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In regard to the "Laser Interaction Based on Resonance Saturation” program
advances have been made on three fronts: (i) A comprehensive study of the
various seed electron creation processes has been undertaken. In the case
of sodium vapour at 0.1 torr associative ionization has been shown to dominate
tvig photog ionization of the resonance level for a laser irradiance below
107 W em™2, (ii) A simple model that is capable of predicting the ionization
time analytically, under a wide range of conditions, has been developed. (iii)
Electron superelastic_collisions have been shown to lead to plasma heating
rates in excess of 1013°K sec=! for modest values of laser irradiance.
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RESEARCH OBJECTIVES

The central theme of our current research program can be summarized

as Laser Atom Selective Excitation (LASE), with an enphasis on those aspects

that might have a bearing on the development and optimization of short wave-
length lasers.

Short pulse lasers tuned to momentarily satuiate specific transitions
within atams or ions make possible the measurement of atomic parameters
(such as: radiative lifetimes, branching ratios and thereby transition
probabilities) or the plasma conditions, depending upon the plasma
density.(l—h) Extended laser saturation, on the other hand, perturbs the

plasma and, in the case of resonance saturation,eventually leads to almost

(5-9)

complete ionization burn-out of the species involved. Our activities
encompass both regimes.

The combination of laser ablation and selective excitation spectroscopy
(LASES) leads in principle to a powerful laboratory technijue for studying

a variety of plasma conditions and species including short lived ions that

Sabadl. oot

are of interest in the development of X-ray lasers. Although our present
LASES facility is limited to low states of ionization - due to the energy
and wavelength 6f our lasers ~ we hope to demonstrate the basic principles
and develop the techniques which when applied to more highly ionized species

would yicld information that could help in the optimization of short wave-

SR T T e

length lasers. Our first attempts at this have included: measurements of
radiative lifetimes, demonstrating metastable state freeze-out and mapping

the distribution of a minor species in a rapidly expanding, laser ablated

plasma. Currently we are about to embark upon a study of excited states
within ionized species and demonsbrate the ability of our technique to map
the spatial and temporal distribution of such ionized species.

The idea of coupling laser energy to a gaseous medium through resonance
saturation was first suggested by the author in 1970 in relation to MHD
povwer generation.(5) The high efficiency of this interaction derives from
the fact that the laser radiation is absorbed by a strong transition and is
then readily transferred tothe free electrons through superelastic collisional
quenching of the resonance level. In this way each atomis able to funnel
many quanta of laser energy into the free electrons even in a brief period.
Rapid ionization results from both the subsequent elevated electron tempera-

- ture and the effective reduction of the ionization energy for those atoms

pumped by the laser into the resonance state.
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NOTTAITN WYL WL S T Ao S




;
L]
3
b
4
i
}

S — . .
. > - _ ) ‘- -
MW; ” PSRN WL PISCE R YR Uy

This LIBORS (laser interaction based on resonance saturation) concept
lay dormant for 6 years until Lucatorto and McIlrath (in 1976) reported a
surprising observation - sodium vapor at about 1 torr was almost completely
ionized when irradiated with a 500 nsec pulse of laser raliiation tuned to
the 589.C nm resonance line.(a) Lucatorto and McIlrath did not have a
good explanation at the time, but by 1977 they had repeated their experi-
ments with lithium and found the same rapid and almost corplete ionization.(g)
Geltman,(lo) Lucatorto and McIlrath,(g) Bearman and Leventhal(ll) and the
author independently proposed that the most plausible explanation for
such an efficient and rapid ionization lay in a combination of the LIBORS
concept and some trigger mechanism for initially creating free electrons.
Multiphoton ionization seems the most likely candidate for some atoms, while
in others associative ionization may dominate.

This rekindled interest ir the ~IBORS concept prompted us to undertake
a comprehensive theoretical study of the interaction. Our analysis to date
has revealed the effectiveness of LIBORS in heating and ionizing a gaseous

12
or plasma madium. '

Indeed, we have shown that the rate of laser energy
deposition via LIBORS can exceed that through inverse bremsstrahlung by
several orders of magnitude. 12 Put another way, a laser with an irradiance
of 106 W cm.-2 can achicve the same heating rate, through resonance saturation
and electron superclastic collision quenching, as one with an irradiance
of 107t w em™? via inverse bremsstrahlung.

Stimulated emission at short wavelengths has Leen obtained through
the use of rapid discharges in gases that have transitions that terminate
(13-15) Bristow et a1(16) have

suggested that this approach could be extended down to X-ray wavelengths

on relatively long lived excited states.

through the use of very fast laser generated plasmas. We have recently
undertaken calculations that indicate heating rates in excess of 1013 °K

sec"l could be achieved through superelastic laser energy conversion (SELEC)

. R . . 1l
via resonance saturation of suitable 1ons.( 7)

Furthermore, this extremely
fast plasma heating can be attained at modest laser irradiances and thereby
avoiding the creation of superthermal runaway electrons. The ramifications
of this work to X-ray laser development are obvious and could be of parti-
cular interest once optimization considerations are deemel important.

It may be helpful at this point to clarify the difference between

SELEC and LIBORS, as both involve laser saturation of a resonance transition.




SELEC refers to the rapia electron heating that occurs prior to an appreciable

increase in the free electron density, whereas LIBORS refers to the entire
interaction that includes close to complete burn-out of the particular ion
species being excited.

One of the formidable problems facing both the clectron and ion beam
approaches to inertial fusion is beam transportation across the reactor
chamber to the fuel pellet. To facilitate the transportation of these
focussed beams of charged particles, narrow plasma channels several
meters in length will have to be creatcd.(ls'zo) We have undertaken some
extensive calculations that reveal that LIBORS should be particularly well
suited for this purpose.(7)

Although the current LIBORS activity has been confined to first stage
ionization of alkali metal vapors, the development of short wavelength
lasers and the use of multiphoton saturation should enable the LIBORS
concept to be applied to a wide range of elements and stages of ionization.
Furthermore, at the high densities found in laser ablated plasmas, the time
to burn out a given state of ionization would be reduced to the subnanosecond
scale. Conseguently, we view LIDORS to be a possible new method of effi-
cicntly and rapidly coupling laser energy into the kind of laser ablated
plasma that is likely to constitute the medium for X-ray laser generation.

We plan to undertake a comprehensive study aimed at obtaining a better
understanding of LIBORS and demonstrating its advantages. This program will
include on expanded theoretical and computational study coupled to a new
experimontal investigation.

kn overview of our two programs is presented as figure 1.

STATUS OF RESEARCH

LASES-Program

Our LASES facility has undergone a major redesign and improvement
during the past year. We now have two nitrogen laser pumped dye lasers and
a dual wavelength photodetection system. We have a new low pressure ablation
chraber that has six optical ports and a rotatable multi-sample target that
allows us to undertake many cxperiments without breaking the system's vacuum.

A Q-switched ruby laser is still used to create the ablation plasma. An

overview of the facility is presented as figure 2. A closeup of the new

ok s ope
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ablation chamber and improved photodetection system is shcwn in the foreground
An RCA C31034 PMI' and a SPEX 1700 monochromator is used ir one channel,
vhile an RCA L4526 PMT and a Jobin-Yvon H20 monochromaor Iz used in the other

channel.

Lifetime Measurements

b

As a demonstration of our LASES approach to the measirzment of atomic
paramcters we initially evaluated the radiative lifetime of the three reso-
nance transitions of chromium(u) and have extended these razsurements to
situations where the chromium was only a trace constituent of the ablated
material. This showed that lifetime measurements of rmiror species of the
plasma could be evaluated and at the same time suggested = new kind of ultra-

. . 21,22
sensitive trace element laser mlcrOQrdbe.(Ll’ 2)

We hava ra2cently commenced
a ncw series of experiments that will involve the measurers=nt of radiative
lifetimes of excited states in the ions that wre created wizhin the ablation
plasma. Of special interest will be states that are excizz22 by stepwise

two photon pumping.

Although this information may not be immediately.app;i?zblc to X-ray

laser development at this sbtage, we are laying the foundz:tlons of techniques
that will provide reclevant information when underizken witr zhorter wavelength

probe lasers and morc powerful ablation lasers

Ablation Plasma Studies

Recently we have initiated a new project that is azimsi &% festing the

a

diagnostic capability of the selective excitation speciroz:or

(1)

this instance the ratio of laser intensified sportaneous exission arising

r concept first

o

proposed by the author. (See Appendix A for an updated review.) 1In
from the neutral and ion resonance state will be evaluatel in an attempt
to map the temporal variation in the degree of ionizafion of a specific
constituent within a rapidly exp:nding, laser ablation plzczz. Strontium
has been selected for this preliminary work since both the zneutral and singly
ionized form possess resonance line wavelengths (Sr I L4C.” and 3r IT 421.6 nm)
that fall within the operating range of our present dye lsz:zars.

Within the past few weeks we have undertaken some przliminary experi-

ments that have assured us of the viability of this pro/e:xz. In particular,

the strength of the intensified emission signals from botrn <hs nautral and
{

- oamm




Wt mezii

ionic species appears satisfactory as can be seen by reference to figure 3.
The upper trace corresponds to the intensified spontaneous emission C[SE)
signal that stems from the strontium‘atoms within a small volure* located
tbout 1 cm from the strontium doped target. The lower trace corresponds
to the ISE signal that originates from the strontium ions within the

same volume and at the same instant of time. The poor quezlify of the

ion ISE signal is due to a weak laser pulse. The cause ol this low

output is known and is being corrected. Although the literature is rich
with references to observations of the motion of ions and electrons expanding
from laser ablation plasmas, onr direct comparison of neutrals to ions for
a given species will be new.

It might be noted in passing that in last year's measurement of
netastable frecze out of chromium atoms, the two transitions had to be
sequentially excited since we only had one photodetector and one single
beam fast oscilloscope. Our new facility has two, wavelength independent,

photodetection channels and a new fast dual beanm oscilloscope.

LI2)RS - Theoreticol Program

Over the past two years we have developed both a comprohensive computer
code and a relatively simple model for studying LIBORS. The LISORS computer
code treats the atom as a 20 cnergy level system znd takes account. of the
imrortant radiative-collisional processes. The corresponding set of population
rate equations are solved simultancously with the ionization acuation, the

free electron energy equation and the interspecies elastic energy transfer

ezuations. The details of the LIBORS code will not be given hers, but are
presented in our publications.(7’12’23’2h)

In essence the LIBORS code predicts the temporal behaviour of: the
ropulation in each of the energy levels, the [ree electron density and tempera-
ture, the ion temperature, the laser power absorbed and the recorbination
re.intisn - subsequent to sudden laser saturation of one of the specieg’
resonance transitions. The LIBORS simple model will be discussed later and
will be seen to offer considerable insight into the physical prozesses involved
end provides a quick means of predicting, in a qualitative ranner, the ionization
time for any species. The basic processes involved arc displayed in figure b,

The advances made during the past ycur are summarized bolows

*Jei'ined by the dye laser beams and the common ficld of view o the photo-
dstection system.
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(1) Corparative Study of Seed Electron Creation Proccsses

In the case of an un-ionized gas, the energy stored ir the laser

saturated resonance state population can only be effectively tapued by free
electrons, once free clectrons exist. If near complete iorizsztiorn is to be
achicved within the dwration of the laser pulse, a rapid reuins of creating
the initial free electrons is mandatory. The three most 1ixely sced processes

: . 24
in the case of sodium are:( )

(i) Associative Ionization (A)

Na(3p) + Na(3p) —eNag + e + KE (= 0.04 ev)

(1i) Laser-Induced Penning Ionization (LIP)
Na(3p) + Na(3p) + hv —Na® + Na(3s) + ¢ + KE (~1.17 eV)

(iii) Resonance State Two Photon Tonization (RTP)
Na(3p) + 2hv —>Na+ +e + KE (=~ 1.17 eV)

Na(3p) and Na(3s) represent a resonance and ground state atom, respectively.
hv represents a laser photon (equal to the resonance to ground state energy
diff'erence).
Although the seed electrons may be created with a smcell amount of kinetic
energy (as indeed is the case for associative ionization), once freed,
they rapidly acquire translational ecnergy through superelaztic collisions
with the vast reservoir of laser maintained rcsonance state atoms. The free
electron mean translational encrgy will quickly rise to a vzlue that is
determined by a balance between superelastic and inelastic :ollisions.(6’l7’23)
Lascr saturation of one of the resonunce transitions leads, according
to Measures,(l) to resonance level population density egual to GNO, where
G = '0/(g2 + gl), g, and g, being the resonance and ground level degeneracies,
regpactively, and No is the ground state atom density prior to laser irra-
diztion. Consequently, the initial ionization rate resuwlting from associative

ionization of laser saturated sodium vapor can be expressei in the form
2

~9No [ 11/2

T732 A mm

where o, is the appropriate cross section and [8kT/ﬁm}l/2 rzpresents the

an
2|
at A

. . 0 e .
mean velocity of the sodium atoms. Geltman 1 has estimzied this cross




section to be about 10"17 cm? while Bearman and Leventhal(ll) indicate a
15

value closer to 107Y° om® might be expected. 1

In the case of laser induced penning ionization, we can write

2 E
I
?#?l z-gﬁg—-C' P {jng }}/2 j
dt LIP 32 TLIP m
where 0. = (C PF) is the appropriate cross section and ¥ is the laser photon ?
LIP LIP L, L v
fluws density (F = I”/hv). In the case of the sodium Dy lire o p = L x 107 (o's)

(2k)

. 10 .
according to Geltman( ) and Cardinal.
The resonance state two photon ionization rate con vor sodiunm be 3

expressed in the form

4
EfEI a:3N° 0(2)F2 ;
5 dat RTP 16 2c

2
here, ch) (e

3 p 4G !
3 estimated that in the case of sodium, céi) = 1.7 x 10 4o (er's).

The dependence of the net initial ionization rate upon the laser

9

!
m*s) is the appropriate rate coefficient. Ca:dinal(gh) has

irrzdionce (I7) is presented in figure 5 for the two possitle associative

ionization zross sections. 1In the case of sodium vapour, associative ioniza-
tior is seen to dominate (even with the smaller cross secktion) the ionization

y/ (

rats for I < 10" W cm-g. The right hand scale of fi.ure 5 gives the

m

effective time for the vapour to ionize if these three seed rrocesses were

't3

the only ionization mechanisms.
Figure 6 indicates the opcrating regimes under which *he different
seal clectron processes are comparable. The figure is divided into two sets

of ¢ zones (a, b, ¢, d, e, f or A, B, C, D, E, F) by the lines defining the

equalities:
aN dN
e‘ _ e, . ,
= e Lincs O or ¥
dt A at LIP
dn aN
e _ e . .
It ‘ = EE—' Lines B and B*
RTP A

shal £ ag bl




The asterisked quantities relate to calculations using Geltman’s(lo) cross

section for ascociation ionization - the others to Bewrman and Leventhal's(ll)
value. The operating conditions in the experiments of Lucatorto and McIlrath{s)
and assumed in our earlier culctdations,(6’7’12) lie in region D (or 4) where
assoclative ionization is likely to be the dominant initial ionization

process (provided o, 22 x 1077

(2) Simple Model Representation of LIBORS

cm?).

Consequently, we have had to allow for this process in both our LIBORS
computer code and in our simple model represcntation of LIBORS. We have
al so included the influence of single photon ionization in both the code
and the model. Our updated simple model is portrayed in figure 7 and leads

to un ionization equation of the form

—;2-9 =N, {crgcl' i N, v(cr + aA)} + N3(Ip1" + NN K, N3NCK3C (1)
where N (cm ) represents the resonance level population density,
v (cmu ) represents the mean thermnl velocity of sodium atoms,
N (cm ) represents the intermediate level population density,
qp (cm ) represents the mean single photon ionization cross section for
the intermediate level,
e (cr3s—l) represents the electron collisional ionization rate coeffi-
cient for level n, and

Ne (cmf3) represents the free electron density.

Notice the hicrarchy of the processes, first the seed processes dominate as
both Ne and N3 are small, then as Ne builds such that the population in the
intermediate levels become finite (due to inelastic excitation primarily
from resonance level) single photon ionization starts to become important.
Next{ direct elcctron collisional ionization of the resonance level and
finally the last term which reflects the "ionization burn out phace"” as the
growth in the frece electrons cxceeds the exponential growth rate.

To solve for Ne(t) we need to know how N3 varies with time. In order
to keep the model simple we shall asgume that we can write the steady state

eaquation

N3 ~ N2NeK23 To¥ (2)




o

where 13* =3 (1 + UPFT3)—1, T3 being the spontanecous decay time of level 3.

Under these circumstances the electron creation equation can be expressed

in the form:

dN
=8 + +
dt S + IN, BN (3)
where § =N, [U(Z)F + = 2 v(cLIPF +0 )} represents the seed processes,
= Do ¥ s 2 Y
I N2[ch + K230pFr3 } represents the intermediate processes, and
B =N K23K3 3* represents the burn-out processes.

It is assumed that S, I and B remain constant over the time interval
required for the degreec of ionization to reach about 1%. This is not
too bad an approximation since N2 ::GNO, for sudden laser saturation at
t =0, and N (the atom density) will only start to deviate from its original
valuc once the degree of ionization exceeds 1%. Also, the temperature tends
to stabilize very rapidly (in a time shart compared to that required for

(23)y

Equation (3) has two forms of analytical solution depending on the

jonization

rclative values of S, I and B:
(i) If ° < 4sB, which corresponds to sced electron domination over the
intermediate processes until electron collisional burn-out takes over,

then under these circumstances the analytical form of the solution will be

I

where q = USB - %5 and
o]
(ii) IfI1° > hoB, vhich corresponds to weak seed clectron processes as

well as to strong intermediate interactions, then the solution is

i [m{T e be{S=E)] o

(24

2

vhere @ = I - Le3., For modest values ) of photon flux density, F, we

can simplify equation (5) by writing

ey

sedaliaiian
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This results in a simple equation for the time to rezzh =z ziven electron

e

density, viz.,

2
~T"“{3§}+fn{“ﬁg f‘“{l ﬁ— (6)

We can now introduce two characteristic electron densities:

*

(1) Ne E-% represents the electron density for which the rate of
L ionization based upon seed electron processes equals the
!
i rate of ionization based upon intermediate processes; and
]
’ ** I :

(ii) N, =5 represents the density for which the rate of ionization

' based upon the intermediate processes eguals the direct

. electron collisional ionization of the third level.

This allows us to write equation (6) as follows:

N%x N* ]ﬁ*
tz%(,ﬂn{—;—-}—kﬂn{l'*'ﬁg}'ln{l+T.£.l_¥ (7)
N, e ‘ ¢

Although equation (7) is strictly valid only for z degree of ionization
less than 1%, the steepness of the ionization cuwrve towarlis the burn-out
phase is such that negligible error is incurred by equating the ionization
burn-out time g to the limiting value of equation {7), namely

1 *¥ , *

o ¥ F An(N /N ) (8)
The sensitivity of the ionization burn-out time to the associative
ionization cross section can be ascertained by reference to figwre 8, vhere

the growth of the free electron density, as given by ejuation (5), is

presented for several values of Op -

(3) Irproved LIBUORS Computer Code Results

The LIBORS encrgy level scheme adopted for the sodium atom is presented
as figurec 9. This diagram clearly reveals that once laser saturation of the
resonance level (we assume that the 32P3/2 and 32?1/2 spin states are

10

g - N
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coalesced by collisions) occurs, collisional excitation to the higher
levels leads to the possibility of direct single photon ionization by the
laser radiation. The influence of this photoionization is clearly seen
in figure 10, wvhere the termporal variabtion in the resonancze level population
N (30), the electron density N s the electron temperature Te and the ion
temperature T , are shown for two situations; one where the photoionization
cross section o( ) = 0, the other where the values of a(l) are given by

bt (25) pe

In figure 11 we demonstrate the impact of associative ionization and

N, T
22 e’
and Ti in the case of sodium vapor at about 0.1 torr. As stated earlier,

the quantum modified Kramer's formulae.

laser induced penning ionization upon the temporal behaviour of N e
hovever, associative ionization dominates laser induced penning ionization
for the modest level of laser irradiance assumed in this LIBORS code simula-
tion. It is worth noting that our LIBORS computer code predicts that the
initial jump in the clectron temperature is smaller when associative ioniza-
tion is taken into account. This is a dircct consequénce of the very small
excess energy of ionization involved in associative ionization in comparison

with the other seed processes.

(4) Plasma Heating Through Superelastic Collisions

In general the superelastic heating rate for the free electrons, under
conditions of resonance saturation, can be expressed in the form
SE

Q7 = N NKy Epy

(7,12)

We have shown that the maximum rate of laser energy deposition via
LIBORS arises just prior to “ionization burn-out" of the laser saturated

species and, in the case of a neutral species, takes the form

2 -
Qﬁax = GN_ KzlEel/h (Wem 3)

where G = g2/(g2+gl)’
) and g represent the respective degeneracies of the resonance
and ground levels of the atom,
No represents the original atom number density prior to laser irradia-
tion,
K2l the superelastic electron collision rate coefficient, and

E21 the laser photon energy (equal to the resonance to grourd energy),

11




Qz is plotted as a function of No for sodium in figure 12,
A direct comparison with the rate of laser energy deposition through

inverse broemsstrahlung, QIB’ yields

Qﬁax 3c2(kT 1320k &

o= 21°21
W 1.17 x 107 1F

where k h and ¢ have their usual value, IE represents the laser irradiance

(Wem™ ), T, the freec clectror temperature (kT in eV). For the case of

sodium vapor we can write (12)
1.5 x lO1l
Hz———T——

I

Clearly the rate of deposition of energy through LIBORS greatly exceeds
that through inverse bremsstrahlung over a wide range of laser irradiance.
Additional advantages possessed by LIBORS include: more efficient interaction,

operates at much lower lascr power levels, much shorter interaction length,

linear attenuation of laser beam and cold (un-ionized) start capability
even at modest laser power levels.

In general the maximum temperature Tgax achieved through superelastic
heating of a laser saturated resonance transition is determined by the

(17)

a simple three level model of this interaction that enables us to characterize

characteristics of the laser pumped species. We have recently developed
the maximum btemperature attainable in terms of two parameters: the energy
level ratio "a" and the superelastic to inelastic collision ratio "b".

That is to say:
a = Bgp/Ey and b =g P /8,70,

where E_, represents the energy gap between the resonance energy and the

32
next level having o strong optical transition to the resonance
level.

fnm represents the product of the absorption oscillator strength

and the effective mean Gaunt factor for the nm-transition.

12




If we introduce the normalized temperature, 3 = kTe/Egl, then the
free electron encrgy equation for this simple three level r.ci2]1 takes the
form

ds _ 2 1 ~e
T3 NKyy [1 - exp{-1/9} - % exp{-a/21]

_ The transcendental equation obtained by assuming steziy state conditions
has been solved and the results presented in figure 13. Reference to figure
13 leads to the conclusion that a substantial heating will be attained for
those laser pumped species possessing as large a value as tossible for both
"a" and "d".

With this in mind boron IIT was selected as representztive of a suitable
ion. The partial energy level diagram for BIII is presentzd in figure 1k,
Our LIBORS code was adapted to the case of BIII, using the 1% levels shown
in figure 14. In this instance we assumed that we started with a BIIT plasma
that was in local thermodynamic equilibrium so that our iritial tonditions
could be described in terms of an initial electron terperature Teo’ such
thzt the initial electron density could be cquated (within 107) to the initial
BIII density.

The LIBORS code predicted temporal vuriation of the frez electron tem-

eragture, subsequent to sudden laser saturation of the BRIII r2sonance tran-

sition (at 206 nm), for threc initial BIII densitics is prozented in figure
15. Of particuwlar interest is the very fast heatin. rate iniicated at the
higher densitics. For the highest density considered, I(RIII) = 1017 cm—3,

a heating rate in excess of U x lO13 °K sec:_l is predictei Zor a modest

(a7)

. -2 . . R .
laser irradiance of 108 Wcem o in a 2 mm plasma. This very high heating
rate could be ideal for crcating transient nonequilibrium iistributions

that are conducive to the development of short wavelength lasers.

13
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LIBORS - Experimental Program

Although our LIBORS computer code is fairly comprehensive most of the

collision cross sections are not known to an accuracy of better than a

1
factor of 3 and some key cross sections like Ops céi) and oéc)

well defined. 1In addition features such as: self focussing or coherency

are even less

effects could modify the form and characteristics of the interaction and our
present treatment does not include diffusion or the influence of spatial
gradients. Consequently, we are in the process of building an experimental
facility that will be used to investigate LIBORS and obtain experimental
data that can be compared with our camputer predictions, thereby strengthening
our theoretical understanding of this interaction and placing us in a better
position to gauge the applicability of LIBORS to various areas of endeavour.
In order to undertake the first time resolved measurements of laser
ionization based on resonance saturation we built an experimental facility
around a sodium vapour Pyrex cell that we had in our possession. An over-
view of the facility is presented in figurc 16. It was recognized at the
outset that this Pyrex cell may not be adequate for the job since it was
never designed to be heated to a temperature sufficient to attain a vapour
pressure of 0.1 torr of sodium vapour and cven if it were to stand the tem-
perature the speed of sodium deposition on the windows was an unknown.
The basic facility comprises: a flashlamp pumped dye lascer that was
tuncd to the sodium Dl resonance line and could deliver close to 1 MY cm-z
within the cell for abouvt 600 nsec, a photodetection system that included a
monochromator-photomul tiplier combination for observing the laser produced
placma radiation and two photodiodes, PD1 and PD2, for monitoring the
attenuation of the laser pulse. Two cameras were also used, Cl to record
the far field of the transmitted laser radiation to observe for self focus-
sing effects, and C2 which was to observe a broad band (as determined by the
SPEX monochromator) of the plasma emission in an attempt to monitor the
presence of filamentation. A schematic of this facility is presented as figure 17,
Figure 18 presents the LIBORS code predicted time history of the con-
tinuum radiation (arising from radiative recombination to the 3p resonance
level) and the laser power absorbed under the experimental conditions
anticipated within our initial LIBORS experiment.
Unfortunately, our concern in regard to the lifetime of the sodium

vapour Pyrex cell turned out to be justified and no useful experimental

data were obtained due to a major failure of the ccll windows prior to

14
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obtaining the desired operating conditions.

New LIBORS Facility

Currently, we are building a new heat cell that is based on the advanced
(26) This heat cell will enable excellent optical
access to the interaction region and should certainly be adeguate for our

design of Boyd et al.

range of operating conditions. The remainder of the facility will more or
less remain the same.

15
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INTERACTIONS (COUPLING ACTIVITY)

Dr. R. M. Measures was invited to present a Seminar entitled, "Laser
Selective Excitation Work at UTIAS" to the Physics Department of Toronto
University on March 27, 1979.

In the past year Dr. R. M. Measures has had several discussions with
Dr. J. Olsen of the Sandia Laboratory, in connection with the applicability
of LIBORS to plasm: channel formation for charged particle transportation in
inertial confinement fusion. We are planning to discuss our recent work on
"rapid plasma heating via superelastic laser energy conversion” with the

group interested in X-ray laser development at the University of Rochester's

Laboratory for Laser Energetics.
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NEW DISCOVERIES STEMMING FROM RESEARCI

The combination of laser ablation and selective excitation gpectroscopy
(1.ASES) represents a new approach at evaluating fundamentzl sztords aquantities,
such as: radiative lifetimes, branching ratios, transitior probabilities
@i selected collision cross-sections. A preliminury perzs on this subject
was published in Physical Review in 1977; see publication ilo. 9. The LASES
technique, as well as being convenient and accurate, is particularly well
suited for measurements on short lived, highly ionized species crezted by
lascr ablation and of interest in the development of X-ray lzsers. Further-
more, the TASKES approach is versatile and can use multiphoton or stepwise
excitation as the means of generating the bursts of intensified emission.

Ag a spin-off of this work we have also shown that the LASES concept
can also form the basis of a new form of trace elcment lacer microprobe
called a TABLASER; see publication No. £.

During the past year we have reinforced our belief that "1 interaction
based on resonance sabwration', LIBORS, represents an idezl rmethod of creating
the plasma channels regudred for electron or ion beam transvortation for
inertianl conf'inement fusion; sce publication No. 2. We have also shown
that under certain conditions LIBORS shouwld have several advanbages over
inverse bremsstrahlung for plasma heating; see publication ilo, 3. In parti-
cular we have indicated that heating rates in excess of lOl:°K sec—l would
be achieved at relatively modest values of laser irradiancs; see publication
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FIG. 2 Overview of LASE3 facility.
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FIG, 3 Taser intensified spontaneous emission signals
arising from an ablation plasma (1.2 usec after
ablation). The upper trace corresponds to the
ISE signal from strontium atoms (at 460.7 nm)
while the lower trace corresponds to the ISE
signal from strontium ions (at 421.6 nm). The
first pulse on the lower trace arises from a
photodiode that monitors one of the dye lasers.
Time scales are 20 nsec/div.




~ . -

//ONTI uu_/_/_///

LASER POWER
ABSORBED

—_—

LASER ASSISTED
ELECTRON
COLLISIONAL
IONIZATION

RESONANCE LEVEL

ELECTRON
SUPERELASTIC

HEATING
—

GROUND LEVEL

BASIC LIBORS PROCESSES

FlG. 4




3Wi] UOIDZIUOT ©AI094)3

(09s),1

o]

»-Ol

9-Oi

?
o

g0l
1

31 SA 4P/ 3NP 5 "bi4
(z2-WOM) 31 Kjisueg Jamo4 4@sDT

20l
1

gOl
T

¢Ol

Spud ., 01 X99' = Ammo
SpWI 4,4, 01X { =dlp

T

(uowyag ) wd, O1%2=Y0

VA b

(1044uaAsT 8 ubwiDag )owdg O1%X2=0_

gWI/sSwolo ¢, Ol

: ALISN3IQ WNIAQOS

el

€2

ol

(;-S ¢-WI) |p/ONP UOHDZIUOT JO 8}DY




I0

Laser Power Density (I?: W/cm?)

10

; 108

OnaS 2x10™%cm?
A=LIP | Q* Q
rRTP=A| B* | B
RTP=LIP| Y* Y

4

o Experimental Conditions of
Lucatorto and Mc Iirath (1976)

Experimental Conditions
under Consideration

1

1 J

Sodium Density

RELATIONSHIPS BETWEEN THE THREE
SEED ELECTRON PROCESSES

IO I7

|Ol9

(No : atoms/cm3 )

OO TIPEY g

T




NOILVYNLIVYS 3ONVNOS3Y
NO @3Sv8 NOILOVH3ILNI ¥3SV1 40 13A0W IdWIS L b

ﬁ |9AaT ucso‘_ww

SuoIsSI||0D dijspjadadng uoloJNjpg 4asDT

A |9A9] mococommmw

nmx oZ

&
N

®

o
4 (0 + %N °N

@DCDNZ

+4 n_:bc:m._v_.l Iﬁ«oz

i/ sassacoud A3 .60
o =—=—) uoyd93 pads |

T T \\\\\/O\\\I\.I\IH\\\\\\ \\\\\\\\%\\\\~\\\\\\+Z




L. 3NIL NOILVZINOI 3IHL NO Yo 40 193443 g b4
(su) as{nd 48sD7] O }8suQ woJj awl)

.
SRS S Y

00¢ OGi 0
{ ! 1 1 | ) 1 1 QO— tw
- W9 g, 01 X2 2dp / ﬁ
SpWd 4401 X20°¢ = ao_Mb \ B
| sywa,, 01% 991 = 20 | 00! ¥
ww | =y

WO/ SHOM Ot = 31
- gWd/ SWOjD 0] =ON

1 | |

| 1 A i
I 2 G O 02 0500 002 (zwd , 01%)%




v g=2 6 10 14 18 22
e s P D F G H
SI1381 ¢+ 1 1+ ¢+ £ £ £ L L £ Lt L L o L LLL L L LL L Lt L LLLLL
5 -
Hle_ﬁ 6d 6 6f 7 6h 18
25 -
o5 ‘o_l___.ﬁsd n 5¢ 12 59 13
Se 9 44 7 4f 8
5s 6
4 -
4p 5
3d 4 T
i Single Photon
‘ 3 Ionization Limit
Collisional Excitation |
Bottlenecks
(2.10eV)} !
, 25
Laser - Coupled
' -
o 3s |
Fig. 2 Na: ENERGY LEVELS SCHEME USED IN LIBORS PROGRAM
|




)

|
C'b((l;) #0 O-p(c) =0
0" , w
;
-110000
< I T ~——
Toad AR |
|
& |‘ \ {8000
‘. " - \ \ ~
| £ \ . x
(&)
L \ \ | 0 a
\ :
-’; o"'r \ g 1
o \ 46000 R
o == £
': =
| 1*- 10% w/ecm? /
o—Ne No = 10 atoms /cm3 /4000
0%t G, =17x10"%®cm?s /
Oa=0OLp=0 /o
/
/
4 1 1 ) ] 2000
0] 10 20 30 40
Time from Onset of Laser Pulse (uS)
Fig. 1o COMPARISON OF LIBORS COMPUTER RESULTS WITH

AND WITHOUT SINGLE PHOTON IONIZATION




5
10 . 1 =106 W/cm?2
No = 1015 otoms/cm3
O?,_%)= 14x10°4%cm%s
- oLp=40x 10" cm?s
Oa =20x10717 ¢cm?
oie+G (Marr) 10000
Oa=0LpP=0
| €
i N2(3p) 18000 >
’ o
X
3
3
4
- m——" 16000 o
e e o O e w2 (o8
Te §
- T 4000
Z Ly a4y 12000
) 500 1000 I500
Time from Onset of Laser Pulse (ns)
Fig. '~  TEMPORAL BEHAVIOUR OF Nz , Ne , Te ANDTi
WHEN ALL SEED ELECTRON PROCESSES ARE
INCLUDED
B e o o

PP WP




i)
Qmax
S
o
.

o)
©
|

o)
)
T

o
S
.

o
N
T

MAXIMUM LASER POWER ABSORBED PER UNIT VOLUME ,

1 1 | |
0" 1015 lo'e 10" Io'®

INITIAL SODIUM DENSITY, No(cm-3)

big 12




*l - Gl 9l

D ‘Ollvd 13A3T  ASY3N3

0¢ Gl Ol G O
_ T T

]
To)

[
o

© JYUNLVY3dWEL 31VLIS AQV3ILS Q3ZITVINYON

. mNMO\N_l%nnD
- _Nu\ummmo .4
23/°%4=9

0
°6

e e a—

P R T S P Y Y n - e



30x104

25x104

20x104

ENERGY
(cm=')

15x10%

1ox10%

5x104

B I PARTIAL GROTRIAN DIAGRAM (3 elecfrons' 2:5)

ns2S np2p° nd2D nf2Fe ng2G
1 1 1 I
[1031_5(3) 5(
(4]

[6)

(33
-

FfG. |4

| 2(5) 117




| Negm)= 107 em-3 Teo = 32,000 °K

s
< /
E T I/Ngm)=10"® em-3 |, Teo = 27000 °K "

-~ 5 l -~
)]

T e
o |/ pd

e -

& '/\l(smmo's, Teo = 23,000 °K
’-_ P4

c /

Nt

S

2 |

L

| 1 |

1
O 10 20 30 40 50

Time from Onset of Laser Saturation (nsec)




FIG. 16 An overview of the preliminary TIBORS facility.
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APPENDIX A

REVIEW OF LASER SELECTIVE EXCITATION SPECTROSCOPY

The concept of lascr selective excitation spectroscopy was first for-
mulated by the author,(l) and one of the first tests of the technique was
undertaken in this 1aboratory.(2) Subsequently, the ideas embodied in this
paper have found wide application in fields ranging from flame studies(3) to
fusion reactor diagnostics.(h) We have demonstrated that the combination of
laser ablation and selective excitation spectroscopy represents an ideal
method of determining atomic parameters such as radiative lifetimes, branching
ratios and transition probabilities of elcments that are difficult to handle(s)
and are planning to show that this approach can be extended to include excited
states of ions. Currently we are attempting to evaluate the potential of
selective excitation spectroscopy in the context of undertaking a direct
measurcment of the degree of ionization of a specific constituent within a
rapidly expanding plasma.

In particular, we are using two nitrogen laser pumped dye lasers to pump

two resonance transitions; one in neutral strontium and the other in singly

ionized strontium (at 460.7 and L421.6 nm, respectively). The plasma is produced

by laser ablation of a strontium doped target. Initially we plan to study the
variation (abt a given location) in the degree of ionization as a function of
elapsed time from the moment of ablation.

The theoretical development presented below is based on the treatment
provided in UTIAS Report No. 229 (1979) by N. Drewell. We shzll consider the
population redistribution that results when two energy levels of an atom
(or an ion) are suddenly coupled by a step~like pulse of laser radiation.

The population rate equation treatment presented is valid provided the

laser radiation is broad band (relative to the linewidth of the excited

transition) and the dephasing collision time is shorter than times of interest.(6)

The rate equations for levels j and i can be expressed in the form

N. =N.(R,. +NK,.) - N.(R., +A., + NK.. +D,) + C, 1
3 1(13 eKs3) J(Jl ji T Ky ¥ 05 Gy (1)
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ﬁi = Nj(Rji F N K, * Aji) - Ni(Rij tHK S+ D) +C4 (2) !
vhere ﬁi and ﬂj are the time derivatives of Nji and l:, respectively. Figure Al
shows schematically the two laser-coupled energy levels i and j with expressions
for the rates (per unit volume) of the various processes under considcration.
Also, the rate coefficients Di and Dj have been used to represent all processes
which deplete levels i and j respectively, exclusive of those that couple
the two levels. In a similar manner Ci and C'j have been employed to represent
the rates of populating levels i and j respectively, exclusive of the inter-
actions that directly couple levels i and jJ.

Introducing time~-invariant rates (the C's) and rate coefficients (the D's) ;
in this way simplifies the problem because only the populations Ni and Hj need
be considered explicitly. As a result, however, the validity of the solution

of these equations is restricted to times shorter than that required to 3

appreciably alter the populations in the other levels of the atom and the

electron density, because the C's and D's are functions of these variables.

In a similar fashion, writing Kij and Kji as time invariant irmplies that we
are assuming a constant electron temperature throughout the analysis (the

C's and D's are in gencral also electron temperature dependent), and similarly
restricts the validity of the solution. These points were not raised by

(1)

T Indeed, as was first pointed out by the author

vho presented a simplified anzlysis of the same problem.

(8)

free electron density and temperature occur if laser pumping is continued for
i an extended period of time,

1 Burgess and Skinner

dramatic changes in both the

] The above coupled set of differential equations can be decoupled to form

two second order differential equations. The equation for Nj takes the form

where Nj +'Aﬁj ' BNJ = ¢ ' (3)

. A= Ne(KiJ. + Kji) + Aji + D, + DJ. + Rij + Rji (La)
B = Di(RJ.i + DJ.V + AJ.i + NeKJ.i) + DJ(Rij + 1:eKiJ.) (Lkv)

C = Ci(Rij + NeKij) + CJ.(RiJ. Kt ;) (4e)




The solution to Eq. (3) can be expressed in the form

hE Rt

Nj(t) =C/B+E e +E,e (5)
where " %
)\1,2=-A/2¢%<1-1—:§ (6)

The form of the solution depends on the particular values of Ci’ Cj,
Di’ Dj and on the initial conditions. In order to show gualitatively the
variety of possible forms of solution we set Ni(O) =N, and NJ(O) = sN where
NO is the population of the lower level, and s is a free parumeter which repre-
sents the ratio of Nj/Ni’ evaluated prior to laser coupling. Under these

initial conditions we obtain

E, = sN_ - C/B - Ey (7

2.

and
Ey = No(Ryg - sBys) + A(C/B - sM) /(N - %) (8)

We assign a value to Di and define a frec paramcter . such that Q = Dj/Di'
Ci and Cj could similarly be assigned certain values, however, we use Ci and
Cj to impose the steady state condition on the system prior to laser coupling,

i.e., we sct I (t <0) = Ni (t < 0) = 0 from which it follows that

C, =N [D; + Ne(Kij - sKJ.i) - sAJ.i] - (9)
and
cy = No[s(Dj + Aji) + Ne(SK,ji - Kij)] (10)
Note that
C; *+Cy = Ny(sDy + D) . | (11)

and since C; and Cj are greater than zero by definition, (9) and (10) show

that the values of the variables on the RIS's are not corxletely arbitrary.
The temporal forms of intensified spontancous emission (ISE) from

level j, for various values of the free parameters, are shown in Fig. A2 on

the assumption that this emission is directly proportionzl to AjiNj(t)’ The

A-3
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laser-induced rate coefficients RiJ' and. R,ji were set equal to ten times the
rate coefficient Di’ viz., in the computational work we have set the degeneracy
ratio of 1 and j to be unity. The electron collision quenching probability
NeKji and the spontaneous emission pro?;bility Aji wvere both set equal to
Di/lO. The time axis is in terms of Di and the vertical scale has been
normalized by the J level population prior to laser saturation so that the
spontaneous emission before laser turn-on equals unity. In Fig. A2 the
step-function laser irradiation starts at t = 0, and the initial sharp change
in spontancous emission reflects the laser induced redistribution of the
population between levels i and j.

Positive~going signals refer in general to cases where Nj < Ni for t <O, t

which apply to all cases of thermal plasma; curves A, B and C refer specifi- ®

ke

cally to the case where N, = Ni/S for t < 0. Negative going signals refer

in general to cases where Nj > Ni for t < 0, which apply to all cases of "in-

verted" popuwlations. These D, E and F curves (shown in Fig. A2) refer speci-

fically to the case where Nj = SNi for t < 0. The special case of Nj = Ni

is reprecsented by curve G, which shows no deflection on laser turn-on.

T

The positive and negative deflections ae further classzified according

to the ratio Q = Dj/Di' For o given s,  is a mecasure of the change in the
rate of loss of population from the set of laser coupled levels duc to the
laser induced internal redistribution. tor @ > 1 and s <1 (c.g., curve C
for @ =2, v = 0.2 in Fig. A2), the spontancous emission declines after the
initial jump, because the pair of laser-coupled levels loses population
faster (via Nij and NiDi) thon can be supplied by the sum of rates C, + C,.

1 J
This form of solution (curve C) has been analysed in detail by Measures(l)

o gt

within the context of plasma diagnostics.
For Q<1 and s <1 (e.g., cwrve A for @ = 0.5, s = 0.2 in Fig. A2), the

-

spontaneous emission continues to increase after the initial rise, achieving
a steady state value somewhat greater than that for curve B. In this case
the population loss rate via Nij + NiDi has been decreased by the laser
induced redistribution of popwlations in levels i and j.

When Q = 1, D,

J
Nij + NiDi occurs due to the laser induced redistribution. Cwrves D, E, and T

IR -

= Di and therefore no change in population loss rate via

arc the population inversion equivalents of curves C, B, and A respectively,

and repreasent media which exhibit optical gain. In these cases the onset of

o T TR - T

laser action in a laser cavity or the penetration of a laser beam in a laser

A-b
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amplifier will cause a sudden decrease in the spontancou:z emissior. fram the

upper level (and un increase from the lower level if sueh “ransitions are

(2-11)

allo'..'e&). Thiz offecet has becen observed durin: the wo.ro¢ o investi-
gations into luving media.

The conditions that applied to curve € in Fig. 2 hwoe boan used to form
a three dimensional plot of normalized ISE signals against tirz using the

logarithm of the ratio of the laser-induced ratc coefficiert %,. (= R..) to

i)
[Z R
[}

=}

back. Note that at suitably high laser powers (Ri;j > 10 Li) , the shape of
the ISE curve has only a weak dependence on Ri;j - this ir ZTact is what is implied
by caturation.

Figure Al shows the ISE curves for the special case ¢ resonance pumping.
In this graph wo huve assumed that Di = D;j = 0, and therelore the %time is given
in units of Agl. In addition, we have usgcuned that ”2(0) = 0 and therefore
that Ci = Cj = U, The verticnl scale i not noymaldized @i the ISE amplitude
ig i wrbiteary wnits. Note that since there are no pathiys which enable
population exchiuze with othoer energy levels, the ISE curczs exikibit g
"flat top”.

Laser Satuwration of a Trancition

rigures A3 anl Ab both ¢xhibit the phenomenon of lasz+ “saburztion of a
trensition”, vis, the ISE does not increase indefinitely +with lascr power but
irstead approaches an asymptoblc value. We shall now investizzte this
phiecnomenon and its practical conscquences.

Consider solution (5) of the differential equation (2) for the upper

of the laser coupled levels. Under saturation conditions wa nmay write

+ ! -
Rij + Rji > Ne(KiJ. KJ.i) + AJ.i +D; 4 (12)

In which case the solution (‘)) takes the form

-t/ -t/
Nj(t,) = C/B -+ Ec L Ee F {13)
Wiy
o= [(1+ g)Rji]_l (14)

RN




et W

bt . M

TR TR T T Ty o e e

o I

and

+
. Qil__E;_ (15)
where we have uaed the general relation

81iy = &5 (19

and have definod

g =g./e.

/5 an)

ac the ratio of degeneracies of the two laser coupled levels. These results

(1)

arc the same as obtained originally by the author. Note that the require-

ment (12) implies that Tp << T

Tp is the characteristic time for laser induced redistribution of the
popwlations in levels i and j (the laser pumping time), and T is the relaxa-
tion time of the system in the presence of the laser radiation field.

Under conditions of laser saturation

dn

J —— - 3
T NiRij Njiji (18)

and for the time domaing Tp < t < TRy WE can write

This radiative balance condition corresponds to an equivalent infinite
temperature.

If we now restrict our attention to the C-branch of Fig. A2 (i.e., @ > 1
and s < 1) then, as first shown by Measures (1968), (19) applics at the time
vwhere Nj is a maximum. Consequently, for times < 7,, we can invoke continuity

F
to nr-ovide

Nj(t) + Ni(t) = NJ.(O) + Ni(O) (20)

where t = O refers to the time just prior to laser irradiation, and arrive

at the popwlation enhancement ratio:




T

, N(O , [ -1
| iy N BN (21)
; Ni O HizUi £
« < . ) [

! Chig by obaoeving the chieo in sponvoeous cpiocioes o coontin frop the
[ ) . . s

swien application ot o sabirating Lo puldos, we o avilinbe i(O)/I.‘i((\).

J
Unier conditions of thermal (or collicion:d) 2padlibveim wbis retio fan be

usl to derive the terperature To prior tu laser irrcilutior since 1‘0 ig

related to this population ratio through the Boltzrunn rel-tlon ]
Nj(o)/Ni(o) =g exp(—Eji/kTo (22)
wherc Eji represents the energy difference betweoen levels [ end i. 4

If the gas has a degree of ionization in excesc of a Zew percent, then

e ——— s

TO ig probably equivilent to T , the free eclectron tomerztore,

Notc that in general we can write ]
it (23) ]

4
vheroe *
G = ———n (2)

and ¥ = Ni(O) + NJ(O). On the other hand, if mi(o) << :i(o), then (23)
sti1l applies but now N = Ni(o) anl it follows “rom (?3) +h.t the vopulation
of wny two levels cun be compared by laser satwration of the two aporopriate
transitions.
In general B..
Rji = E‘;—rj—“\flz(v)liji (v)dv (25)
wiere J‘,J.i(v) is the line profils func.ion and Iz(v) repro-sants the lasor
spactral irradiance. Bji represents the Milne ctimulated eomission coefficient.
If we assume thnat tre laser is broadband relarive "o --.z absorption

lirs width and thal the centre freqiencics of tre two are coincident, we

can write

[GIR-N

f I['(v)i‘.ji (vidv -1

A-T




wiere lﬁ is tie laser spectral irradia:ce (Wcm"2 Hz-l) corresponiing to
. L .

the peak vul . of tre I7(v) c.rve. For laser sa' ravio. w2 have seen {

(12) tna
‘ 1 1
| Rij + Ry >> = v = (26) ;
‘ J Ti TJ.

Wioere 3

l— = NK.. + D, and l~ =N K.. +A,.. +_,
T, 1 Tj

1”

Consgequently it we derine the "saturatei spectral irradizace

8yhy> \
: Io = __”.hL__g o5 (_l._ L ! (27)
‘ (l+:'))C d Ti Tj /

We carn see that the sat .ratio. co.di-ion implies tia

> 1 (28)

o

I Fi-o Ay, wiic siows the ISE o rve for tle specizl cuse of resonance

. , . ¥/ . s s
prping, the partic lar curve correspouiing to IS = Iso has been identified
by the symbol I __, wiich for the case of sodium Dl resonance line eq.als

-0, EB . O .
3.5 x 10 Wem © Hz . For a laser with a bandwidi: of =bout 0.005 rm this

. . £ . -2 . : c
corresponds Lo an ircadiance I7 of ubo.t 1.5 Wem . lo.=z tiat ir Lhe case

of Fig. At we have sct Dj = Dj = 0 a d we have ass 24 :e = 0.

System Relaxation

Ou exti.gdshing the luser radiation, the pop.datio:.s of the various
crergy levels will redistribi.te to form a new equilibri'z distrib.tior.
We now investigate the characteristics of this relaxatio. as a function of
the vario s system paramcters for a step function termiration of the laser
radiation. The differential eq:atio~ (3) for Nj(t) still holds, but now
Rij and Rji m.st be set to zero in tie equations (L) for tre coefficients
A, B and C of the differential eq.atio:.

Under these circumstances El ard E2 of the sol:tio: (5) will be defined
by the pop.lations Ni ad “j at the moment the laser radiation terminates.
For the general case, the decay characteristic of Nj is a complex function

syste >ter L s th se U I G I . . + D,
of the system parameters, bt for the case of NC(KlJ C41) Ajl >> D, DJ,

the decay rates )1 ., take on simple forms:

,K

A-8




R St 4‘,
e e A

|
b

-N ~B/A << 1

-}\em A >>1
wiore

A mNe(l\ij + Kji) T (29)

P

If further we assume Di = Dj = 0 and conscqrently Ci =C, = C, ther the form

J
of the differential equatior (3) changes to first order witn & 30l tion

t
N (t) = E3e?\3 +E, (30)

where

ard where E, and Eh are constants which can be relatel to zoriitions prior

3
to irradiation. The iwportant thing to note is that the timz zonstant for
relaxation of the pop lation in level J

-1

Ty TN (32)

and therefore the decay characteristic of the ISE can b2 21 fo czlculate
I if K.. and K., are known along with A,... This ass mes thzt rzadiztion
e iJ Ji i1

trapping can be safely ignored., If Ne = 0, then

= A'f
Jl

. A
3 (33)
and the lifetime of the upper state can be measured directly. Ilote that if
alternative radiative decay modes exist for the laser enhanz2i pop lation,
we can choose to monitor the IJE at a wavelength other than irne laser wave-
length, thereby eliminating Rayleigh, Mie, and apporatus sc=ttaring. TIn

this casc, however, (33) must be replaced by

37 (2‘*3’1 Tl (34)
1

where the sum extends over all allowed transitions from lzvel i. Transition
probabilities can be determincd from such measurements iT the branching ratios

arce also ecvaluated.




REFERENCES

1. R. M. Measures, J. Appl. Phys. 39, 5232, 1968.

2. A. B. Rodrigo and R. M. Measures, IEEK J. Quant. Electr. QE-G, 972,
1973.

3. R. A. Van Calcar, M. J. M. Van de Ven, B. K. Van Uitcrt, K. J. Biewenga,
Tj. Hollander and C. Th. J. Alkemade, J. Quant. Spectrosc. Rad. Transfer,
21, 11, 1979.

L. D. W. Koopman, T. J. McIlrath and V. P. Myerscough, J. Quant. Spectrosc.
Rad. Transfer, 19, 555, 1978.

5. R. M. Measures, N. Drewell and H. S. Kwong, Phys. Rev. A, 16, 1093, 1977.

6. T. J. McIlrath and J. L. Carlsten, Phys. Rev. A, 6, 1091, 1972.

7. D. D. Burgess and C. H. Skimmer, J. Phys. B. Atom & Molec. Phys. 7, 1297,
1974 .

8. R. M. Measwres, J. Quant. Spectrosc. Rad. Transfer 10, 107, 1S70.
A. L. Wuksberg and A. I. Carswell, Appl. Phys. Lett. 6, 137, 1965.

10. M. H. Dunn and A. Maitland, Proc. Phys. Soc. 92, 1106, 1967.

11. A. S. Khaikin, Sov. Phys. JETP 2L, 25 1967.

A-10

\)
PO AN e :
PUSIAS SOV,



L7 e y ot s e R S T W .

Cj NiDj

o .
Ni(NeKij*Fy /Nj(Ne Kji +Aji+ Rji) '
Ci - Ni Di — |
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Appendix B

FAST AMD EFFICIENT PLASMA HEATING

THPOUGH SUPERELASTIC LASER ENFRGY CO:VERSION (SELEC)

R. M. leasuresh P. L. Wizinowich and P. G. Cardinal

Institute for Aerospace Studies
University of Toronto
4925 Dufferin Street
Downsview, Ontario, Canada
M3H 5T6

ABSTRACT

Superelastic laser energy conversion, SELEC, has been shown to
be capable of extremely rapid rates of plasca heating with relatively
modest values of laser irradiance. 1In the case of a boron IIX plasma,
ar_fd= > 10" °K sec™ hes been predicted for an initial BIII ion

7 -3

density of 107" cm ~. The laser irradiance needed to achieve this

8

rate of chanzge of the free electron terperature is gbout 5 x 10

'.-Ic:m"2 per cm of path length.

#*Professor of Applied Science and Engineering, University of Toronto.
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FIG. | BASIC PROCESSES INVOLVED IN "SELEC"
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