor trimers exist in
the group IIB mixed metal systems but there may not be so much binding in the
NaHg system. All the above processes are listed in Table 1. A more detailed
discussion of some of the rates will be given in the following paragraphs.
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Sodium-Mercury States used in Kinetic Model
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FIG. 4-8 NaHg states involved in kinetic model of NaHg(A-X) laser action.
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Table 1. Listing of Processes in Kinetic Model

Process Process Rate Constant

electron excitation
1 Na(3s) + e- --> Na(3p) + e- fn(E/N)
2 Na(3p) + e- --> Na(4s) + e- fn(E/N)

3-body complexing (cm 6 sec- 1)
3 Na(3p) + 2Hg --> NaHg(AI/2) + Hg 1.5x10-3 1
4 Na(3p) + 2Hg -- > NaHg(A3/2) + Hg 1.5x10-3 1
5 Na(3p) + 2Hg -- > NaHg(B) + Hg 1.5x10- 3 1

collisional dissociation
6 NaHg(AI/2) + Hg --> Na(3p) + 2Hg fn(Temp)
7 NaHg(A3/2) + Hg --> Na(3p) + 2Hg fn(Temp)
8 NaHg(B) + Hg --> Na(3p) + 2Hg fn(Temp)

spontaneous emission sec- 1
9 NaHg(B) --> Na + Hg + hv(650nm) 6.7x10 7

10 NaHg(A1/2) -- > Na + Hg + hv(1250nm) 3.9x 106
11 NaHg(A3/2) -- > Na + Hg + hv(1050nm) 5.4x10 6

collisional relaxation cm 3 sec-1

12 NaHg(A3/2) + Hg --> NaHg(A1/2) + Hg IxlO-I I

electron superelastic cm 3 sec- 1
13 NaHg(A3/2) + e- --> Na + Hg + e- lx10-8
14 NaHg(A1/2) + e- --> Na + Hg + e- 1xl0-8

electron mixing cm 3 sec-1
15 NaHg(A3/2) + e- -- > NaHg(A1/2) + e- Ix10-7
16 NaHg(A1/2) + e -- > NaHg(A3/2) + e- lx10-7

stimulated emission cm 2 (max)
17 NaHg(AI/2) + hv -- > Na + Hg + hv 2.7x10-17
18 NaHg(A3/2) + hv -- > Na + Hg + hv 2.4x10-17
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Table 1 ("ontd.)
Proces Process Rate Constant

electron superelastic
19 Na(4s) + e- --> Na(3p) + e- fn(E/N)
20 Na(3p) + e- --> Na(3s) + e- fn(E/N)

3-body complexing cm 6 sec- 1

21 Na(4s) + 2Hg --> NaHg** + Hg 1.5x10- 3 1

spontaneous emission sec- 1
22 NaHg** --> Na + Hg + hv 5.4x10 7

trimer formation cm6 sec-1
23 NaI-lg(A3/2) + 2Hg -- > NaHg2* + Hg 1.5x10- 3 1

24 NaHg(Al/2) + 2Hg -- > NaHg2* + Hg 1.5x10- 3 1

25 vibrational relaxation in NaHg(A) manifold (assumed fast)

spontaneous emission sec- 1
26 NaHg2* --> Na + 2Hg + hv 1x10 6

collisional deactivation cm 3 sec-l
27 NaHg(B) + Hg --> NaHg(A3/2) + Hg lxl0-10
28 NaHg(B) + Hg --> NaHg(A1/2) + Hg lxlO- 10

4.3.1 3-body complexing and collisional dissociation

The rate of collisional dissociation can be estimated with factor-of-two
accuracy by considering the equilibrium between forward and reverse rates in the
reaction

Na(3p) + Hg + Hg <--> NaHg + Hg

where NaHg represents the NaHg A 1/2, A3/2 or B states.
The forward rate is k3B[Hg] 2 and the reverse rate is kDIss[Hg]. In equilibrium,

[Na(3p)]k3B[Hg] 2 = [NaHg]kDIsS[Hgl
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Independently, from a knowledge of the NaHg state potentials, the equilibrium
constant between Na(3p) and NaHg can be calculated using the formalism of York
et al. [4], giving a value for

KEQU = [NaHg]/([Na(3p)]x[Hg])

The required dissociation rate constant is then evaluated from

kDISS = k3B/KEQU

The rate constant k3B is assumed to be 1.5xl0-3 1 cm 6 sec-1 by analogy with the

rate for Hg( 3P1) + 2Hg --> Hg2 + Hg [8] ,and varies weakly with temperature
The equilibrium constants are strongly dependent on temperature. Using the
molecular potentials discussed in section 4.1 above the equilibrium constants
shown in Figure 4-9 were calculated. From these curves we then derived the
collisional dissociation rate constants shown in Figure 4-10. For each of the states,
at a temperature of 1000K and at lAmagat of Hg the dissociation rate is
comparable to the radiative lifetime of the state, giving justification for the detailed
inclusion of dissociation in the kinetic model.

4.3.2 Spontaneous and stimulated emission.

None of the radiative lifetimes of NaHg A or B states have been measured,
so the best indicator is the theory of Windholz et al [I]. These authors calculate
oscillator strengths for A-X and B-X transitions as a function of internuclear
distance. The radiative rate at internuclear distance R is given in terms of the
oscillator strengthf as

A(R) = 8nr2 v 2e2

mec 3 f i

where gx/gi is the ratio of ground to upper state degeneracies for the transition
from upper state i. This ratio is unity for all three states. Whereas the oscillator
strength of the B-X transition is calculated to be constant with R, the strength of
the A-X transition is projected to decrease as R decreases, losing approximately a
factor of five in strength by the time the equilibrium radius is reached. The
equilibrium internuclear location contributes most strongly to the maximum in
molecular radiation and the stimulated emission cross section at the band center
can be found from

_ A2A

8;rAv
where X is the central wavelength and Av is the frequency width (FWHM) of the
fluorescence band. Table 2 summarises the data used in the kinetic model.
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FIG. 4-9 Calculated equilibrium constants for the dissociation of NaHg A and
B states.
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Collisional dissociation rate constants assuming k3B = 1.5 x 1031
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FIG. 4-10 Calculated collisional dissociation rate constants for NaHg states.
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Table 2. Spontaneous and Stimulated Emission Rates

Transition Central X f (REQu) Av A a
(nm) (Hz) (sec-1) (nsec) (cm 2 )

A1/2 - X 1250 0.09 9.0x1013 3.9x10 6  256 2.7x10"17

A3/2 - X 1050 0.09 1.0x10 14 5.4x10 6  184 2.4x10-17

B-X 670 0.45 - 6.7x10 7  15

C-X 470 0.18 - 5.4x10 7  18

4.3.3 Inelastic and superelastic electron rates.

These rates are obtained as output from the Boltzmann calculation for the electron
energy distribution function.Some typical values for a mixture with 1 %Na and
99% Hg are given in Table 3.

Table 3. Electron Rate Constants (cm 3 sec-1)
inelastic superelastic

E / N 3s-->3p 3p-->4s 4s-->3p 3p-->3s
(Vcm 2)

2.5x10"17  1.6x10- 1 1  3.6x10-9  3.7x10 7  1.2x10-7

3.75x10-17  9.8x10-11 8.xO-9  4.2x10-7  1.3x10-7

5x10"17  2.4x10"10  1.1x10-8 4.4x10-7  1.3x10 7

4.3.4 Gain Projections from Model.

The above processes were assembled into a system of coupled differential
equations which was solved numerically using the explicit two-step predictor-
corrector method. By setting the electron density to different constant values the
discharge specific power could be varied over a wide range. The highest gain was
at 1250nm, the central wavelength of the A1/2 - X transition. The gain at this
wavelength is shown as a function of specific power in Figure 4-11. The roll-over
at high power is due to electron quenching and electron mixing processes.If there
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FIG. 4-11 Calculated gain vs specific discharge power for 1%Na, 99%Hg mix at
total density 2xl01 9cm-3.
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exists a low energy trimer species, the gain is substantially lower. Without the
trimer it is maximised for specific powers in the range of 10 to 20 kW cm- 3 ,
whereas with the trimer it should maximise at 30 - 60 kW cm-3 .

For example, in an experiment to test for gain which has an active discharge
length of 20cm, the maximum gain in a double pass would be 3.3 times, and with a
trimer supposed it would be 1.43 times. These numbers indicate that there is a good
chance of observing laser oscillation even in a test discharge as short as 20cm, such
as the one discussed in the experimental section of this report. In the following
section the buildup of oscillations is simulated, in order to estimate the minimum
discharge duration needed for oscillation.

4.3.5 Oscillation Projections from Model.

For convenience we follow the two-way photon flux 0 within a cavity (in
units of photons cm-2 sec-1). For a cavity with active length LA and total length
LC with a mirror of reflectivity R at one end and a max-reflector at the other, the
two-way flux obeys the equation

d L L-A(Ytmn)0- cIR

in which the sum is taken over the two A states with populations n* and stimulated
emission cross sections a. This flux equation is integrated with the above kinetic
equations using a start intensity corresponding to the spontaneous emission
intensity into the oscillating modes.

A typical oscillator simulation is shown in Figure 4-12, in which the output
intensity and the NaHg(A1/2) population are plotted as a function of time. The
period for buildup of the oscillation is 200nsec in this example, which happens to
be for the relatively low pump power of 2kW cm- 3 . The laser output exhibits a
"gain-switched spike" at 220nsec, then stabilises at later times, in a manner
reminiscent of the C02 laser. The NaHg(AI/2) population builds up over a
timescale corresponding to its radiative lifetime, which at this relatively low pump
power is not much affected by electron quenching. In this example the formation of
trimers was not considered. Although requiring higher pump powers, the trimer
cases also oscillate in much the same fashion. Either with or without trimer the
laser efficiency, defined as the efficiency reached in the steady state, is projected to
be 30% at lower pump powers, decreasing as the pump power increases, as shown
in Figure 4-13 . The efficiency is not decreased in the trimer case because the
presence of intense oscillation fluxes intercepts the trimer formation path by
reducing the NaHg(A) state population substantially (saturation). The same sort of
interception greatly reduces trimer formation in the KrF laser.
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FIG. 4-12 Simulation of NaHg laser performance in 20cm discharge experiment
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4.4 Preionisation / Initiation of NaHg Discharge.

The discussion in the previous section has shown that a gain experiment in
Na/Hg requires ideally a discharge specific power in the range oflO4 Wcm- 3. At
the E/N of 5x10- 17 Vcm 2 that gives efficient (theoretical) laser action (with nHg =
2xlOl 9 cm-3), the electric field is lOOOVcm- 1 , so the discharge current density is in
the range of 10 A cm-2 . The drift velocity in a 1% Na mixture at this E/N is
1.3xl0 5 cm sec- 1, so an electron density of 5xl0 14 cm-3 is needed to carry this
current. In the present section we discuss a method of obtaining this electron
density.

Traditionally pre-ionisation is achieved through the use of ultraviolet light,
X-rays or an electron beam. The strongest of these is the electron beam method,
which has been used to create electron densities of order I - 2x1014 cm-3 in pure
Hg discharges [10], [11]. A much lesser density (109 - 1011 cm-3 ) is achieved
using pulsed X-rays, a method which does not appear to have been applied to Hg.
The weakest pre-ionisation is via ultraviolet light (usually from sparks adjacent to
the discharge region) which photoionises the laser gas. Typically an electron
density of l07 - 1010 cm- 3 is achievable by u.v. pre-ionisation in other lasers, most
of which contain attaching gases leading to electron removal. There has been work
(unpublished) by Hanil on a u.v. pre-ionised Hg discharge (mentioned in ref. 10).
The electron beam and X-ray methods require complex apparatus whereas the
ultraviolet method is very simple, so the latter method has found by far the most
widespread use in pulsed lasers. Ultraviolet pre-ionisation is also the desirable
method for the present work, because the laser mixture does not contain attachers,
and particularly as a hot experimental cell is used which is difficult to connect to an
electron beam apparatus or to an electron beam pumped X-ray source. The source
of u.v. radiation can be within the hot cell. In the following discussion it is shown
that u.v. pre-ionisation is a very effective process in the case of Na/Hg mixtures.

4.4.1 Avalanche Requirements for NaHg

The initial electron and ion density that exists due to thermal equilibrium in
a hot Na/Hg mixture is given by the Saha equation as

e go( h2

where no is the neutral density, g+ and go are the ion and neutral degeneracies , Te
is the electron temperature and E is the ionisation energy. For example at 6000C
and with nNa = 2xl0 17 cm-3 the thermal electron density is 104 cm-3. The
possibility suggests itself of simply applying a high electric field in order to
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avalanche these electrons up to the required 5x10 14 cm-3 density. This, however, is
difficult, particularly in small scale discharges, for the following (related) reasons.
1. There is only a limited time available for an avalanche to develop because
electrons are being continuously swept out of the discharge (at the drift velocity)
by the applied field.
2. This in turn leads to the requirement for a very high applied voltage to achieve a
sufficient ionisation rate, but the electrons tend to be swept out faster as the field is
increased.

A more quantitative view of will now be developed. The rate coefficient for
the most obvious ionisation process

e- + Na --> Na+ + 2e-

has been calculated in the Boltzmann model of the Na/Hg discharge discussed
earlier (Figure 4-6). The calculated ionisation rate constant, given in Fig.4-6, is
very small until EIN approaches 10-15 Vcm 2 . This behaviour is due to 'screening'
of the Na ionisation cross section (threshold 5.138 eV) by the Hg (3P0 ,1 ) cross
sections (thresholds 4.667eV and 4.886eV). The screening is effective because the
Hg number density exceeds the Na density by a factor of 100. The e-folding time
constant for the avalanche is given by te = l/(nNaki), where ki is the ionisation
rate constant and nNa is the sodium density. Approximately 18 e-foldings are
required between Saha and 1011 electrons cm-3, the density at which an energy
transfer mechanism of ionisation (discussed below) can take over. The electron
drift velocity is given as a function of E/N in Fig. 4-4. By iteration we find that for
an avalanche to go from Saha to 1011 cm-3 via direct ionisation of Na before
electrons can drift by 1 cm requires an E/N of at least 2x10- 15V cm 2 (in a 1% Na
mixture). This represents a very high applied field. It exceeds the optimum laser
excitation field of 5x10-17 Vcm 2 by a factor of 40. Typically about 40kV cm-1
would have to be applied to achieve a field-driven avalanche from Saha in the time
available and this would pose insulation problems in a laser device.

4.4.2 Ultraviolet Pre-ionisation to 1012 electrons cm 3

Clearly the electron density has to be raised above Saha by some technique
other than simple overvoltage. It happens that u.v. pre-ionisation is particularly
effective in this system owing (a) to the coincidence of the Na ionisation potential
with the energy of emission of the Hg2(0u+) state (asymptotic to Hg(l P1) ) which
radiates at 225nm, and (b) the absence of attachers. The u.v. ionisation process
depends upon the strong excitation of Hg(lP1) states in a set of intense localised
discharges, or sparks. The efficiency of excitation of Hg(IPI) is approximately
20% at E/N > 2x 10-15 Vcm 2 . Once formed, the following sequence occurs:-
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Hg(1P1) + Hg + Hg --> Hg2*(0u+) + Hg k= 1.5x10- 3 1 cm 6

sec-1 [9]

Hg2*(Ou+) --> 2Hg + hv (225nm) 5.5x 108 sec-1

Na + hv (225nm) --> Na+ + e- (0.37 eV) s= 6x10-2 0 cm 2

[131

with a competing loss process of collisional pre-dissociation via

Hg2*(Ou+) + Hg --> Hg*( 3 pj) + 2Hg 5.6x 10-10 cm 3 sec- 1

[14]

It is useful that the 225nm (10nm) fluorescence band is not absorbed significantly
by the mercury mixture at densities up to 2x10 19 cm-3. The binary absorption
constant at 225nm is 4x10- 40 cm 5 [15], implying 0.16 cm-1 absorption at this
mercury density. The sodium, at lower density, absorbs more weakly in its
photoionisation continuum (0.012cm- 1 at 2x10 17cm- 3). The 225nm radiation
therefore penetrates many centimeters through the Na/Hg mixtures of interest and
produces relatively uniform pre-ionisation. The number density of electrons will
now be estimated.

Simple considerations show that the electron density achieved in u.v. pre-
ionisation by this route is

n NaapI Earcs llp1
n 8Aei(1 n r

where nNa = sodium density (cm-3)
apI = photoionisation cross section at 225nm
Earcs = total energy (J) in an array of pre-ioniser arcs
TO(1P1) = formation efficiency of Hg(1 P1) in the arcs
A = area of spark array (cm 2 )
ei = ionisation energy of Na
kq = collisional predissociation rate constant
nHg = mercury density
Ts = spontaneous decay time of Hg2*(0u+) state

and a factor of 8 is an approximate geometrical term including radiation only on
one side of the spark array, a 50% attenuation in the discharge (screen) electrode
and a factor of two reduction due to divergence, the discharge volume being a
certain distance from the array.
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Inserting nHg = 2x10 19 cm-3, nNa = 2xl0 17cm-3 , il( 1PI) = 0.2, and the other
constants we obtain

1.7x10 13Earcs
A

showing that an average spark energy density of only 0.06 Jcm- 2 will produce
lx10 12 cm-3 electrons - a density adequate for subsequent multiplication by the
energy transfer mechanism discussed below. Provided that this 225nm radiation is
delivered in a time short compared to the recombination time there will be no
additional electron loss. At the assumed gas temperature of 6000C the dissociative
recombination rate constant (presumably fastest via Na2+) is I x 10-7 cm 3 sec-1, so
at ne = lx10 12 cm-3 the recombination time is 20 gsec.

4.4.3 Final Stage Pre-Ionisation by Energy Transfer.

Beyond 1012 cm-3 the electron density can be raised to 5x10 14 cm-3 by a-new
mechanism which does not require high electric fields. This goes as follows, with
the principal forward processes denoted by bold type:-

e" + Hg(lS0) --> Hg(3P1) + e"

Hg( 3 P1) + Hg -- > Hg(3 p0) + Hg

Hg(3 Po) + Na --> Na** + Hg(1S0)

Hg( 3Po) + Hg + Hg ---> Hg2* + Hg

Na** + e --> Na+ + 2e"

Na** + Hg + Hg -- > NaHg** + Hg

Na** --> Na* + hv

There is a rapidly increasing rate constant (kl) for Hg(3P1) formation above E/N =
5xl0-17 Vcm 2, reaching 8xl0-12cm 3sec- 1 at E/N = 1.5xl0-16Vcm 2 (Figure 4-6).
Once Hg( 3 PI) is formed it tends to transfer rapidly into Hg(3Po) which then would
complex to Hg2* in about 20 nsec at the mercury densities of interest. However,
excitation transfer into Na** (n=6) occurs with a rate constant as high as 10-9 cm 3

sec- 1 [16], which means that the dominant Hg(3P0) loss route is to Na** for nNa >
5x10 16 cm-3. The last process in the chain, Na** --> Na+, has a rate constant for
1eV electrons of lxl0-4 cm 3 sec-1 [8), which gives it a rate of >108 sec-1 for ne >
1012 cm-3, exceeding possible radiative or collisional decay rates. The whole chain
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of events goes at a rate exceeding 108 sec-1 provided that the electron density
exceeds 1012 cm-3 and the product klnHg exceeds 108 sec-1 . This occurs for E/N
>= 1.25x10- 16Vcm 2. The last 7 e-folds in electron density (from 1012 to 1015cm-3)
can therefore occur in much less than 1Onsec each, at relatively low discharge
electric fields (e.g. 3000V cm-1 at nHg = 2x10 19cm-3), which are only three times
the optimum field for NaHg laser ecitauon.

Calculations based on the above equations are displayed in Figures 4-14 and
4-15 . The calculation is for the 20cm 2 discharge and includes the 75nH inductance
of the electrode lead in order to evaluate the effect of the LdI/dT voltage drop
caused by a rapidly increasing electron density. Although this effect is substantial,
it is only relevont to the last few nanoseconds of :he avalanche (Figure 4-14 ),
where it tends to reduce the final electron density reached. Figure 4-15(a) shows
the very strong voltage dependence of energy transfer ionisation (due to the
Hg( 3P1) excitation rate), and Figure 4-15(b) shows that once adequate voltage is
applied, the mechanism should be able to start even at densities as low as lx 011
cm-3.

In conclusion, ultraviolet pre-ionisation has been shown to be an effective route
to the achievment of electron densities > 1014 cm-3 in Na/Hg discharges. The pre-
ionisation spark energy to achieve 1012 cm-3 is shown to be modest (about 0.1J
cm-2 over the sparkboard) and a rapid new route from 1012 to >1014 electrons cm-3

is available at electric field levels only a factor of three greater than the optimum
for NaHg laser excitation.
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5.0 Hazard Assessment and Preliminary Hazard List.

The laser gas consists of mercury vapor at approximately 2 atmospheres
pressure containing 1% sodium metal vapor. In a l kW class laser device the
mercury content is approximately 150g. Mercury is widely used in industry,
science and medicine, but it is a toxic metal, known to accumulate in the body
during long exposure. It is planned to avoid any mercury exposure during these
tests by means of the following design elements:-
1. The inner cell which contains the metals is of strong stainless steel construction

containing substantial ceramic leadthroughs and sapphire windows. It is
protected from impact by being located within an outer vacuum vessel, also of
steel construction. Any failure of an inner cell seal could only result in a slow
release of the metal into the vacuum tight outer cell, where it would condense.
The metal mixture that we are considering is widely used in high pressure
street lamps, again within a secondary vacuum enclosure.

2. The cell-filling and cell or vacuum chamber opening processes would be camrled
out under an extraction hood.

3. The rotary motion required within the laser cell to flow the laser medium will
be transmitted by magnetic coupling, in order to avoid the otherwise inevitable
occurrence of seal leakage.

4. Mercury metal would be recovered and re-cycled using one of several available
clean-up kits. The total quantities of mercury used are not great, as the laser
medium does not chemically degrade during laser operation, and should be
capable of years of sealed-off operation.

5. The sodium hazard is due to the combustible nature of metallic sodium which
can spontaneously ignite in contact with water or damp air. The cells which
have contained sodium will be opened in an inert atmosphere under an extractor
hood, and the sodium mechanically removed and stored under paraffin.

6. Sodium can be separated from mercury by reaction (of the sodium) with water.
This reaction would be performed under controlled circumstances in accordance
with industry practice.

Preliminary Hazard List.
1. Toxicity: Mercury
2. Combustion: sodium
3. Electrical: Voltages up to 10kV in pulse power circuits.
4. Eye exposure: Depending on the emitted infrared wavelength the laser light

may or may not be "eye safe". In any case, there is a laser exposure hazard.
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