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Abstract

Laser resonance saturation reprcsents an extremely rapid and efficient
new method of coupling laser energy into either a gas or plasma. We have
continued to study this process both theoretically and experimentally
and have shown that this interaction can lead to a very high degree of
ground level burnout for the laser pumped species. During the past year
we have undertaken the first time resolved Stark width measurements of
the free electron density within a sodium plasma created by laser resonance
saturation. Currently we are exploring the feasibility of using this ground
level burnout feature as the basis of a new approach towards the development
of an efficient short wavelength laser. In a preliminary experiment we have
been able to show that sudden joule heating of a thin foil looks promising
as a technique for creating the steep gradient of neutral atoms necessary
for charge exchange formation of a ground level population inversion within

the species having suffered a ground level burnout through laser resonance

saturation.
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RESEARCH OBJECTIVES

The main thrust of our current research program has been to study two
aspects of a new approach towards the development of a relatively efficient
short wavelength laser. This approach is based on the rapid burnout of the
ground level population of a suitable species to the point where it becomes
possible to think in terms of creating a ground level population inversion
and thereby the development of a short wavelength laser of high quantum
efficiency.

Laser saturation of an atomic resonance transition has, in recent
years,(l_ls) become recognized as a new form of laser interaction that is
capable of rapidly and efficiently producing near total ionization of the
laser pumped species. Our first objective is to evaluate the potential of
this laser ionization based on resonance saturation LIBORS process to
efficiently attain a high degree of ground level burnout and thereby provide
conditions that are conducive to the formation of a ground level population
inversion. Our second objective is to study how best to create such a
ground level population inversion. Initially we are considering an approach
based on a combination of rapid cooling and charge exchange collisions with

the atoms of a dense neutral cloud.
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STATUS REPORT

In order to make full use of laser resonance saturation it is important
to attain a comprehensive understandihg of this interaction. Of special
interest is the limitation to the degree of ground level burnout that can be
achieved,for the greater the degree of burnout, the easier it should be to
create a ground level inverted population (GLIP).

During the past year we have made good progress in this connection. We

have undertaken the first time resolved measurements of the electron density
within a sodium plasma created by laser resonance saturation. These Stark

q broadening measurements have confirmed that near total ionization has been
»' achieved and provide us with a means to determine the efficiency of the
ionization process. These measurements will shortly be augmented by a new
technique called SHADO (for Spectral Hole Atom Density Observation). This
‘ technique has been specifically devised to measure the residual ground level
;. density in the burnout phase of the LIBORS interaction as Stark measurements
alone are inappropriate for determining the degree of ionization once it

; exceeds about 95%.

hi: During the past year we have also studied the possibility of utilizing
- charge exchange collisions for the purpose of creating a GLIP within the
laser burned out species and have developed a criterion for estimating the

<
{ steepness of the density gradient required to achieve this goal. We have

!! also initiated an experimental program aimed at producing a dense atomic
. cloud with the required steep density gradient.

f._ Since the degree of ground level burnout attained through LIBORS is an
important parameter in determining the steepness of the density gradient for
the neutral cloud, we have extended our steady state analysis to doubly

¢ ionized boron — a prime candidate for the charge exchange interation. Lastly,
E' we have been able to show in a rather elegant manner that laser stimulated

:

inverse radiative autoionization cannot be used to crecate a GLIP, see Appendix A.
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1. LASER ABSORPTION WITH SPECTRAL HOLE BURNING

In our earlier work(lg) on the attenuation of laser energy tuned to
! overlap the 589 nm resonance transition of sodium atoms we developed a
o spectrally integrated radiation transport analysis to account for the
:; observed dependence of the laser energy absorption upon the sodium vapour
v, : density and the incident laser energy. Although this analysis describes
E the behaviour at low values of laser energy it appeared inadequate at
v , higher energies. During the past year we have extended this theory to
y include both the transition absorption profile and the finite bandwidth
of the laser pulse. Our analysis reveals that although spectral hole

(19)

burning is likely to have been substantial in our experiments, never-
theless, our simple theory appears to have been adequate to describe the
variation of absorbed laser energy with incident laser energy provided the
incident laser energy was insufficient to create appreciable excitation and
ionization.

This analysis has been prepared into the form of a paper and has been
accepted for publication in the Journal of Quantitative Spectroscopy and

Radiative Transter. A copy of which is appended to this report as Appendix

B and therefore will not be discussed further in this section.

2. METHOD OF MEASURING THE GROUND LEVEL BURNOUT FACTOR

Our work on spectral hole burning discussed above (and presented in

full in Appendix B) led us to consider this effect as a means of measuring
the degree of ground level burnout achieved through laser resonance saturation.
We propose to use a nitrogen pumped ring dye laser to provide us with a short
(< 5 nsec) broad band pulse of radiation tuned to overlap one of the resonance
transitions.

If the lascr spectral irradiance of this probe pulse is below the
value necessary for saturating the transition then Bcer-Lambert's law

applies and we can write for a beam traversing a diameter of our disc
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shaped vapour zone,
R
I(Vv,R) = I(v,~-R)exp L~ J Nl(r)oo(r)L(v,r)dr} (1)
~-R
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where I(V,R} is the spectral irradiance leaving the vapour region at

radius R,

'{.‘
i
!

I(v,-R) is the spectral irradiance incident upon the vapour region
at radius -R,
Nl(r) is the ground state population density at radius r within
the vapour zone,
L{v,r) 1is the normalized atomic line profile function [i.e.,
£(v,r)/£(vo,r)] at radius r within the vapour zone, and
oo(r) is the absorption cross section at the line centre frequency
at radius r within the vapour zone, i.e., oo(r) = %% 812£(vo’r)'
Alternatively, if the laser spectral irradiance is close to (or greater than)

the saturated spectral irradiance of the transition(zo)

(2)

where g (=g2/g1) is the degeneracy ratio of the transition, hv is the photon
energy, ¢ the velocity of light, TRAD the radiative lifetime for the transi-
tion and 1T the actual lifetime, then an allowance has to be made for the
redistribution of the two level population by the radiation field of the

laser. From our more complete analysis [see equation (17) of Appendix B]

R N_(r)o (r)L(v,r)dr
I(v,R) = I(v,-R)exp [- J T+9 () J (3)

where

[ 1 " R No(r)oo(r)L(v,r)dr
ﬁ J(x) T f I(v,-R)L(v,r)exp [- [ e J dv 4
.4 s /. 'a

Is(v)év(s) where 6v[§£ﬁ1(vo)] represents the effective absorption

Bl

Here, Is
. bandwidth of the transition. Under these circumstances No(r) represents
the sum of the population densitics in the upper and lower levels of the
t! ' transition, which in the abscence of other processes just equals the ground
{ level population prior to laser irradiation.

In gencral the width and depth of the spectral hole produced in the
lascr pulse will depend on the optical depth of the medium at the wavelength
¢ of concern. This in turn depends upon the density distribution along the

path of the laser beam so that the greater the degree of ground level burnout,
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the narrower and more shallow will be the spectral hole. A complication
arises, however, due to the boundary region of the vapour. In these end
gones the lower initial vapour density will result in a smaller degree of
ground level burnout (see figure 1) and the possibility arises that the
greater ground level population density existing in these end zones could
limit the measurement of the degree of ground level burnout GLB attained
in the central region.

As a means of evaluating this potential constraint on the limit of our
GLB measurement we have undertaken some computer simulations for the low
irradiance probe case. These calculations take account of the Stark shift
and broadening incurred by the line as a result of the plasma created. The
results are presented as figure 2. Here, the probe laser spectral irradiance
was assumed to be much less than the saturated spectral irradiance IS(V) and
independent of frequency over the spectral interval of interest. The initial
sodium vapour was assumed to be uniform with density Nmax over a radius Ty
then to fall off with radius according to the relation

-(r-r_)/L
N (x) = N 10 ° 5)

max

where L is the end zone scale length. Our simple LIBORS mode1(17) was used
to estimate the degree of burnout achieved in the end zones.

In figure 1 and the broken curves of figure 2, Nmax = 1016 cm_s,
r, = 6 cm and L = 1 cm, while the full curves in figure 2 correspond to the
same values of Nmax and T but L = 0.2 cm. The ionization laser pulse irradi-
ance 12 was taken to be 100 Wcm_2 in figures 1 and 2. We can conclude from figure 1
that if we are satisfied with a measurement to 99.9% ionization (i.e., a GLB
factor defined as the ratio of the neutral to ion ground level ratio a 2 10—3)
then the end zone uncertainties should limit the accuracy of the GLB measure-
ment to about #25%. However, if 99.99% ionization (i.e., o 2 10_4) is to be
measured, then this mcthod is not likely to be adequate unless the end zone
density scale length L is very short (é 0.5 cm). As we shall see later there
appears to be some evidence that the cnd zones are indeed fairly steep.
However, this is a subject that will have to be further investigated.

At the time of writing we are testing the specially designed nitrogen

laser pumped ring dye laser that will be used for these GLR measurements on

the sodium plasma created within our LIBORS facility.
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3. LIBORS EXPERIMENTAL PROGRAM

Within the past few years the literature has become rich with papers(s_ls)

that involve experimental studies of laser resonance saturation and its
consequences. Although, this work has provided confirmation of the ioniza-
tion capability of this interaction, none of the experiments undertaken to
date have determined the temporal variation of the electron density or, even
more pertinent, the degree of ground level burnout achievable through this

form of laser interaction.

3.1 LIBORS Facility and Emission Studies

Over the past year we have continued the development of our facility
for creating plasmas based on laser resonance saturation and undertaking
these important measurements. A photograph of an early arrangement is
presented as figure 3, while the current configuration of our LIBORS facility
is schematically illustrated in figure 4. In essence a powerful flashlamp
pumped dye laser (Phase-R Model 2100BX) is used to irradiate a disc shaped
region of sodium vapour confined within a specially designed (heat pipeb
action) oven that provides 360° optical access.

The basic design of this oven involves a set of upper and lower heated
plates to which are attached two stainless steel mesh discs that provide
the capillary action for the liquid sodium that is germane to the heat pipe
principle. The sodium vapour is prevented from coming into contact with
the windows through the use of an argon buffer region that is kept cocl by
the flow of cold water through copper tubes positioned outside the heated
zone. To relieve the radial stress apparent in the original design of this

(21)

of this sandwich oven and its concomitant water cooling pipes is presented

oven we have incorporated a specially designed buckle. A close-up view
as figure 5.

When the laser is tuned to one of the sodium resonance lines and fires
through the sodium vapour a burst of plasma emission is clearly visible to
the eye along the path of the laser becam. An example of this emission is
seen in figure 6. The oven is mounted on a spccial sliding arrangement that
provides us with the ability to tranlsate it in the plane of the laser bcean.
This will enable us to excite and view different regions of the vapour

without changing the optical arrangement.
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Spectral narrowing and tuning of the dye laser is accomplished through
the use of three prisms and a back reflector. With this configuration and
a 2)(10_4 Molar solution of Rhodamine 6G in high purity methanol an output
pulse of close to half a joule at 589 nm has been attained. The spectral
width (FWHM) of this pulse is abou: 0.2 nm. If an intracavity etalon is
used in proximity to the output reflector the pulse narrows to about 0.06 nm
(FWHM) but the shot-to-shot reproducibility deteriorates and consequently the
etalon was not employed. The spectral features of the laser pulse are
measured by the spectrometer-reticon system shown in figure 7. Two photo-
diodes have been arranged to monitor the laser power before and after
transmission through the sodium vapour. These photodiodes have been czlibrated
by comparison with an energy meter.

The emission from the laser produced plasma is monitored by three photo-
multipliers. Two are involved in evaluating the temporal behaviour of the
free electron density by means of a Stark width measurement of a specific
emission line, while the third is used in conjunction with a Heath monochro-
mator to monitor the emission at various wavelengths. The experimental
arrangement for undertaking the Stark width measurement involves imaging
the exit slit of a SPEX 1700 monochromator onto the face of a two channel
fiber optic array, see figures 4 and 8. Prior to reaching the entrance slits
of the two monochromators the light from the plasma is rotated through 90° by
means of prism arrangements (BR in figure 4). This rotation enables the
vertical entrance slits of the monochromators to accept light from a hori-
zontal slice of the plasma. The optical axis of both systems and that of
the flashlamp pumped dye laser are aligned by means of a He-Ne laser to lie
in the same horizontal plane. The length and width of the observed slice of
plasma is then determined by the respective height and width of each entrance
slit.

The 568.8 nm linc of the sodium 42D—32P multiplet was selccted as the
most suitable for undertaking the Stark measurements. This choice was
based on the following information: it was observed to be a strong line,
our photomultipliers were fairly sensitive at its wavelength, and most
important, its Stark broadening was sufficient to ensure a reasonably
reliable measurement of the peak electron density at the vapour pressures
of intercst. The third photomultiplier (an RCA 1P21) observed scveral

spectral lines in addition to a (3 nm) band of recombination radiation at
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400 nm. Figure 9 displays a representative example of both this recombina-
tion radiation signal (the inverted upper trace) and a signal from the
photodiode positioned so as to monitor the corresponding incident laser
pulse (lower trace). It is quite evident from these signals that the plasma
radiates for a time that is considerably longer than the duration of the
laser pulse. An even more intense signal was observed at the 568.8 nm
wavelength, an example of which is provided in figure 10. It is apparent
that this line radiation peaks some time after the peak of the laser

pulse.

The variation in the peak signal at 568.8 nm as a function of radial
position across the sodium vapour disc (and along the laser beam) is shown
in figure 11 for two laser wavelengths. It is apparent that when the laser
is tuned to overlap the 589.0 nm sodium resonance line the signal increases
at first with decreasing radial position — which reflects the increasing
sodium density at the edge of the vapour disc — then proceeds to decrease
fairly dramatically with further decrease of radial position. This decrease
in the 568.8 nm emission signal is attributed to strong absorption of the
laser pulse as it propagates through the vapour.

On detuning the laser to 590.4 nm the peak emission at 568.8 nm is
again seen to increase at first (i.e., at the edge) but then 1emain prac-

tically constant with decreasing radial position. Although this spatial

variation is reasonable on the grounds that the detuned laser pulse is expected
to suffer much less absorption — what is surprising is that the magnitude of
the 568.8 nm emission for the detuned case exceeds the value obtained when the
laser is tuned at most radial positions! Indeed, obscrvations fairly close to
the centrc of the sodium disc (r = 0.75 cm) reveal that as the laser is

detuned towards longer wavelengths the peak amplitudc of the 568.8 nm

emission significantly increases at first, reaching a maximum that is

nearly an order of magnitude greater than the 589.0 nm tuncd case, then
decreases with further detuning, sce figure 12.

(23)

This 1s similar to an observation made by Mullcer and Hertel. They
showed that the infrared laser emission at 3.4 um (corresponding to the
525—42P multiplet of sodium) resulting from laser irradiation of sodium
vapour also rcached a maximum value when the exciting laser was detuned
towards the red of the 589.6 nm resonance line. Indecd, their results show

a minimum in the infrared emission when the irradiating laser is tuned to
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either of thc atomic resonance lines. This observation is consistent with
strong absorption of the exciting laser beam when its wavclength coincides
with the resonance lines. However, what is not so obvious is the mechanism
that permits the laser to interact so strongly with the sodium vapour over
such a large wavelength interval. Kumar et al(ls) have also noted that
strong infrared emission is observed from sodium vapour when the exciting
laser is tuned over a 3.4 nm interval centred on the resonance lines.

Their results do not, however, reveal a minimum in this emission when the
laser is tuned onto either of the resonance lines, but this could be due to

(15)

their poor spectral resolution. Kumar et al attribute the large wave-
length range of the interaction to laser induced power broadening of the
resonance lines. We believe that this explanation is in error due to their
assumption of a linear dependence of the power broadening with laser irradi-
ance.

We suspect that the laser is capable of exciting and ionizing the vapour
over such a broad range of wavelengths because it is able to couple a signi-
ficant amount of power to the resonance lines even when it is appreciably
detuned. In effect saturation of the resonance transitions is maintained
over this wide detuning interval due to the broad wings of both the absorp-
tion and laser spectral profiles. We intend to test this explanation by
measuring the spectral distribution of the laser pulse.

3.2 Vapour Dencity Mzasurements

The temperature within the sandwich oven is monitored by several
thermocouples positioned between both top and bottom disc heater blocks
and the oven. If the sandwich oven operated according to heat pipe prin-
ciples the temperature and therefore the vapour density should be uniform
over a disc shaped region, then fall rapidly with radius in the vicinity of
the water cooled lip. The density in the uniform region should be deter-

(24)

mined primarily by the temperaturce of the vapour and the radius of the
vapour disc should be controlled by the argon buffer gas pressurc.

Under operating conditions the temperaturc from the various thermo-
couples did not agree to better than 10%. Consequently, an iadependent
means of assessing the sodium atom density was sought. A simple means of
monitoring the sodium vapour was devised based on our spectral hole work,

reported carlier. A Xenon light source and a specially designed optical

G
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system was used to produce a narrow beam of broad cand collimated radiation.
This beam was directed through the sodium vapour and its transmitted spectrum
was measured by means of a scanning Heath monochromator and an attendant
(RCA 1P21) photomultiplier. The output of the photomultiplier was displayed
on an X-Y plotter, see figure 13.

It is apparent from equation (1) that in the case of resonance broad-

ening of an isolated line.

LOLR) L ) l: )\4 R Yle(r)dr :] )
» = ’_R exp - ___.__f
8ﬂ0T21_R (K—XO)Z+Y2N12(r)

where 1,, is the radiative lifetime and Ao the line centre wavelength of

21
the transition. Equation (6) also implicitly assumes that for resonance

broadening the HWHM line width

DAy 5 = YN (2) 7

In the case of the sodium resonance doublet, the transmissivity

R 2
CIOLR) MBER Y370 (P)dr
T(A,R) = Z51—== = exp | -
I1(},-R) 8mc T3/2 (A=A )2+Y2 N Z(r)
-R 3/2 3/2°1
R Y, ;5N 2(r)dr
1 17271
YT = 2 2 2 (8)
1/2 ‘R (A—AI/Z) +y1/2N1 (r) -
where the 3/2 and 1/2 subscripts are taken to refer to the 589.0 (32P3/2—3281/2)
and 589.6 nm (32P1/2—3281/2) resonance transitions respectively. According
to Sobelman ct al(25)
o1 3
Y3/2 = 0.93 x '—2‘ reflz)\3/2
and (9)
- 0.58 x 2 r £ A
Yi2 © 2 Te'12%1/2

where f12 represents the total doublet absorption oscillator strength and
. . . -13
r, is the classical electron radius (2.82x10 cm).

If we further assume that for the sodium doublet

10
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— and =37 (10)

21 1172 21
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and a uniform ground state atom density N. across the diameter of the vapour

1

disc, then we can write
g, AgRle

T(A,R,Nl) = exp |- 33 . T3 €(A,N1) (11)
1 64T c T
21
where
_ 1.86 0.58

2 2 2 2
A=Az /2) Y5 N Ay ) 7 4yy /Ny

For the sodium resonance doublet, Y3/2 = 2.6)(10"26 cm4 and Y1/2 = 1.6)(10—26 cm4.

In order to calculate the true transmissivity T*(X,R,Nl) equation (11)
has to be convoluted with the instrumental response function to allow for
the limited resolution of the monochromator. This instrumental response
function is rasonably well approximated by a Gaussian function and the
resulting convolution has been performed numerically.

The diameter of the sodium disc is determined by scanning the sandwich
oven past the beam in order to assess the positions at which the absorption
associated with the vapour suddenly decreases. In effect, this defines R
and -R, assuming circular symmetry. The transmissivity T*(A,R,Nl) has been
calculated for a range of densities corresponding to a given R and the
resulting spectral holes compared with the experimentally observed spectral
hole. Two examples are presented as figure 14. This comparison has been
used to estimate the average sodium vapour density during experimental runs.
These densities are, in general, lower than expected from the thermocouple
temperatures. However, there is also a significant spread in the thermo-
couple readings which suggests that the thermocouple tcuperatures may not
truly reflect the temperature within the oven due to temperature gradients

in the oven structurc.

3.3 Dtark Width Elecivon Denedly Moasarerants

Stark broadening measurements represent a well known method of deter-

(25) (27)

-y

mining the freec electron density within a plasma. Grumberg ct al

20b
! observed excellent agreement between the measured and computcd( )

S 11
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The 568.8 nm line
Our

linewidths of the 568.2 and 568.8 nm lines of sodium
was chosen for our experiments for the reasons indicated earlier.
approach involves measuring the ratio of the line emission in two adjacent
spectral windows for it can be shown(zz) that with the right choice of
windows this ratio is directly related to the free electron density.
Basically, the voltage signal obtained across the oscilloscope input
impedance and having its origin in the output current of the channel 1

photomultiplier (RCA 1P21) can be expressed in the form

©o
Vl(t) = AIP(t) I £(x')T1(x'—xi)dx' (13)
—00
where A1 represents a system constant that includes the photomultiplier's

sensitivity and spectral response, and the oscilloscope input
impedance,

P(t) represents the spectrally Integrated power from the 568.8 nm
line falling upon the photomultiplier's photocathode,

L(x') represents the emission line profile function (which is
assumed to be dominated by Stark broadening for the conditions
of interest),

Tl(x'-xi) represents the transmission function of the receiver optics
(which includes the monochromator and channel 1 of the fiber
array) at the reduced wavelength

= (A-A,md')/w! (14)

where A is the observed wavelength, A the unperturbed emission line centre

wavelength, d' the Stark shift and w' the Stark width. (26) xi represents
the reduced wavelength corresponding to the peak value of the transmission
function for channel 1.

If we introduce the filter function for channel 1

[>o]

» J Tl(x'—xi)dx'

—Co

(15)

and assume that the transmission function can be approximated by a Gaussian

profile so that we can write

12
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Kl ‘[(X'—Xi)/él]z

T, (x'-x!) = e (16)
1 1 8,/7

where &, can be related to the HWHM of the transmission function, Ak

1 1’
through the relation
Akl
. 51 = — 17
w'vin2
Under these conditions we can write
AlK1
Vl(t) = — P(t)nl(x', Ne) (18)
e
where
2
1 —[(X'vxi)/él]
n(xj, N) = 8"[ L(x')e - dx! (19)
1

-—00

Similar reasoning for channel 2, which used a more sensitive RCA 8575

Fo V() AK,
p = = ' 1 \
. Ya =y T RE fa e %2 N (20)

where the two channel response function
h I (A VN
: R [ L(x")e dx'
$ 2

~Qo
q Ry (X1, x4, N) = — — 5 (21)
L 1 -[(x —xl)/él]
[e [ J L(x')e '
1

has been evuluated(zzlfor several different wavelength settings of \1 and

~‘ lz and different transmission widths Ahl and AAZ. Clearly the ratio of

] the signals from the two photomultipliers V

21

‘ the electron density by reference to the two channel responsce function
b ) i 3 : . ! - 'l ot 3
: LZI(‘I’ Y NQ) o1 Rzl(xe) for short via the rclation
¢ S, R..(N 22

Va1 = SRy () (22)
. ‘
,. 13

photomultiplier, leads us to conclude that the ratio of the voltage signals

can be directly related to
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where 821 is termed the sensitivity factor and is evaluated by means of

a calibration experiment. The centre wavelength for channel 1 was set
fairly close to the line centre wavelength of the observed line (i.e.,

A1= 568.922 nm) while the corresponding centre wavelength for channel 2 was
kz = 569.128 nm.

The transmission function for each of the two optical channels was
determined by sweeping the 568.8 nm line from a sodium reference lamp across
the fiber optic array. Representative results with their Gaussian approxi-
mations are presented as figure 15. In this instance the channel wavelengths
were Al = 568.922 nm and AZ = 569.128 nm. It is also apparent that All = 0.10
nm and Alz = 0.0525 nm. The asymmetry in the experimental points for channel
1 is attributed to some damage in the fiber optic bundle. Also included
in this figure (by way of illustration) are two calculated emission profiles

15 16 -3

for electron densities of 4x10 and 10 cm It is clear that while V

21
would be expected to be of the order of unity for Ne = 1016 cm—s, this ratio
1
would be very small for Ne = 4x10 5. In general, the sensitivity factor 521
appropriate to a given configuration is obtained from such a figure by
writing
. p2A>\2

g . =_=_°<

21 ~ p AN (23)

where P, and p; represent the peak voltage signals attained on channels
2 and 1 respectively in the calibration run.

In order to determinc the sensitivity of this measurement to the electron
temperature R21(Ne) was evaluated with Al = 568.922nm, \2 = 569.12Snm for two
electron temperatures (5000 and 20,000 K). The resulting curves are presented
as figure 16. The instrumental widths assumed in this calculation were
&Al = 0.10 nm and AAZ = 0.0525 nm. It is apparent from this figure that
a reasonably accurate (to within 20%) estimate of the electron density,
over the range 4x1015 to 1.3x1016 cm—s, can be made even if the clectron
temperature is not known with any rcal precision.

The electron density time history for a given shot is evaluated by
first digitizing the two oscilloscope traces corresponding to the signals
from channels 1 and 2. A representative pair of traces is prescented as
figurce 17, the inverted trace corresponds to the signal from channel 1.

A comparison of this figure with figure 10 reveals that the signal duration

of both channels 1 and 2 are considerably shorter than that of the third PMT

14
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(the inverted trace in figure 10) which is spectrally centred on the 568.8
nm line. This is to be expected in light of the off-centred transmission
functions for channels 1 and 2, see figure 15. Indeed, closer inspection
of figure 17 indicates that the signal from channel 2 decays faster than
that from channel 1. This can be understood in terms of a decrease in
both the width and shift of the 568.8 nm line with recombination of the
plasma.

A preliminary set of digitized signals, their concomitant signal ratio
and the resulting electron density time history is presented as figure 18.
In this shot, the average sodium atom density No = 1.05x1016 cm_s; the
laser energy El = 150 (+10) mJ; and the laser wavelength AQ = 589.0 nm.
These observations were undertaken 0.75 cm from the centre of the sandwich
oven. Although the electron density measurements are only reliable(zz) for
Ne > 5x1015 cm_3

in agreement with our theoretical work. It should also be noted that if we

, it is quite apparent that full ionization is achieved,

display the signal from channel 1 with the signal from the photodiode
monitoring the incident laser pulse, we could directly evaluate the time
to achieve 90% ionization and compare this with the predictions of our
LIBORS code.

At the time of writing we are preparing to undertake such measurements
and also examine the variation in the peak electron density with detuning
of the laser. We also hope to shortly undertake the first measurements of
the ground level burnout factor using the spectral hole technique discussed

earlier.

4. GROUND LEVEL BURNOUT IN BORON III

The degree of ground level burnout attainable through laser resonance

saturation is of fundamental importance to our approach at the development

reduction in the ground level population the easier it becomes to create a

I
f| of efficient short wavelength lasers. It is evident that the greater the
ﬁ ground level population inversion. In order to estimate the limiting value
i

of the ground level burmout fcetor,

\ e o o o0 o

q+1

! = N?/N (24)

P

where NT represents the ground level population of the ion of charge ¢ and
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Nq+l represents the density of ions of charge ¢g+I1, we have undertaken a

stcady state analysis. This analysis was described in our (1981) AFQOSR

report where the calculations were undertaken for the case of sodium vapour.

Our analysis revealed that when allowance was made for both radiation
cooling and thermal conduction the ground level burnout factor o at first
decreased with increasing density, then beyond some critical density in-
creased with increasing density. In the case of sodium we found

Na

a_ .
min

6.6 x 107>

n

and this was predicted to occur for a sodium density No = 2x1017 cm—s.

We have now extended this analysis to the case of doubly ionized
boron, for, as pointed out in the 1981 AFOSR report, this looks like an
attractive candidate for creating a GLIP through charge exchange (and rapid
cooling) with an atomic cloud of copper. A significant difference between
our present calculations and that undertaken previously for sodium relates
to our inclusion of Znverse bremsstrahlung heating. This was neglected
in our earlier work on sodium. As might be expected this improves the
degree of burnout predicted and in the case of boron III this improvement
amounts to a factor of close to two. As with thc sodium case we find that
the ground level burnout factor for a doubly ionized boron plasma also

rapidly decreases with density, achieving a minimum value

BITI
a_.
min

~ 4.6 x 100} (for BITI density of 2 x 10'% en %)

This is indicated in figure 19 for B = 1.0, where ? represents the
conduction lose factor — a parameter that we have introduced to allow for
the fact that under certain conditions the conduction loss may well be
somewhat less than used in this calculation. For example, if the plasma
is expanding into a vacuum or across a magnetic field electron thermal
conduction could be reduced. The broken curves in figure 19 correspond to

= 0.1 and under these circumstances OB¥[I 2.3.\(10_4 (for BIIT density of
7x1()17 e¢n 7). These values for the minimum ground level burnout factors

Sl

arce quite attractive in terms of being able to crecate a ground level inver-

sion within a doubly ionized boron plasma.

16
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5. GROUND LEVEL INVERSION BASED ON RESONANT CHARGE EXCHANGE

In our main approach towards the development of an efficient short
wavelength laser we assume that a high degree of ground level burnout
is achieved within some ionic species through laser resonance saturation.
Subsequently this plasma is projected into a dense cloud of atoms leading
to a rapid cooling and repopulation of the upper states of the GLB-ion
through three-body recombination. Even more important, we assume that the
atoms that constitute this cloud have been chosen to undergo resonance
charge exchange with the ion and thereby selectively populate a particular
upper level of the GLB-ion. Potential combinations are presented as
figure 20.

A criterion for the creation of a'ground level inverted p0pu1atioAIGLIP can b+
developed in terms of the density gradient of the atomic cloud if we assume
that charge exchange collsiions are the dominant mechanism for repopulation
of the upper levels of the GLB-ion. In reality rapid cooling will enhance
the threc-body recombination rate which also preferentially populates the
upper levels. A simplified energy level diagram for the two constituents
involved is presented as figure 21.

The volume rate of population of the level |q,3> (which in this
instance represents the potential laser level — g is taken as the charge
on the GiB-ion) through resonance charge exchange collisions with the atoms
in their ground level is assumed to be S(t). In the rest frame of the

(q+1)-ions we can write
- q+l
S(t) = NA(t)N1 <ov> .o (25)

where N?+1 represents the density of ground state ions of charge g+I, NA(t)
represents the density of ground state atoms at the instant of interest — which
corresponds to the density of these atoms at a distance ut within the atomic
cloud, u representing the relative velocity between the cloud and the (q+l)-ions.
<ov>Cx represents the resonance charge exchange collision rate coefficient.
For a semi-infinite cloud of atoms having a zero density boundary at

the z=0 plune we can write

t

! Q
. s - v YN ] o)
A\ALt) J { gy NA + U 75 I\A} dt (26)
o
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so that if we assume a steady state within the cloud,

Ny (1)

and for a linear density
Ny (1)

\
where kA

Furthermore, if the relat

the cloud is of the order
<gv>
cX
and if we introduce

N N4
o] r\'A\'l

]
i

then we can write

d
at N3 ()

So(t

E—dl

dN
I A (27)
o]
profile over the range 0 < z % ZA’ we have

= NAut/zA (28)

is the maximum atom density within the cloud (for z > zA).

ive velocity of approach between the ions and

of the thermal velocity of the ions, then

% 0.U (29)

+1 ocxuz/zA (30)
N4 q + q

) Ns(t){A31 NeK3} (31)

where Ng(t) is the population density of the |q,3> level (the potential

laser level), Agl
ability for the potential

represents the Einstein spontancous transition prob-

laser transition, Ne is the free clectron

density and Kg represents the total rate coefficient for elecctron

collisional depopulation

of the |q,3> level. Clearly, to minimize the

requirements for creating aGLIP, we must assume that Agl >> Nch and
so we have
d - _ A\
0% Ns(t) = St hs(t)/L (32)
and
d Yy = sy (33)
dt 1 )




wvhere we have introduced the radiuative lifetime of the potcential laser

» level
= q
‘ T = 1/A31 (34)

and N?(t) represents the GLB-ion ground state population density {the
;2 potential terminal level for the laser transition). It should be noted
! that equation (33) tantamounts to stating that the only means of
populating the ground level of the GLB-ion is through radiative decay
of the level being selectively populated by charge exchange collisions.
This assumption is based on the premise that radiative decay dominates
collisional decay and that Agl is one of the largest radiative decay
rates for repopulating the ground level of the ion.

If we assume that Ng(o) = 0, i.e., essentially no population existed
in the |q,3> level prior to repopulation through charge exchange colli-
sions, then the solution of equation (32) takes the form

x‘;(t) = SOTZ {{ . 1} + e‘t/T} (35)

T
We introduce the ground level population inversion density

N =83 - ) (36)

vhere g = gS/gl is defined as the ratio of the degeneracies of levels

'q,3> and !q,1>, respectively. Combining equations (32) and (33) vields

b de t ~
E _JF/E_)' =Syt - (1+g)N§(t)/T (37)
&
b

and with the solution given by equation (35} we have
: C"—M(T(—Q =5 [(1+g)1{1-¢ T} gt] (38)
F, vtoe

This yields

[0S

)
-y - B (359)

. - _
r~ (1) =01 + S | (rg)rlt + (e t/
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where
H(0) = -g\} (o) (40)

This follows from the definition of,ﬁﬁt) and the condition Ng(o) = 0.
From physical considerations we expect that\Ait) will be a maximum when
d.Y{t)/dt = 0, or from (38) when

t = (1+g)1{1—e~t/T

77 (41)
Although this is a transcendental equation for t, it can nevertheless be

used directly in (39) to yield

Ny = Sot¥lt-gt*/2] - g\l (o) (42)

where t* is the solution of equation (41).
Clearly, a ground level inversion can only arise if“ﬁ:wx > 0, that
is to say,

gN} (o)

So ” gt /2] 49

This criterion can be restated in terms of the density gradient of

the atomic cloud, or from equation (30),

dN, N gN(0)
A_ A 1 (44)

dz 2z Al kg
A hl Ot [T-gt*/2]

Now if the GLB-ion has been selected to achieve a high degree of ground
level burnout, then the excited states of the (q+1)-ion will be very encr-
getic in terms of the ionization energy of thc q-ion and consequently they

will only be sparsely populated — this means that the bulk of the (q+l)-ions
q+l1
1
in the times of interest (i.e., the times to createc a GLIP)only a small

will reside in the ground level and hence Nq+1 ® N Furthermore, if

fraction of the (q+1)-ions have recombined, then we can replace the ratio
;\'?(0)/?\"“]

1
promoted by the resonant charge exchange collisions. We may thus write

in {(41) by =, the GLB factor achicved prior to the rccombination

dNA

PR A (1)

2 .
o tr[i-gtr/2
1 UCX [[ g / ]
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For the lithiunm isoclectronic series of ions, BCII, BIII, CIV, etc.,
g =3 (40)

and since the solution of the transcendental equation for t*, equation
(41) yields

t* 2 0.67 (47)

we can sec that the criterion for creating a GLIP becomes

dN
A 50a
dz > 2 2 (48)
uoc T
cX
In the case of BIII, 7 = 0.8 nsec, and if we take ch = 10—15 cm2 then
dN
“A 34 «
- > 7-8 x 10 17 (49)

It is not unreasonable to expect that we could make the relative

. . -1
velocity between plasma and the atomic cloud of the order of 106 cm sec
Under these circumstances we require

dN

: 22 -3
afi > 7.8 x 10 "o (cm T /cm) (50)
and we sce that the criterion now boils down to a limit on the density
gradient of the atomic cloud in terms of the GLB factor achieved through
laser resonance saturation. In accordance with our above calculations

for BIII, we can write agiil v 50X 10_4. This would lead to the criterion

<L\A

37;'> 3.0 x 1019 (cm_s/cm) .(51)

which can be thought of as a density jump of about 4 x 1018 cm—3 in a
1 mm layer — a fairly strong density gradient, but onc that might be
attainable.

If we assume that a comparablce degree of ground level burnout could
be achieved in singly ionized beryllium through laser resonance saturation,

then in this instance we would require

21
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> 6.9 x 10 m—s/cm (52)

which translates into a density jump of 6.9 x 1016 cm-3 in a 1 mm layer.

The more rcasonable density gradient associated with BeII follows from the
6 nsec lifetime of the 103.67 nm transition, assuming all of the other

factors remain the same.

6. NEUTRAL ALUMINUM CLOUD EXPERIMENTS

As indicated above, the attainment of a ground level inversion through
resonant charge exchange requires the production of a relatively dense
cloud of suitable atoms having a steep density gradient. In the case of the
BeII and AZI, charge exchange pair, see figure 20, we have estimated that
the gradient of ground state aluminum atoms would probably have to exceed
7 X 1017 cm_4.

We believe that there are several possible methods of attaining this
kind of neutral atom density gradient: Laser heating of a thin foil-glass
interface, electron beam heating of a foil or joule heating of a foil in
a vacuum. In keeping with our high efficiency philosophy we have chosen
to study the sudden joule heating approach first. However, the diagnostic
techniques we are developing should be applicable to evaluate the density

gradients attained, whichever approach is used.

6.1 FErploiing Foil Faeility and Preliminary Emission lMzasureriznte

We have constructed a capacitor discharge circuit for gencrating a
large current pulse within a strip of aluminum foil placed in a vacuum.
The small capacitor bank comprises six 8.5 pF BICC capacitors that are
connected in parallel and charged to 1650 volts. A small EEV GHX-T
sparkgap 1is used to discharge this 70 J through the strip of aluminum
foil called a fuce. Ten such foil strips are cut out of onc sheet of
foil and mounted on a rotateble holder within an cvacuated six-port gluss
chamber as shown in figurce 22. The complete fuse holder assenbly is shown
in figure 25. Fach fuse is connected in turn to the capacitor bank via
a banana plug.  This approach has climinated the arcing observed in our

carlier arrungement.
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The emission from the atomized aluminum cloud was monitored by two

photomultipliers (RCA 1P28A and a RCA 931A). The 931A photomultiplicr

was positioned in front of the fusc in order to respond to the carliest
emission and thereby provide a zero time reference signal. The 1P28A
photomultiplier was used to either detect thc emission from the expanding
atomized cloud at some distance from the fuse holder surface or to monitor
the dye laser output. The former arrangement enabled both the expansion
velocity and temperature of the atomized cloud to be evaluated.

The ground state aluminum atom density was estimated by means of
near resonance abscrption photography§28) In this approach a short pulse
(5 nsec) from a suitably tuned nitrogen pumped dye laser is directed
through the atomized cloud and photographed. If the wavelength of the laser
is tuned to lie close to that of the 396.1 nm aluminum resonance line then
appreciable attenuation is expected from regions of high atom density. A
schematic diagram of the experimental arrangement is presented as figurc 24.

The output of the nitrogen pumped dye laser was spectrally controlled
by means of an intra-cavity grating and a beam expander. This system also
enabled the laser line width to be narrowed to better than 0.04 nm and
provided a wavelength stability of $0.01 nm. The Exciton PBBO #04001
laser dyc used had a maximum efficiency at about 396 nm and a usecful tuning
range of 378 to 440 nm. No measurcments of the output energy were made
since the only reauirement for the laser cnergy fluence was that it be
adequate to expose the film in the camera after passing through the systen
in the absence of the aluminum vapour.

The expansion velocity was estimated from the time delay betweca the
emission signuls obtained from the front cn and side viewcng photomultipliers.
The latter receives light only once the atomized cloud emerges from beyond
a specially positioned light baffle. This baffle was designed to preveat
any extrancously scattered light from reaching the side-viewing photomul-
tiplicer prior to the expanding plasma entering its ficld of view. At a
background pressure of 0.03 torr of nitrogen the expansion velocity, averaged
over the 3.2 cm width of the light baffle, was approximately 6 X 105 (‘ms_1

The spatially averaged clectron teuperature Te of the atomized cloud
was determined from the relative intensity ratio ol two emission lines. If

{(20a)

L'TE prevails then it is well known, Gric,’ that the ratio of the two




cmission signals arising from |n> to Im> and |p> to |q> transitions within
the same species

S = A exp(—Enp/kTC) (53)

where Enp represents the energy diffcrence between the upper levels of the
two transitions and A is a system constant that depends upon the photomul-
tiplier response at the two wavelengths, and a ratio of atomic parameters,

viz.,

n('\nmp‘qunm
A A A
NApe) *anpefp

En

A=

where n(AaB) represents the spectral response of the photomultiplier at

the wavelength A _ and A
[ o

8 represents the appropriate Einstein transition
probability. g, represents the degeneracy of the |o> level.

It follows from (53) that the uncertainty in the temperature measure-
ment ATe/Te can be related to the uncertainty in the signal ratio measurement

by the expression

e np

Clearly, Enp should be chosen to be as large as possible compared to kT

After an initial study of the aluminum spectra the 390.0 nm (IPO—ID)
and 623.2 nnm (SpO—SD) transitions of AZIl were sclected as both lines could
be obscrved in spite of the 4.46 eV energy separation of their upper levels.
This relatively large value for Enp implied that the temperature uncertainty
would amount to only 22% of the signal ratio uncertainty for a temperature
of around 1 eV. A preliminary measurement of the clectron temperature

yielded a value of (1.40+0.15) eV.
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If the atomized aluminum cloud is assumed to be spherical in nature,

then the op ol =0l presented to the laser radiation at wavelength X
at distance = fron the fuse holder surface, sce figure 25,
x=vR2-z2
1(n,A) = 2 { K(z,x, )dx (51)
x=0
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vhere the absorption cocefficient

k(z,x,A) = 5(A, 1IN, (7] (55)

and

2
X = VJr -z

[\

R is taken as the radial location of the boundary of the expanding cloud
at the instant of interest. Nl(r) represents the aluminum ground state
atom density at a distance r from the centre of coordinate system, which
is taken to coincide with the centre of the foil strip prior to evaporation.
The absorption cross section for radiation at wavelength A at this location
can be expressed in the form

4

A g2
OGN, 1) = g

cTg

£, 1) (56)

where g2/gl represents the degeneruacy ratio, and t the radiative lifetime
for the resonance transition, ¢ is the velocity of light and d{(A,r) repre-
sents the absorption line profile function at this location. Implicit
in this analysis is the assumption that only the resonance transition
closest to the laser wavelength is involved in absorption.

If we assume that over the density range of interest Stark broadening

dominates, then we can write

;)w(r)

1
c,r) = = - : , (57)
T {).—>.‘0+;,>,S(r)}Z + A,\i(r)
Y
where Aks(r) and AA(r) represent the Stark shift and width respectively.

As a first approximation we shall assume that the displacement of the laser
wavelength A from the linec centre wavelength Ao is sufficiently large that
we can write
akw(r)

A (58)

. 2
w5 =)
P )

LA, 1)

we shall also assune that over the density range of interest we can neglect

ion broadening so that we can write

AN (1) 7 e (50)
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wvhere wois given by Gricn. If we also assume LTE, then the frec
clectron density Ne(r) can be determined in terms of the clectron temper-

ature Te and the aluminun ¢ground state density Nl(r), viz.,

+ o .
N (r) - rLexwzl.\' (r) (k1 )32 © 0 expl (.~ £) /KT }}1/2 (60)
¢ 1 ¢ gl 1 e
where U+(Te) represents the partition function of the ion, g, the ground
level degencracy, EI the ionization cnergy of the atom and AE the ionization
depression. Note that EI, AE and kTe are all expressed in eV units. Under the
conditions of interest OF is expected to range between 0.4 and 0.8 and to a first
approximation AE is set equal to 0.6 eV in (60).

In which case we can write

A
2 wWI(T g
L0 w(_ )S(’I )

10167{}—X }2
o

O(\‘yr)

[y, ()12 (61)

where UA(: ‘4gj/8'c;gl) is the spectrally intcegrated absorption cross section

and
+
21 5/2 9 (1) 1/2
S(T ) = '76.\'10~ (kT ) exp{-5.36/kT } (62)
al L e g c
Under these circumstances the optical depth
[
16 A x=/R“—ZZ
\ ax10 e " 3/2 -
i(z,*) = ——— . W(T ST JYIN, (x)]7 “dx (63)
TR ) ¢ e 1
0 x=0
If we assume that the ground state atom density distribution
. : 2 2} 4
xl(x) = \chp{—r /10 (64)

and that the temperature is reasonably unifora over the expanding cloud,
then
A S/2 .
2GS )
() 0 ¢ ¢
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The transmissivity of the cloud,

T(z,)) = exp{-t(z,\)} (66)

can thus be evaluated. Indeed, we can write

A 3/2
T2 = ex i _2— 1/2 21’00' W(Te)S(Te)NO . {_ 322 }] 67)
SRR B T o 1208 P g 2
o o

10.2 nsec,
1.4 eV (as

In the case of the aluminum atom, Ao = 396.1 nm, T

“22 03, If we use kTe

mn

g,=g =2and so o =3.2x10

estimated from the line ratio measurements assumed earlier) then

S(T,) = 1.23 x 1010 ang according to Griem£26b) w(T) = 1.65 x 1079 cn.
Consequently,
1.3 x 10725 33/2 5,2
T(z,\) = exp [— > exp {— > } ] (68)
(AX) 2r

where A) corresponds to (A—Xo) in nm-units. Transmissivity curves fof
various values of N, T, and AX have been computed. Two such curves for
No = 1019 cm_s, r, = 0.2 cm, AA = 1.7 nm and 3.66 nm are presented as
figure 26. Also, included on this figure are the locations of the observed
sudden jumps in the transmissivity corresponding to Al = 1.7, 2.44 and

3.66 nm as deduced from the near resonance laser photographs taken 3.5 usec

after the start of the plasma emission. A representative set of such photographs

are presented as figure 27. The spread in the data arises from the
shot-to-shot irreproducibility. In order to check that the sudden
transition from light to dark on such photographs corresponded to a change
in the transmissivity of about 0.1 to 0.9, a calibration experiment was
undertaken using ncutral density filters of known attenuation.

It is apparent from figure 25 that the aluminum atom density distri-
bution in the expanding cloud is roughly approximated by a reclation of
the form

2
w N -
N(r) Noexp { 5 }

r
o

, 19 -3 .
where No ~ 307 cm T and LN 0.2 cm. These results are encouraging

for although they are preliminary in nature, nevertheless, they suggest
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that quite steep density gradients are produced by this exploding foil

technique. Indeed, the gradicent for such a Gaussian distribution

2
dN(r)y _ 2r T
B0 - e {5 (69

has a maximum value given by

N N
dN(r), . o /2 _ 4 g58 0
|~z Ve = 0.858 - (70)

lmax To 0

and occurs at a distance r = ro//f. In figure 28 we have plotted both
N(r) and |dN(r)/dr| against r for the N, and r_ values indicated above.
From this figure it is evident that the atom density gradient easily
exceeds the value of 7 x 1017 cm—4 indicated earlier as necessary for the
creation of a ground level population inversion through charge exchange
interactions.

Further confirmation of the steepness of the atom density gradient
was obtained from a close inspection of the light to dark boundary region
of the near resonance absorption photographs. Measurements undertaken
with the aid of a travelling microscope reveals that the transmissivity
jump (0.1 to 0.9 ) occurs in a distance of less than 1 mm. This can be
seen to he consistent with the prediction of our calculations, see figure
2ty

A= andicated these results are encouraging cven though they are only
tentative 1 nature.  Currently we are exploring ways of optimizing the
foil cxplosion technique and increasing the accuracy of our diagnostics,
in particular we are retining the theoretical basis for interpreting the

near resonance absorntion data.
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NEW DISCOVERIES STEMMING FROM RESEARCH

Saturation of an atomic transition by the intense radiation field of
a suitably tuned laser represents an important kind of interaction with a
wide range of potential applications. The consequences of laser resonance
saturation and the applications stemming from this interaction depend to a
very large extent upon the period of saturation. If the resonance to
ground level populations are only momentarily locked in the ratio of
respective degeneracies (saturation) the principal effect is a burst of
intensified spontaneous emission that can be used to diagnose the excited
mediumgl’z) On the other hand an extended period of saturation (lasting
for much longer than the resonance state lifetime) can lead to extensive
perturbation of the medium§3’4) Indeed, if the free electron superelastic
collision time is short compared to the duration of the laser pulse near
tetal ionization of the laser pumped species is rapidly achieved§4_19) In
the case of an ionic species extremely rapid changes of electron temperature
can be produced by this meansgzo)

The author was the first to recognize the importance of laser satura-
tion and many of its possible areas of applicationgl_4) Subsequent work
in the author's laboratory and clsewhere have proven that laser resonance
saturation does represent a significant form of interaction between laser
radiation and atomic vapours OT plasmas.

Momentary lascr saturation represents a powerful diagnostic technique
that 1s finding application in many areas ranging from fusion reactor

21 . 3 . .
(21) to combustion measurcmcntsgzz’ZJ) The combination of laser

studies
ablation and laser saturation spectroscopy represcnts a ncw approach at
cvaluating fundamental atomic quantities such as: radiative lifetimes,
branching ratios, transition probabilities and selccted collision cross-
sections. A preliminary paper on this subject was published by us in
Physical Rcvicwg24) This technique, as well as being convenient and
accurate, is particularly well suited for measurcients on short lived,
highly iontzed specics created by laser ablation. Furthermore, it is
versatile and can use multiphoton or stepwise excitation as the means of
vencrating the bursts of intensificd emission.

As @ spincoft of this work we have also shown that this concept can

also form the basis of o new form of trace clement luaser microprobe called

>
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More recently, we have demonstrated in a proof of principle experiment
that laser suaturation spectroscopy can be uscd to dircectly measure, with
both spatial and temporal resolution, the ion to neutral atom density ratio
in a rapidly expanding ablation plasma€26)

The ionization capabilitics of extended laser resonance saturation

(5-17)

have now been indisputably demonstrated with a variety of experiments
We have developed a model of this laser ionization based on resonance
saturation (LIBORS) and have shown that the interaction can be thought

to proceed in four stagesglg’lg) Confirmation of certain aspects of our
theory has been provided by several research groupsgs_l7) Recently, there
has been some success in using laser resonance saturation for the purpose
of creating infrared laser action§27) Currently, our efforts are concen-
trating upon obtaining a better understanding of this interaction and in
studying how best to employ this fast and very efficient method of coupling
laser energy into a plasma for the purpose of developing an efficient short

wavelength laser.
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Fig. 9 Upper inverted trace displays a 3nm band of
recombination radiation centred at 400nm
somvV/div (Na = 5.2x1015¢cm™3).

Lower trace shows corresponding laser pulse at
589nm (AAg = 0.2nm) as monitored on photodiode
(200ns/div for both).
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{ Fig. 10 Upper inverted tracc displays line cmission at
568 .6nm, 100mV/div (N = 9.5x1015cm=3).
t. Lower trace shows corresponding laser pulse at
- 589nm (Alg = 0.2rm) as monitored on photodiode
1 (500ns/div for both).
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Fig. 13 Arrangement for determining the sodium vapour
density by means of spectral hole technique.
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sodium atom density in the vapour prior to laser irradiation.
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Fig. 17 Representative signals from channels 1 (inverted,

200mV/div) and 2 (500mV/div). Time scale 500ns/div.




ST

600

VOLTAGE B
CHANNEL 1
(mV)

200 —

Digitized Signals

CHi

1O -

SIGNAL
RATIO
Ve

05—

'olS

Ne
(cm=-3)

210"

T 1 IIT

1 | S ]

No=105(£.02) x10'6 ¢cm-3

] ! ] |

JJJJ

1

AL= 5890 nm

08 1.6

r=.75ce¢m

!
24 32

(pnsec)

EL=150%10 mJ

1200

VOL.TAGE
CHANNEL 2
{mV)

600

200

FIG., 18 REPRESENTATIVE STARK MEASUREMENTS OF ELECTRON DENSITY WITH
LIBORS PLASMA.
(a) Digitized PM-voltage waveforms for chanrels 1 and 2.
(b) Signal ratio, VZI against time.
(c) Electron density time history evaluated from V21
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FIG. 22

MULTIPLE FOIL FUSE HOLDER SEEN WITHIN SIX-PORT
VACUUM CHAMBER.
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1. Fuse holder
E. 2. Connecting wires
3. Vacuum chamber port
] L. Banana plugs for each fuse
5. Rotation knob
L
[
[
¢
‘-
¢
X
S




*293713 A3Tsusp rexinau gN f423317ds weoq g :Aay

+juawoBuexae dtrasoudeip
uotidiosqe aoueuosax Ieau oyl Sutmoys A3Ti1o®d [Tod Sutpoidxg jo uﬁmsocwm vz 814

- auubyd o

A us of 2 PUUOUD

o £q

7 juudbyd of ~ peioiIu]

asing

- suf—] 29 A 3{09

S9|DIS
A A st MV 12
Ja1dy|nwojoyd adodog woag _oao\
ON— fojog Y
3]gDI4OA
4311dHInwojoyd  \ @ !
an 13214D|04 Di3WD)Y
J0J3IN 7/, n /
oo - e > [t : i o =5
R | e g & :
. 6 49314 1ouods 49y114 louods Y
gUesoT ue 04} IN , /
JapjoH jiod
Jagwoy) wnndpp’ = puipojdx3
* 43507 9kQ
496611] sas07] uabosn
..
g
8
R LI . WCON_ RITE SNNRS _ SR  EESE. J.
PUPETO G TP VG S S v ..__. "




St senth Sune |

*onbiuysay
uot13dIoSqe 9DUBUOSSI JBaU JXOF DT3IBWSYDS G2 *B1d

* 19p|OH mms...;

= =

W

uolDIPDY 49sD7

>

(x'z)1

pPnoId
wniuiwn)y

IR ..»‘WP.LL; )




‘WU 99°¢€ PUB $p°Z ‘L°T 30 sSutun3op J03 AITATSSTWSUERI]

‘ utr sdun{ ay3 jo suorirsod paaxosqo Zurpuodsdrxod oYl dIT UMOYS

OSIV ‘WU 99°¢ pu®B WU £°'T = YV ‘sButunidsp I0se] JO SANILA OM3} 103 d
IOpPIOY SN WOXF dOUCLISTP YITM UOTIBTIBA AJTATSSTwsuval pandwod o7 3814

- (ww) 7 |
: of 8 9 b 2 0
v ! _ ! _ T \\ “* I _ T O
!
. ]
B _
. ww 2 =0 “_ dz0 3 |
- wu 2 = >
- XV — ___4f ww 7 9, m 4
g | Wwu 99¢= Yy 2
, ~ | =
wu =YV | | —¥0 @ |
— | 2
sdwne wu 2= XV <
A}AissiwsuDA) All_l_.l.v -
.  panesqo I >,
90 |
2 . |
N
- b _.
—80 > |

ol

¢
e

' : o J» [ N
— N ) y W P B A
. el PYSELA B P I PPLISIY




| R f~;.':.‘”."—',—"."'.‘"t"*.'-,*-‘,*"?"“‘*f'ﬁr"h-—vﬁf-—a'~b~1-v-.vi-1v;-?~.v.’v<-.-.v..1
o . PR R Rt RSN L L O ST TN TR TR TR - LR

A~ A

YT T

vff

(a) (b) (c)

CRE s e oy

Fig. 27 Three representative photographs of laser light passing through
exploding toil chamber. (a) Laser tuned to coincide with the
396.1 nm ALZI resonance line revealing large extent of low
density cloud 3.5 usec after foil explodes. (b) Laser detuned
by about 0.7 nm from 396.1 nm ALl resonance line showing much
smaller .xtent of high density core also 3.5 usec after foil
explodes. (c) Laser fired before foil explodes.
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APPENDIX A

LASER STIMULATED INVERSE RADIATIVE AUTOIONIZATION

AS A MECHANISM FOR CREATING A GROUND LEVEL POPULATION INVERSION

R. M. Measures and R. Kissack

Abstract

We have been able to demonstrate by relatively simple equilibrium
arguments that the attainment of a ground level population inversion by

means of laser stimulated inverse radiative autoionization is not possible.
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In many approaches towards the development of short (X and XUY)
wavelength lasers, energy is stored in the ions of a plasma. The ground
state of an ion of charge Z can represent an effective storage medium
if, at the temperature required to ensure near complete ionization of
the (Z-1) ion, there is very little excitation of the ion of charge Z.

A ground level inverted population (GLIP) might then be created within
such a medium if a fraction of the Z-ion ground level population could
suddenly be transferred to some state that is radiatively coupled to the
strongly depleted (Z-1) ion ground state. In some of the early approaches
at developing an X-ray laser, rapid cooling through expansion of a dense,
highly ionized plasma was thought to be capable of accomplishing this by
means of three-body recombination to high lying 1evels(1) of the (Z-1)
ion. Unfortunately, it was soon shown that the energy released by this
recombination prevents the formation of a GLIsz’S)

In another approach at developing an X-ray laser, Harris(4) has
proposed using a laser to suddenly switch the population of a storage
state into a potential laser state. Although this is an attractive con-
cept, the fact that the storage state in this approach is metastable is
likely to constrain operation to low densities which in turn will severely
limit the gain coefficient attainable. We felt that it might be possible
to use this concept of laser switching where (in our approach) the Z ion
ground state would represent the storage medium. This would avoid the
limitation imposed by using a metastable state as the storage state.

In order to accomplish this we have considered the possibility of
suddenly enhancing electron resonance capture into a doubly excited state
of the Z-1 ion through the process of stimulated inverse radiative auto-
ionization, SIRA. By this means it might be possible to momentarily
create a ground level population inversion within the Z-1 ion. The
feasibility of this would be greatly facilitated if the Z-1 ground level
had been strongly burnt out by laser resonance saturation(5714 prior to
the sudden application of the SIRA laser pulse.

We have schematically illustrated this concept for the case of a
singly charged ion in figureAl. In this illustration !g>, |i> and [d>
are taken to represent the atom ground state, the ion ground stute and the
atom doubly excited state, respectively. € is taken as the photon cnergy

of the stimulating laser ficld and e the cnergy of the free electeon that
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is participating in this stimulated inverse radiative autoionization

process. This interaction can be expressed as a reaction of the form
SIRA: [i> + hv, + ¢~ |d> (A1)

where th represents a photon of the stimulating laser field and e a

free electron. Energy conservation implies that
e +¢€ =E,. (A2)

where E . represents the difference in energy between |d> and |i>.

Thglbasic idea is to start with a plasma which primarily comprises
ground state ions. This state of affairs can be produced by means of
laser resonance saturation where a degree of ionization of close to 99.9%
has been predicted. We shall assume that the electron density is high
enough that just prior to switching on the SIRA laser the plasma can be
thought to be in local thermodynamic equilibrium. Furthermore we shall
also assume that in the absence of the SIRA laser field the dominant decay
mode for the doubly excited state is radiative decay to the ground level
and that during the times of interest this represents the primary mechanism
for repopulating the ground level.

Under these circumstances the rate equations governing the ground and

doubly excited states take the form

d.\’g
T ° Naldg (A3)
and de
5 - ‘\e‘\iRid - Nd(Rdi + Adi + Adg) (Ad)

where Ng and Nd represent the density of ground and doubly excited state

atoms, while Ni and XC represent the ion and free electron densities. Adu
represents the Einstein spontancous cmission probability for radiative 7
decay of !d» to g~ and Adi represents the spontancous emission probability
for radiative autoionization of the doubly cxcited state, viz

L]

RA: deor it o+ ¢ o+ hu (A3)
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In the presence of the SIRA laser ficld the radiatively induced rate

coefficients are R for stimulated radiative autoionization, viz.,

di

SRA: |d> + hv, - [i> + e + Zhy, (A6)

and Rid for stimulated inverse radiative autoionization, see (Al).

For our model we can set N, = Ni and we can assume that both the
electron density and its temperature are constant during the times of
interest. If we further assume a step-like pulse of laser radiation then

we can introduce the two constants,

2
S = N_Ri4 (A7)
and
1
T Rai * At A (A8)
In which case equation (A4) takes the form
dN N
d_g_d
T TS T3 (A9)
which has the solution
) -t/T
Ny(8) = stll - e } (A10)

provided Nd(o) = 0, which is a conservative assumption.
The population inversion density between the doubly excited state and

the ground stuate,

& = -
Nty N, () ng(t) (A11)

~

where w represents the ratio of the statistical weights for |d> and [g>.

The appropriate rate cquation for o??t) takes the form
ppryp q

: P 1 . o
Sdrd e s - N(0] u./\dg} (A12)

[f we use the above solution (A10) for Nd(t), then we can write

/‘ - -
%Lﬁ{il < S[(1+p)e vt Pl (A13)

tE _ S ] . )
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where we have introduced

p 3 wAdgT (A14)

The solution of equation (Al4) can be expressed in the form

/T

K@) = - (0) - s[rqsp) (7T - 1) + pt] (A15)

vhere we have used the fact that Nd(o) = 0 in evaluating omfo).

To ascertain the maximum value of this population inversion density,
CA/;ax’ we set d ¥/dt = 0. The justification for assuming that this condition
corresponds to a maximum is obtained by reference to the nature of equation

(Al15). From equation (Al3) it is apparent that °~;ax arises when
~t/t
e = p/(1+p) (Al16)
which amounts to stating that }” is a maximum at a time
t = in{(I1+p)/p] (A17)
Substitution of (Al6) and (Al7) into (Al5) yields
~Vmax

V> = §1 [l—pﬁn { l%B ]] - ng(o) (A18)

Clearly, a necessary condition for creating a ground level inversion, i.e.,

A7

> 0, based on laser stimulated inverse radiative autoionization, can be

expressed in the form

wN (o)
ST > — & (A19)
( 1+p ]:l
1-pn —_—
[ ™
GO A ) ! e C << { A O} T ate
[n veneral, Ldi + Adi + Adg ‘Adg’ so that p << 1 and we can restate

the ¢riterion for creating a ground level inversion through SIR\ in the
following nunner:

&

€ R.i_d .
K A

LU ua N (o) {A2M
di “dit Tdg
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Now R. , can be related to R,. + A,. through the equilibrium relation
id di di
Rid = (Rdi + Adi)/Sd(Te) (A21)
where
y 2 .
) he \EQUIL ZTrmekTe 3/2 Ui(Te) Edi/kl‘e

Sd(Te) {5 f = 2 7 m e (A22)

d h d

Here Ui(Te) represents the ion partition function, Te the electron tempera-

ture and Wy is the statistical weight of the doubly excited state. The

other constants have their usual meaning.

If (A21) is substituted into (A20) we have

2
Ne (Rys*Aq:)

(Rdi+A

di+Ado) > ng(o)Sd(Te) (A23)

In the limit of strong laser radiation (i.e., R

di >> Adi + Adg) this amounts

to requiring

N 2
e _
E;TBT h Sg(Te) ¢ de(Te) (A24)
where ¢ quckTe 3/2 U.(T ) -E. /KT
S (T ) =2 A€ e 8 € (A25)
g e L h? g

The valuc of Te uscd in both (A22) and (A25) corresponds to the LTE value
prior to irradiation with the SIRA laser. If (A22) and (A25) are used in
(A24) we arc able to see that the criterion for laser action can be written
in the form

—Eig/kT Edi/kT

- (A26)

(3]

which makes i1t very obvious that a ground level population can never be
created by means of luaser stimulated inverse radiative autoionization. It
should be noted that this proof is fundamental in nature and docs not require
any knowledge of the cross sections involved. However, it might be worth
mentioning that the plasma was assumed to be in LTE prior to irradiation
by the SIRA laser pulse. Deviations from this starting condition might

lead to difterent conclusions.
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The influence of molecular nitrogen upon plasma channel formation by laser

resonance saturation

R. M. Measures, S. K. Wong, and P. G. Cardinal

Institute for Aerospace Studies, University of Toronto, 4925 Dufferin Street, Downsview, Ontario, Canada

M3H 5T6

{Received 7 July 1981; accepted for publication 27 October 1981)

Laser resonance saturation of alkali vapors represents a very attractive method of creating the
extended plasma channels of interest in light ion beam fusion. We have undertaken a preliminary
study of the influence of molecular nitrogen upon this laser ionization technique. Our results
indicate that the electron cooling, resonance quenching, and the increase in the laser energy
requirement are acceptable, providing that the alkali seeding exceeds 0.5%.

PACS numbers: 52.50.Jm, 52.20.Fs, 52.25.Ps

I. INTRODUCTION

A fusion reactor based upon multiple light ion beam
drivers promises to be less expensive and more efficient than
other inertial confinement reactor schemes. The light ion
beam approach to fusion also lends itself to methods of mini-
mizing the wall loading of such a reactor by employing a
large reactor cavity and using an atmosphere that will absorb
most of the energy liberated (other than that released in the
form of fast neutrons) when the fuel pellet undergoes fusion.
A stand off distance of several meters may be required in
order to protect the array of ion diodes from the microexplo-
ston, a - this will necessitate the development of an efficient
mode « © n beam transport across the reactor chamber.

T here 1s a reasonable body of experience that has dem-
onstrated that hight ion beams can be efficiently transported
for distances of at least one meter by means of current carry-
ing plasma channels.' ' These plasma channels provide
both charge and beam current neutralization and sufficient
azimuthal magnetic field to confine and guide the ions. Re-
cent experiments have also shown that these discharge chan-
nels can be initiated and guided by laser heating of a molecu-
lar gas.** In this work a CO, laser is used to vibrationally
excite ammonia molecules, thereby creating a low density,
very weakly ionized channel for guiding the discharge. Al-
though this approach may be adequate for testing the con-
cept it is unlikely to be a candidate for a fusion power reac-
tor, where the ambient temperature could be in excess of
1000 °K.

We have proposed® that saturating a strong transition
within one of the gaseous constituents (such as lithium va-
por) of a fusion reactor with an appropriately tuned laser
represents an almost ideal method of creating the multiple
electrical discharge guide paths. In regard to this task the
advantages inherent in our proposed laser ionization based
on resonance saturation—LIBORS technique are

(1) High Efficiency due to the large cross sections in-
volved in directly converting the laser energy into ionization
and electron energy;

(2) Complete Ionization ( > 95%) of laser pumped spe-
cies along the path of the laser beam, even for relatively mod-
est values of laser irradiance;

{3) Uniform Plasma Channels should be formed due to
the linear rate of energy deposition along the path of the laser
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beam;

(4) Superelastic Heating of the free electrons to provide
high conductivity channels;

(5) Rapid Formation of the plasma channels through
exponential growth of ionization;

(6) Minimum Pellet Preheat by the laser radiation due to
the modest demand of laser energy;

{7) Compatibility of the constituent (such as lithium va-
por), that is amenable to LIBORS, with the proposed operat-
ing conditions within a fusion reactor; and

(8) Resonance Line Lasers currently under develop-
ment’ could lead to a simplification of the design and oper-
ation of the lasers required for LIBORS.

In our initial study® we have shown that a laser pulse of
less than 1 J would be required to create a plasma channel
with an electron density of close to 10'* cm ™ * over a 5-m
path in the case of a 0.1-Torr sodium atmosphere. Further-
more, we can say, based on our recent development of a
simple model of LIBORS,** that this estimate would also
apply to a similar lithium atmosphere. This can be seen by
reference to Fig. 1, where the variation in the 95% ionization
burnout time with laser irradiance is presented for lithium,
sodium, potassium, and rubidium. Although these ioniza-
tion times were estimated on the basis of a spatially uniform,
step-like laser pulse, we have recently shown® that in the case
of sodium, allowance for a realistic laser pulse (both spatially
and temporally) should lead only to a doubling of the ob-
served ionization time. By way of illustration, in Fig. 2, we
present the time history of the growth ia the free electron line
density . } () for three kinds of laser pulse.

An analysis'? of the radiant heat pulse, from the fusion
created fireball within the atmosphere of a light ion beam
reactor, has suggested that it might lead to excessive loading
of the reactor walls. A more recent analysis'' has found that
seeding this argon atmosphere with as little as 0.2% of sodi-
um vapor could degrade this heat pulse to a more satisfac-
tory level. Thus it would appear that the alkali vapor could
serve two useful purposes within the reactor. The possibility
of using a molecular gas as the main constituent of the reac-
tor cavity atmosphere has also been suggested.'?

In this paper, we report on an initial study of the influ-
ence a of molecular gas upon the plasma channel formation
potential of LIBORS. Nitrogen was chosen as a representa-
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FIG. 1. Variation of 95% ionization burnout times 7° with laser irradiance
', as predicted by simple model for lithium, sodium, potassium, and rubi-
dium, corresponding to initial densiiy ¥, = 10" cm

tive molecular gas with no obvious disadvantage. In particu-
lar, we set out to see if laser resonance saturation of sodium
vapor could stiil lead to the formation of a plasma channel
with an electron density of close to 10'* cm~?, in a time of
less than 1 usec in the presence of molecular nitrogen at a
density of at least 2 X 10'" cm~*. In addition, we have evalu-
ated the increase in the minimum laser energy required for
the creation of such channels by this background gas. Where
possible we have made simplifying assumptions that are
strongly conservative and we therefore expect that our re-
sults will, if anything, overpredict the laser energy required
to create these plasma channels. Even so, our analysis is en-
couraging because it indicates that LIBORS still represents
an efficient and low energy methr of producing the dis-
charge guide path necessary for ic n beam transport.

iI. LASER IONIZATION WITH NITROGEN
BACKGROUND GAS

The presence of an appreciable background density of a
molecular gas such as nitrogen will invariably have a detri-
mental effect on the laser ionization process. Clearly the
large number of internal energy states associated with a mol-
ecule will represent an effective sink for the energy of both
the free electrons and the laser excited species. The most
serious of these are considered below.

A. Potential influence of nitrogen

(i} Free electron cooling through excitation, dissocia-
tion, and ionization of the nitrogen molecules, viz.,

e + N,—»N;" +2 —(15.58¢eV) ionization,

e  +N,—»N* 4+ N+ 2 —(14.54eV) dissociative
ionization,

e +N,—-»N+N+e —(9.76eV) dissociation.

The group of interactions shown above are all expected to be
unimportant due to the relatively low electron temperature
found in LIBORS of the alkali metal vapors (typically &1
eV). In the case of

5542 J. Appl. Phys., Vol. 53, No. 8, August 1982
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e~ +N,—N; +e~ —(>6.2eV) electronic excitation,

the energy spacing between the ground state (X '3 .- ) of N,
and its first excited electronic state (4 °Z ;) is about 6.2 eV
and so electronic excitation of N, should also be relatively
unimportant unless the alkali seeding drops below 0.1%.

Thus, the primary cooling mechanism for the free electrons
has been assumed to result from

e~ + N,—»N, + e~ —(=0.01eV) rotational excitation,
and e~ + N,(w}—+N,(u) + e~ — (e, —e€,) vibrational
excitation,

of the nitrogen molecules, where d¢,,=¢, — €,
=(u — w) X029 V). €, represents the energy of vibrational
state described by the w-vibrational quantum number and
u>uw.

{ii) Quenching of the laser excited resonance state
through vibrational excitation of nitrogen molecules

Na(3p) + Ny(w)—Na(3s) + Ny(u) + [E;, — 4¢€,,],

where E,, represents the sodium resonance energy (equal to
the laser photon energy).

We see that for each resonance state atom quenched by
collision with a nitrogen molecule, the excess energy be-
tween the resonance energy and that required to vibrational-
ly excite the molecule from w to u, goes into translational
energy of the colliding species, thereby heating the gaseous
mixture."?

{.n) Depletion of the alkali seed atoms through the for-
mation of nitrides has been assumed to be negligible due to
the low decomposition temperature of these compounds
(e.g., NaN, decomposes for T> 300 °’K).
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FIG. 2. Comparison of the temporal variation of the free electron line den-
sity. } ¢ of a sodium column evaluated to a radius of 0.6 cm for the three
cases. (i] Steplike, flat laser pulse for /' = 10* W cm % (ii) Laser pulse is
assumed to have realistic temporal variation but uniform radial distribution
out to 0.6 cm. Energy in the pulse is set to be 0.808 J corresponding to a peak
irradiance of 10" W cm  *; [iii) Laser pulse is assumed to have both a realistic
temporal variation and a Gaussian radial distribution with an exponential
radius of 0.20 cm and an energy of 0.091 J, giving a peak irradiance of 10*
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(iv) Removal of low energy electrons through the for-
mation of N;~ appears to be negligible due to the negative
electron affinity of N,.'*

It is apparent that the two most important interactions
to be considered are electron cooling and direct resonance
level quenching, through vibrational excitation of the nitro-
gen molecules. We shall now consider each in turn.

B. Electron cooling through vibrational excitation of
nitrogen

The total electron-nitrogen scattering cross section is
found to peak just in the energy range of interest.'® The mag-
nitude and structure of this cross section is associated with a
resonance interaction that leads to the vibrational excitation
of N, through the momentary formation of N,~ accordingto
Herzenberg'® and Birtwistle and Herzenberg.'” The absence
of an electric dipole moment for N, ensures that the prob-
ability of direct vibrational excitation is small.'®

The LIBORS energy equation® for the free electrons in
the presence of nitrogen molecules can be written in the form

-3;(1\’1,6‘,) = NN KB + (2E;, — Ecz)dezzc)Fz

+ 12E;, — E N3o,.v
+ }3E, — cI)NiaL Fv

+ z ‘EZI - Ez‘n )Nnalnlc!F
n>2

- Ne ZNnKncEcn - NL‘C

n>1

- ‘V:.Z’He: - NyNHea + N: chnEcn

n> 1

~ Nl S B+ N3 (ov),n,d¢,,

u>w

- N‘Zz<av):"” 'Aeuu" (”

where € (J) represents the mean translation energy and N,
the density of the free electron. Note N, in this equation
represents the sodium resonance state population density
and V, (cm ‘) represents the population density of the n
level in sodium. n, and n,, represent the respective nitrogen
population densities in the u and w vibrational states of the
ground electronic state.

The first term on the RHS of Eq. (1) represents the su-
perelastic heating term for the free electrons arising from
electron collision quenching of the laser sustained resonance
level population. E,,, (/) represents the energy separation
between levels m and n of the laser pumped species, LPS. E .,
represents the ionization energy of level n of LPS and K,
represents the three-body recombination rate coefficient for
level n. The next three terms of Eq. (1) represent the contri-
bution to the free electron energy from the three most likely
electron seed creation processes. In the case of sodium: {i)
resor.ance state two-photon ionization Na(3p) + 2hAv—Na "’

+e + KE i=1.17 eV}, (i) associative ionization Na(3p)

5543  J Appl Phys.. Vol 53, No 8. August 1982

+ Na(3p}—Na;" + e~ + KE (=0.04 eV), (iii) laser-in-
duced penning ionization Na(3p) + Na(3p) + Av—>Na™*
+ Na(3s) + e~ + KE (=1.17 eV).

Na{3p) and Nal3s) represent a resonance and ground state
atom, respectively. Av represents the laser photon energy
and corresponds to the energy difference between the reso-
nance and ground states E,,. 0% (cm* sec) represents the
two-photon ionization rate coefficient (sometimes referred
to as the generalized cross section) for the resonance level; o,
and E , represent, respectively, the cross section and ioniza-
tion energy corresponding to associative ionization; o, (cm*
sec) represents the cross section for laser-induced Penning
ionization, v represents the mean velocity of the LPS.

0'!) (cm?) represents the single photon ionization cross
section for level n, and the sum extends over all levels n> 2
for which ionization by a sirigle laser photon can be achieved,
F (photons cm ™2 sec ') represents the appropriate photon
flux per unit area of the laser beam, i.e.,

hVFEfII(V) dv.

C represents the loss of energy per electron due to the net
collisionally induced upward movement of bound electrons
{exclusive of the resonance superelastic term) and is given by

C= Z| 2 (NnKnm - Nmen)Emn + NZKZIEZI’

n=im>n
where N,K, E,, represents the laser-induced superelastic
heating term for the free electrons. H,, represents the rate of
elastic energy transfer to ions through Coulomb scattering
collisions, and if the electrons and ions have Maxwellian
velocity distributions H, takes the form'

et (8am \YT, - T, 9kT,)
H =— In ,
“ m,( kT, ) ( T, ) (8 #Nce")

where T, (K}and T, (K) represent the respective electron and
ion temperatures [viz., €, = {3/2)kT.)and m, (g)] and m, (g)
their respective masses, e is the electronic charge (esu). N
{cm %) represents the total neutral atom density, and H,
represents the rate of elastic energy coupling between the
free electrons and the neutral atoms. We can approximate
H,, by

8T, \'? 4km,
Hvu :(—") (T. - Tu )Jva ,n‘ ]
m m

P

where o, represents the electron atom elastic scattering
cross section. 3 (n) represents the radiative recombination
rate coefficient for level n of the LPS.

The last two terms of Eq. (1) take account of the energy
gained and lost to the free electrons through vibrational de-
excitation and excitation respectively. (ov)¢,, represents the
electron collisional excitation rate coefficient for excitation
from w to u.

The electron energy equation can be divided into two
equations, one taking account of the rate of change of the
electron density and the other giving the rate of change of the
mean electron translational energy. If we assume that the
free electrons are described by a Maxwellian velocity distri-
bution corresponding to an electon temperature T, then we
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3,dT, l[d daN,
——-—-———N,,—G,——, 2
@ = N g N e @
where

aN,
— =N. Y NK,
dt enL;l "

+ T N,GUF + Nyol F?

n>2
+%N§{a,v+a,’vF}
-N: Zﬂ(")—Ng ZKcn' (3)

n>1 n>1
and d (N, €,)/dt is given by Eq. (1).

We see that the influence of the nitrogen molecules is
felt through their effect on 7, and subsequently on the var-
ious electron collisional rate coefficients. In order to deter-
mine the extent of this influence we need to solve not only the
atomic population rate equations and energy equations, but
also the appropriate set of nitrogen vibrational state popula-
tion rate equations,

an. _ M| S notonyis =, S (oo,

df wtu [70E 7

+ (ov)* Z fn.n,Plu+ Luww+ 1)

weu
+n,.n, Plu-luww-—1)
— ., n,Pluu+ 1w+ Lw)
—-n, n,Pluu—1Lw— l,w)l]. 4
The first two summation terms in Eq. (4) take account
of the electron induced rates of excitation and de-excitation
of the ground electronic state having a vibrational quantum
number “u”". The subsequent four summation terms are con-
cerned with the rate of creation and rate of destruction of the
population in this u-vibrational state through vibration-vi-
bration energy exchange collisions between nitrogen mole-
cules. Thus (ov)* represents the elastic (gas kinetic) collision
rate coefficient between nitrogen molecules.
P(u + 1,u,w,w + 1) represents the probability that in a colli-
sion between two nitrogen molecules there will be a vibra-
tional exchange of energy equal to one quanta of vibration
energy, i.e., the molecule that was in state-(u + 1), dropstou,
while the molecule that was in state-w is raised tow + 1.
For a harmonic oscillator it can be shown that'”

Plu+ Luww+ 1)=Pluu + Lw+ Lw)
=(u + W + 1)P(1,0,0,1), {5)
and
Piu,u — Lw— 1Lw) =P — Luww — 1) = uwP(1,0,0,1).
(6)
If we further introduce the total nitrogen density,
n=Yn,, (N

and the average vibrational quanta

VEanu,/n,. (8)

5544 J. Appl. Phys., Vel 53, Jo. 8, August 1982
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then we can write

d’lu ¢ e
cd—t = N, w;,,nw <W>wu - n"w§u<W)“w]

+Tl [+ 1P+ ),

— (u+ Qu+ P )n, +uPn, ], )
where
r”E[(av)EnTP(l,O,O,I)]" (10

represents the effective relaxation time for vibrational
exchange.

A set of equations of the form given by Eq. (9) needs to
be solved in conjunction with the normal set of LIBORS
equations and the amended electron energy equation [Eq.
(2)]. In general the rate of electron excitation from the lowest
vibrational state is larger, or of the same order of magnitude,
than that from any of the higher vibrational states. In addi-
tion a molecule in an excited vibrational state can be colli-
sionally de-excited and heat the free electrons. Consequent-
ly, if we assume that essentially all of the nitrogen molecules
arein their lowest vibrational state, the rate of electron cool-
ing will be as large as possible and we will invariably under-
estimate 7,. This in turn will lead to a conservative estimate
of the lengtiening of the ionization time associated with the
molecular background gas. With the assumption that all the
nitrogen molecules are in the lowest vibrational state we
avoid having to solve the set of vibrational rate equations,
and can write for the electron energy equation

daT
7 — = LIBORS terms — ry 3 (0v)5,.4€,0, (11)
t

w>0

3k
2
where n, is set equal to the total nitrogen density and the
LIBORS terms of Ea (11) refer to all the terms of Eq. {2}
exclusive of those involving nitrogen.

It should also be noted that {ov);, decreases as w in-
creases and so in our preliminary work we have summed tqg:
w = 8 in Eq. (11}). These rates were numerically evaluated
from the cross-sectional data available in the literature.?" It
should be noted that these cross sections include both rota-
tional and vibrational excitations. The subsequent vibration-
al cooling term in Eq. (11) is dependent upon the electron
temperature and is fitted by an expression of the form
n,ATPexp(C/T.) in our LIBORS code, where
A=8685x10"" B= — 09678, C= — 2.259% 10* and
T.isink.

C. Resonance quenching through vibrational excitation
of nitrogen

In addition to cooling the electrons the nitrogen mole-
cules will also quench the resonance state sodium atoms
through the following interaction

Na(3p) + N, (w)-—=Na(3s} + N,(u) + (E,, — d€,,).

Here again N,(u} and N,(u) represent nitrogen molecules in
the w and u vibrational states, respectively. In such a

quenching collision the vibration energy of the nitrogen mol-
ecule is increased and the difference between the atom reso-
nance energy and the gain in vibrational energy will appear
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in the form of increased translational energy of the collision
partners. This form of heating will be considered later.

Each time a sodium resonance atom is returned to its
ground level by :. - juenching collision, an additional laser
photon is required to elevate the atom back to its resonance
state. In effect this raises the value of the saturated spectral
irradiance I (v). As was first shown by the author?! the reso-
nance and ground level populations of the laser excited
atoms are only locked in the ratio of their degeneracies g, if
I'(v) »I,(v), where I'(v) is the laser spectral irradiance (as-
sumed broadband compared to the atomic linewidth). The
saturated spectral irradiance

8 rhv® [
IK(V)E—:—’ e
c{l+gl 7
where hv is the laser photon energy, c is the velocity of light,
v is the frequency of the laser radiation, 7 is the radiative
lifetime of resonance level and 7 is the actual lifetime in the

presence of quenching collisions.
In the case of the sodium resonance transition,

[(V}=607x107""Wcem~2Hz ™',

in the absence of collisional quenching. If the laser band-
width is about 0.1 nm (or 86 GHz) this corresponds to stating
that for saturation

I'$52Wem™2

In general we can write

%zA:I +Nv[K2| + K, + z K,, +z"uz(av>ugu"
n>2 u w

(13)
where (ov) 2, is the nitrogen collision quenching rate involv-
ing vibrational transitions from u to w and A ,, represents the
Einstein spontaneous transition probability for the reso-
nance to ground transition. If we assume as before that the
majority of the nitrogen molecules are in the lowest vibra-
tional level of ground electronic state then we can write

(12)

1

7:A2|+Nc Ky +K;;+ EKzn]+C$|,» (14)
n-~2

where

C§ =nw? ok, (15)

and g%, is the effective cross section for vibrational excita-
tion from O to w through quenching with Na(3p),

o_ 8 kT] 172
v =1 — .
mH
T is the gas temperature, and u is the reduced mass for the
sodium-nitrogen collision.

In Table [ we present estimates’** of the Na(3p)-N,
quenching cross sections and the corresponding energy de-
fects E,,-d¢,,, . In the absence of nitrogen the electron super-
elastic quenching leads to a minimum resonance state life-
time of about 12.5 nsec (compared to 7™ =~ 15.9 nsec) for a
sodium atom density of 5% 10" ¢cm ~, corresponding to a
vapor temperature of 670 K.** The presence of 2x 10'7
cm ~* of nitrogen molecules further reduces this lifetime to
about 2.2 nsec, which in turn increases the requirement for

5545 J. Appl. Phys., Vol. 53, No. 8, August 1982
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laser saturation, from Eq. (12)
I'»295Wcm~2

This poses no problem as the values of laser irradiance
throughout our analysis considerably exceeds this value.

The power extracted per unit volume from the laser
field resulting from these nitrogen quenching collisions can
be expressed in the form

ne = noN%E, Y 08, (16)

and is included in the LIBORS code to allow for the addi-
tional laser power density absorbed in the presence of nitro-
gen. N, is again the sodium resonance state density.

For times somewhat less than the ionization time we
can approximate Eq. (16) by the form

7, = GnoNw?Ey Y 08, (17)
where we have assumed laser saturation which gives?'
N, =GN, (18)
with
G=-—% (19)
1+g

For Ny =5X10"* cm~%, n,=2x10" cm™~* we have Q|
~6.76 X 10* W cm ~* using the values of o€, given in Table
L. This represents a fairly large rate of laser energy deposition
into the nitrogen gas. Indeed, the rate of translationally heat-
ing the nitrogen molecules (¢, is mean thermal energy of a
nitrogen molecule) is given by the expression

de,

—dt_” = GNOUQngw {Ey — 46y, - (20)

AtN, =5x10"cm ™ and n, = 2% 10" cm~* Eq. (20)
givesde, /dt=6.50x 10°eV sec ™' molecule ™', and leads to
an increase in temperature of 503 K for each 100 nsec of
laser irradiation (until appreciable ionization occurs}.

This gas heating would invariably lead to thermal de-
population f the vibrational ground state and as indicatea
earlier woulu reduce the electron cooling rate. This would
mean that 7, would be higher and the ionization time re-
duced. This is consistent with our statement that our calcu-
lations would be conservative. That is to say, our estimate of
the increase in laser energy required in the presence of N,
will be larger than required in reality.

We have also omitted the ion-nitrogen translation ener-

TABLE I.  Sodium/nitrogen resonance quenching cross sections and en-
crgy defects.

Vibrational )

excitation g% (A7) E,, — d€,,. (eV)
0 +3 174 1.23

0-+4 5.86 0.94

Q .5 781 0.65

0 .6 6.03 0.36

0 .7 1.9 0.07
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gy exchange terms from the ion energy equation. Such a
term would, in effect, tend to prevent the ion temperature
from rapidly rising towards the electron temperature and
thereby mean that the electron-ion energy loss term [N2H,,
of Eq. (1)} would remain large for a longer period. This
should not affect the ionization time and in order to test this
we ran one case where the ion temperature was forced to stay
at room temperature (an extreme example). The results of
this run confirmed our justification for avoiding the com-
plexity of including the ion-nitrogen energy exchange terms.

0. LIBORS computer code results with and without
nitrogen

In order to see which of the seed ionization processes is
likely to dominate at any given value of laser irradiance, we
have evaluated the ionization rate for each as a function of I’/

—d'—IL(O'L- 2x107%% cm? sec )

IA (Cas 5x10~'%cm?2)

W W W .

dNo| (of51 =166410%9cmesac)
T

FIG. 3. Variation of three primary seed ion-
ization rates with laser irradiance for sodi-
um at 5X 10" cm 2, (dN, /dt )| ,— associ-
ative ionization rate, (dN, /dt )|, — laser
induced penning ionization rate and
(dN,/dt)| ,— two photon resonance state
ionization.

assuming a Ny = 5 10'* cm~>. The results (for the cross
sections used in most of our code runs) are presented as the
fulllines in Fig. 3. Itis evident that associative ionization will
dominate for I 2 10’ W ¢m ~2, while two photon ioniza-
tion of the resonance level will be the primary seed ionization
process for hi~her values of laser irradiance.

Rece' :*periments® have suggested that the laser in-
duced Peui...ag cross section o, could be as large as
5.6 X 107*' cm* sec, and so we have added this result
(broken curve) to Fig. 3. Clearly, if this is correct, laser in-
duced penning ionization is likely to be the dominant seed
electron creation process over the / ' range of interest. Never-
theless, most of our LIBORS code runs used the smaller
value of 2 10~ * cm* sec for o, . It is evident that if we had
used the larger value of o, the ionization time would have
been somewhat shorter and this would have had the effect of
reducing the amount of laser energy required to form a plas-

TABLEIL  LIBORS code results with and without nitrogen. 7' = 10°W em %0, =2x 10 “cm*sec;df = 1.66x10 *cm*sec;o, =5x10 "em’.
Sodium Nitrogen Computer Electron density Electron temperature
density density run achieved at end of run

Nytem ) Agtem Y time (nsec) NMYem Y T. (Ki

1x10" 0 606 9.988 x 10" 6275

Ix10" 0 218 2.993x 10" 6930

5x10' 0 220 4982 10" 6889

1% 10" 0 120 9.957 < 10" 7581

1x10" 2% 107 1000 1.051x 10" 4293

Ix 10" 2% 10" 804 2.500x 10" 1787

5% 10" 2% 10" 430 4.284% 10" 4060

Ix10'* 2% 10" 225 8.836% 10" 4500

1% 10" Ix 10" 1000 2.284x 10" 2758

Ixio" Ix 10™ 1000 3.505x 10" 3226

5% 10" Ix10™ 1000 1.144 % 10" 3368

1% 10" Ix10™ 527 5.105x 10" 3508
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FIG. 4. Percentage degree of ionization achieved within one microsecond
for several sodium/nitrogen atmospheres assuming a laser irradiance of 10°
Wem ?

ma channel of a given length. We have proved this to be the
case for one set of conditions where the ionization burnout
time was indeed reduced by about a factor of 3. This reaf-

firms our assertion that our predictions will be conservative.

In Table II we present the results of a broad series of
LIBORS code runs used to gauge the likely conditions of
interest. These runs were also used to ascertain the degree of
ionization achievable within 1 usec at a laser irradiance of 1
MW cm 2. The results are presented in Fig. 4 and from
these we can see that in order to obtain an appreciable degree
of ionization (i.e., @ > 50%), the sodium doping density
N,Z 3% 10" ¢cm ™" for a nitrogen density n,~2x 10"
cm >, It might, however, be noted from Table II that if a
plasma channel with an electron density of 10'* cm =~ is ac-
ceptable, then a sodium vapor density as low as 10'* cm~*is
adequate even with a nitrogen background density of
2x 10" cm * provided a laser irradiance of at least 10° W
cm “is maintained for a 1 usec period along the path of the
beam.

Since the presence of nitrogen leads primarily to a cool-
ing of the electrons we decided to check the variation of this
cooling with sodium density for a given laser irradiance and
nitrogen density. The results are presented in Fig. 5 where it
is evident that both the plateau and minimum values of the
electron temperature decrease with decreasing sodium den-
sity for a given nitrogen density. The corresponding vari-
ation in ionization burnout time can be seen by reference to
Fig. 6. Clearly, the ionization time increases and the final
electron density achieved decreases with decreasing N,,. It is
evident from these results that plasma channel formation
with an electron density of about 10' cm  *should be attain-
able within 1 usec provided ¥,»5x 10" cm ' 7’210
Wem “andn,<2% 10" ¢cm Y. The value of 2% 10" ¢m
for *he nitrogen density is in keeping with current thinking
about the likely atmospheric conditions within a light ion
beam fusion reactor.'?

-3
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FIG. 5. Dependence of electron and ion temperature time histories on sodi-
um density assuming 10° W cm ~? laser irradiance and a nitrogen density of
2x107cm ™2

We can gauge directly the influence of a nitrogen atmo-
sphere of about 13 Torr upon the maximum electron density,
peak electron temperature and ionization burnout time at-
tained with /' = 10° W cm 7, for Ny = 5§ 10'* cm~3 by
reference to Fig. 7. The full lines correspond to laser ioniza-
tion in the absence of nitrogen, while the broken curves refer
to the case where n, = 2 10'” ecm ™. It can be seen that the
presence of the nitrogen reduces both the peak and the final
electron temperature by about a third and this, in effect,
doubles the ionization time and prevents full ionization
(a = 84% as opposed to 99.9% for n, = 0) from being
attained.

1x10'6]- _— o ]
- Nea (P} Nitrogen Densit
" — no= 2x107 ¢cm-
]
£
] Sodium Density
= 10'€ (P)
No =14 5x10'® (Q)
E 1015 (R)
g 172 108 wem-2
w
B 50 L N
> Ne (Q)
[«
@
[
(&}
i
-4
W
(=1 ] I
1xI0Q ——— NeR
0 -
0 10 20

TIME

FIG. 6. Dependence of eléctron density time histories on sodium density

assuminga laser irradiance of 10" W ¢m “and a nitrogen density of 2 % 10’
)

cm

(psec)
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FIG. 7. A comparison of the temporal variation in electron density N,,
electron temperature T, and ion temperature T, with (2 10'? cm ~*) and
without nitrogen, assuming a laser irradiance of 10> W cm ~? and a sodium
density of 5% 10" cm .

The difference in the power density extracted from the
laser field Q', under these same conditions, can also be seen
from Fig. 8, where the temporal variation in Q' is presented
with that of both the resonance state N, and electron densi-
ties NV,. Clearly, although Q' reaches a peak where the pro-
duct N,N, is a maximum for both n, = 0 and n, = 2X 10"
cm ™, implying that electron superelastic quenching always
dominates the peak absorption. It is quite apparent that the
presence of the nitrogen significantly increases the laser

5xi0° 5:10'

Sodium Density
No= 5210 cm-3

Nitrogen Density

ne JO {P)

0 *12x107¢m-3 (Q)
172 108 wem-2

(cm-3)

ABSORBED LASER POWER DENSITIES Q’(Wcm-l'i)
RESONANCE (N2) 8 ELECTRON (N,) DENSITIES

Ol
0 250 500

TIME (nsec)
FIG. 8. A comparison of the temporal variation in the electron density, the
resonance state density and the absorbed laser power density Q' (W cm ),

with{2 X 10'” cm ~*)and without nitrogen assuming a laser irradiance of 10°
W cm ~2 and a sodium density of $X 10'* cm .

power density required before and after this peak. We shall
return to this point in the next section.

In Fig. 9, we present the variation of the 75% ionization
time 7, with laser irradiance for Ny = 5X 10"*cm =3, n, =0
(@ points) and n, = 2X 10'” cm™? (° points). The full and
broken curves are respective fits to these data by a relation of
the form

1

p = ————. 21)
a+b{I'}”

200 K

T
d

75% IONIZATION TIME Tg (N SEC)

l [N !

L\ Sodium Density Ng # 5xI0® cm-3

. Nitrogen Density ng = 2.10'7 cm-3  —o-

e

FIG. 9. Variation of the 75% ionization
time with laser irradiance for sodium densi-

ty 5% 10'* cm~* assuming a zero and

2% 10"” cm ™ * density of nitrogen. LIBORS
code points (@) for n, = 0 and (°) for

n, = 2% 10" cm ~*. Curves are analytical
fits to the points of the form 7,
=la+o(r'y] "

108 o7 108
LASER IRRADIANCE I/{Wcm-2)
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We can see from Fig. 9 that for values of laser irradiance
ranging from 10° to 10° W cm ™2, the sodium vapor ioniza-
tion time is roughly doubled in the presence of 13 Torr of
nitrogen as a result of electron cooling.

E. Nitrogen effects on laser requirements for plasma
channel creation

We shall now proceed to estimate the energy density of
the laser pulse needed to create a plasma channel of length L
in sodium vapor of initial atom density, ¥, = X 10> cm 3
in the absence of any nitrogen background gas. We shall then
recalculate the energy density required in the presence of 13
Torr of nitrogen (i.e., n, = 2X 10" cm™3). As previously
shown® the ionization time increases with depth because as
the laser pulse burns its way through the sodium vapor its
irradiance decreases. This will mean that, even if the original
laser pulse were step-like, its temporal nature will change
with penetration into the vapor column. Although we are
currently working on this complex problem the analysis in-
cluded in this report assumes that we are always dealing with
a step-like laser pulse. We therefore assume that the laser
energy density required to create a plasma channel can be
written in the form

E{=I}th, (22)
where 7/ (W cm~?) represents the incident laser irradiance
and 7% (sec) represents the 75% ionization time after a pene-
tration depth L (cm). Under condition of laser saturation it

has been shown® that the laser irradiance at the end of the
channel length

I;=1{,-Q'L. (23)
This relation assumes that the laser power density absorbed
is independent of the laser irradiance (and therefore posi-
tion). This is not strictly true for 7' 2 10’ W cm 2, as can be
seen from Fig. 10. The deviation from constant Q' is due
primarily to the growing importance of single photon ioniza-
tion at the higher values of laser irradiance. Thus to be con-
servative we shall in fact write

Ip=15 — Quul, (24)
where Q! is taken to be the peak value of @ correspond-
ing tothe /' = 10* W cm ™2 runs, i.e.,

£nax = fnnx(NOan’Il = 108’ (25)
The ionization burnout time from Eq. (21) becomes
75 (Nosod o,L ) = (a{No,n,)
+b(Noytg) {1 — Qg L %), (26)
and from Eq. (22)
El(Nm"oJ{)rL )
I,
* alNono) + b(Noo) 1 — @ iy L}

max

(27)
The values of a, b, and x were obtained for the two sets
of runs shown in Fig. 9, and

o = 29%x10°Wem™* forn,=0
™ T 3.0x10°Wem™' forn,=2x10"cm ™t
Equaitions (26) and (27) were used to show the variation
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540°
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L L 1 |

TIME (nsec)

FIG. 10. Dependence of laser absorbed power density Q' time history upon
laser irradiance for sodium density of 5 10'® cm ~* assuming zero (full
curves) and 2X 10'” cm~? nitrogen (broken curves).

of the laser energy with laser pulse length (chosen to achieve
at least 75% ionization along a 5 m long channel of 1 cm?

cross sectional area) and the results presented in Fig. 11. The
full curve assumes N, = 5% 10'* cm ™2 and n, = 0, while the
broken curve assumes N, = 5X 10'*cm ~2and n, = 2 X 10"
cm ™3, Clearly the former situation leads to a minimum laser
energy density £, = 7.4J cm™? a corresponding laser

pulse duration 7 = 35nsecand I}, =2.11X10| Wem™2,

1
|| Sodium Density No = 5x10'Scm-3
1 " . _Jo em—
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FIG. 11. Variation of laser energy density E* (J cm ) with laser pulse
duration necessary to achieve 75% ionization at the end of a S m channel in
sodium vapor at 5 10'* cm ™ * and in sodium/nitrogen (5 x 10'*

cm /2% 10" cm %) atmosphere
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while the lattercase gives E! .. = 17.2Jcm % 7 = 80nsec
and/{ =2.15x10°Wem™2,

We see that although the presence of 13 Torr of nitro-
gen increases the minimum laser energy density required for
creating a 5-m plasma channel from 7.4 t0 17.2 J cm ~2, this
is not excessive. Furthermore, the actual laser energy re-
quired tocreate such a channel is still less than 2 J ifa 0.1 cm?
channel cross sectional area is acceptable and consistent
with laser beamn divergence and beam shaping optics. It
should also be noted that the increase in the laser pulse dura-
tion (35-80 nsec) is also reasonable as it would lead to an
ionization time that is well within the time required to avoid
turbulent breakup of the channel (> 1 usec).

In Fig. 12 we have evaluated the variation in the mini-
mum laser energy density with length required to achieve at
least 75% ionization in pure sodium vapor at about 300
m Torr (N, = 5X 10" cm ~*} and in the presence of about 13
Torr (n, = 2X 10'” cm ~?) of nitrogen.

1. CONCLUSIONS

An inertial confinement fusion reactor based upon light
ion beam drivers will require an efficient means of transport-
ing the ion beams across the reactor to the fuel pellet. It
appears that multiple plasma discharge channels could ac-
complish this task. One of the most attractive methods of
ensuring that these discharge channels are straight, well de-
fined and brought to a common focus is to create a system of

5550 J. Appl. Phys., Vol. 53, No. 8, August 1982

well-ionized plasma channels prior to striking the dis-
charges. Laser ionization based on resonance saturation of an
alkali vapor has been proposed as ideal for the task of form-
ing such highly ionized plasma channels very rapidly with a
relatively low energy laser.

The purpose of the present study was to evaluate wheth-
er the presence of an appreciable background of molecular
nitrogen was likely to effectively degrade this means of creat-
ing the discharge guide channels, or increase the laser energy
requirement to the point where it might become impractical.
In an attempt to compensate for the many poorly known
cross sections used in our analysis we have been conservative
wherever possible. Thus, although the accuracy of our anal-
ysis may not be better than a factor of two we feel that our
conclusions will be reliable.

Our conclusions are:

(i) The primary effects of the nitrogen background gas
upon LIBORS are to cool the free electrons, thereby increas-
ing the ionization time, and to increase the laser energy
requirement;

{ii} Near to fully ( > 80%) ionized channels can be rapid-
ly created within a sodium (or lithium) seeded nitrogen at-
mosphere providing the alkali is present at a concentration
of greater than 0.5%;

(iii) If the nitrogen density within a reactor is expected
to be about 2 X 10'7 cm 3, then an electron density of close
to 5 10'"* cm 3 can be created over a 5 m path with a sodi-
um density of 5 X 10'* cm 3, provided the laser energy den-
sity is at least 17.2J cm ~2 and the pulse duration is about 80
nsec;

(iv) If the electron density required to create a discharge
guide path is only 10'* cm ™3, then both the alkali seeding
and the laser energy requirements could be considerably
relaxed.

(v) The presence of nitrogen not only cools the free elec-
trons but, in quenching the laser pumped species, is itself
directly heated. This could further improve the channel ca-
pabilities of LIBORS through the creation of a low density
core to the channel.

In light of our enccuraging theoretical results we would
recommend that an extensive experimental program be un-
dertaken to test our conclusions and to see if plasma chan-
nels created through laser resonance saturation offer any
advantages over other approaches towards the formation of
discharge guide channels. In particular, it would be worth
comparing LIBORS with direct photoionization (either sin-
gle or two-photon) techniques. The latter only provides ener-
gy to the free electrons upon their creation while in LIBORS
the laser continues to provide energy through superelastic
energy conversion. This could be important when an elec-
tron cooling background gas, such as nitrogen, is present.
Another important difference expected between direct pho-
toionization and LIBORS is the predicted gas heating asso-
ciated with the latter. This leads to the formation of a hot,
low density core to the channel.

It is expected that the choice between the competing
laser techniques for creating the discharge guide channel
will probably be made on the basis of which technique can
create a channel that is of high enough quality to ensure
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efficient transport for the ion beams at a laser energy that is
small enough to avoid appreciable pellet preheat. We feel
that LIBORS will prove to be the most suitable technique
when all factors are taken into consideration.
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the feasibility of using this ground level burnout feature as the basis of a
new approach towards the development of an efficient short wavelength laser.
In a preliminary experiment we havc been able to show that sudden joule
heating of a thin foil looks promising as a technique for creating the steep
gradient of neutral atoms necessary for charge exchange formation of a ground
level population inversion within the species having suffered a ground level
burnout through laser resonance saturation.
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