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I. INTRODUCTION

This program has supported theoretical and experimental studies in

and the development of anti-Stokes spectroscopy for the study of core=

excited atomic levels. Section II lists some of the key results of this

RS &

program; Section III summarizes our research findings; and Sections IV

and V list the publications and the persomnnel, respectively, supported
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several areas of device physics: the physics and zpplications of radia-

tive collisional lasers, pair absorption pumped lasers, the use of micro=-

wave pumping for the excitation of excimer and other high pressure lasers, :
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II. KEY RESULTS

ﬁ{ Key accomplishments of our research group that bear on this program
g are as follows:
éﬁ (1) Laser induced collisions were demonstrated for the first time in
our group at Stanford in 1976.l
:é (2) Collision cross sections approaching 10'12 cme, at large laser
'iﬁ power density were shown by Green, et a1.2
HE (3) Laser induced dipole-quadrnpole3 and laser induced charge trans=-
-g fer processes were «:lemonst:x:at:ed)+ and stud:l.ed.5
;-E3 (4) The process of radiative collisional fluorescence was observed
Ej by White, et 31.6 The key prediction of a relatively narrow
‘ ;: emission width, centered at the R = = wavelength of the
:. separated atoms was confirmed,
-f; (5) Pair absorption in atomic systems was demonstrated for the first
”J time.(

(6) The first pair absorption pumped laser was constructed by Falcone

o and Zdasiuk.8

_Q (7) Microwave pumping of a high pressure XeC! excimer laser was

v 9

- demonstrated. i
~"y i
-{H (8) The anti-Stokes radiation source was used for core-excited ab-

. .':J

‘% sorption spectroscopy of K. A resolution at 500 % of about

k-~ 1.3 em”! was obtained,!©

b
. (9) A pulsed, all metal, hollow cathode discharge was developed

& 11

under ONR support by Falcone, et al. Population densities
16

atorns/cm:'7 were obtained

- in the resonance line of Li of 4 x 10




under conditions where populations of higher levels were very
much smaller (about 10t? atoms/cm3).

(10) Harris, et a1.12 have noted near energy coincidences in the
alkali atoms which may allow the comstruction of radiative col-

lisional lasers.
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III. SUMMARY OF RESEARCH

Eﬁ, A. RADIATIVE COLLISION AND PAIR ABSORPTION LASZR# .

:z For several years we have been developing techuology for the electri-
sr cal excitation of relatively high density (1017 atqms/cm:) alkali atoms.

fiﬁ In a high density discharge the near unity oscillator strength of the i
ﬁ? resonance transition accomplishes several functions. First, an average

;f electron makes an inelastic collision with a resonance line atom about
) ﬁ% once every 10 ps and, therefore, until the resomance line is sufficiently

.Ei populated to allow super-elastic collisions, the temperature of the elec-

. trons is closely pinned to the resomance line energy. Second, the large '
'.%é oscillator strength results in radiative trapping times of at least several
%3 us, so that spontaneous radiative decay is not of consequence,

i During the contract period we suggested the use of the radiative=

é% ' collisional laser process for the extraction of energy which is storad in
=i§ the resongnce lines of the alkali atoms. The suggestion was motivated in

:; part by a racent experiment with a pulsed hollow=cathode discharge where

‘% Falcone and co=-workers have obtained a population in the upper level of

E% the resonance line of lithium of 4 X 1016 atoms/cm3, corresponding to a

>

?’ stored energy density of about (.01 J/cm?. This population is stable for

ﬁ?‘ a 75 ns period, and occurs under conditions where the population of higher
:: levels, for example the Li (1923p) and Li (lszjd) levels, are much lower
(about IO]'5 atoms/c.mj).

33 A prototype of the alkali atom systems which we considered is shewm

f: in Fig. 1. Initially, two atoms are excited by a discharge to the 3p 2P1/2
.jz level of the sodium resonance line transition. During the collision between
ii
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the excited atoms dipole=dipole coupling causes a simultaneous transitiomn
of one atom to the ground level and the other atom to a virtual level
(shown by the dotted line) which has 4d character. The radiative-colli-
sional process is completed by the emission of a photon at 2.7 um, thereby
resulting in the de-excitation of both resunance line atoms.

The photon at 2.7 um may be emitted spontaneously, or of interest to
us here, may be stimulated, The lineshape for both spontaneous emission
and gain will center at a frequency equal to twice that of the resonance
line minvs that of the terminal level; and for the system considercd here
will have a width of 10 to 20 cm'l. The requirement for net radiat. ve
collisional gain is that the product of the densities of the excited reso-
nance atoms exceed the product of the ground and final level (lsahp 2P§/2>
densities.

Table 1 gives the results of our calculations for a number of alkali
systems. We limit the table to systems where only a single element is
uged, and where storage is in the resonance level of the atom. The par-
ticular fine structure component of the npaP level in each of the atoms is
denoted in column 1. The calculated gain (per c¢m) assumes a storage den=

16

sity of 5 x 10 atams/cm5 in each of the storage levels; and varies as
the square of this number. The parameter 00 in the third column gilves
a guide to the maximum rate of energy extraction frow the system. At
large power densities (for these systems, typically 109 W/cmz) the cross
section for laser induced ccllision is several times Wog . At a gas

dengity of 5 1016 3

atoms/cm”, this corresponds to a collision frequency
of about 109 and therefore a maximum energy extraction rate of about a

nanosecond.
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Table 1

Alkali Atom Radiative Collision Lasers

Element and Storage Levell®) A(m) 00(&) glcz ) (P

Na (1/2 , 1/2) 2.7 15.0 1.4 x 107

Rb (3/2 , 3/2) 5.4 15.7 8.0 x 102

Rb (1/2 , 3/2) 6.3 16.0 3.4 x 10

cs (3/2 , 3/2) 6.6 20.6 3.6 x 1077

A cs (1/2 , 3/2) 10.3 27.9 1.1 x 1072

._»

(a)In all cases the storage levels are the 2PJ levels of the resonance
line, where J is indicated in columm 1.

- .
e ..

-
{Sr

-
» LN
X .2 A s _ea¥

(b)

The gain (per cm) is calculated with an assumed storage demsity of
5 x 1016 atoms/cm’.




The highest gain system is one in which two excited state rubidium

atoms (5p) collide to produce a ground state Rb atom, an excited state

"

%g Rb atom (6p) and a photon at 5.4 um. At a resonance line population of
¥

%3 5 X 1016 atoms/cm3 the calculated gain is 8% per cm.

A sujtable discharge has been constructed which is capable of pro=-

ﬁ] ducing ~ 1016 atoms/cm5 in the storage state. A tunable infrared source

(difference mixing in LiIOB) and cooled detectors (HgCdTe) coupled with a
computer and data display system allow sensitive gain measurements to be
performed despite the electrically noisy environment produced by the
hollow=-cathode discharge. Current sensitivity is 8%. With our measured
population, cell length and double pass configuration the gain at 5.4 um
should be ~ 6%, Experimental runs to date have shown no evidence of gain.
This is understandable given the uncertalaty in our measurement of scorage
state population.

Most recently our efforts have been concentrated on maximizing the
resonance line population levels by optimizing the cathode design. The
figure of merit for a cathode can be defined as the product of the square
of the resonance line population and the zone length over which this pop-

ulatiorn exists — N(Sp)2 X ¢ . This factor multiplied by the radiative

collisional gain factor g yields the per pass gain coefficient. Our
NE

f
'3
b

bast cathode produces £ =2.8x lO32 . For the Rb system, g = 1.9 X

P it

- B
10"77 which implies a 0.06% gain per pass. Clearly, more work has to be
done on improving the population of the Rb resonance line. However, with

the existing apparatus 1t is possible to perform an experiment which would

e A=A = R XX

verify the shape and position of the expected gain as well as provide an

indication of the magnitude of the effect.
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This experiment is essentially a laser~induced collision laser. The
scheme, is the same as for the radiative=collision laser with the exception
that the goal is to transfer a large population to the 6p3/2 state via the
radiative-collisional transition at 5.4 um. The 6p3/2 state will then be
inverted with respect to the 651/2 (2.7 um). The population of the 6p3/2
can be calculated as

N(6p3/2) = Eﬁ% a1

where O = gN2 ;, T 1is the length of the pump pulse, and %é% is the
number of photons/cm2 in the pump pulse at 5.4 um. With 1 kW of infrared
N(6p3/2) = 3 X 10'% em™> , which implies a gain of el1+3 in 1.7 cm. Howe
ever, we must first measure the 65;/2 population in order to verify that
its population is small compared with 1013 cm'3.

The observation of lasing at 2.7 um will be interesting in its own
right as it will be the first demonstration of a radiative collision pumped

laser utilizing discharge methods to create the initial (storage) state.

B. MICROWAVE EXCITATION OF HIGH PRESSURE GAS SYSTEMS

1, Introduction

Simple, efficient methods of exciting high pressure (1 atmosphere
and above) gas mixtures are of considerable practical interest. This in-
terest stems from the development of several useful, or potentially use-
ful, lasers which require such pressures, including the rare gas halide
(RGH) dimer excimer lasers, RGH trimer excimers, and rare gas excimers,
In addition, there is interest in high pressure operation of CO, lasers

2

- 10 -




S - to achieve continuous tuning via pressure broau=ning; our proposals for
J‘ new radiative collisional lasers also rely on the excitation of high

pressure gas systems.

e
M.

we s e

Over the past six years RGH dimer lasers (XeF, XeCl, ArF, etc.) have

Pl 3-Tirs
R »

Yy prograssed from being a sclentific curiosity to wviable commercial products

3
Phell®
e

which are experiencing increasing applications because of their ability to

3’

Py

provide high powers in the difficult~to-access UV spectral region. The

8
S I,

) rare gas excimers Xe2 and Ar2 can provide tunavle radiation at 173 nm and
126 nm, respectively. Although such sources have many exciting potential

applications to spectroscopy, photochemistry, surface studies, and lithe-

- SAERIORENL L

i

ography, little work has been done because of the complications of electron

Eg beam excitation. The recently studied RGH trimer lasers such as Xeacz
'E offer wide tunability in the visible region: Xe,C! at 490 + 40 om, Xe,F
%;; at 630 £ 50 nm, and Ko, F at 420 * 35 nm have been observed to date using
:S electron beam excitation.
,_é% Up until the past year only two methods had been used to excite excimer
i lasers: direct electron beam ionization, and the use of pulsed electrical
-.% discharges. Under this program we have been studying a third technique, the
H use of high power microwave pulses. To date most of our work has used XeCl,
;ti one of the higher gain, least corrosive RGH combinations. Our results have
_‘% been encouraging and indicate that this approach may have practical applica-
-EZ tion for the systems mentioned. In particular, we have succeeded in pro=
:? ducing long-pulsed (200 ns) XeC/! excimer lasers in a relatively simple
lz; apparatus. In addition, spontaneous fluorescence pulse lengths of over
;f: 500 ns verify the ability of microwaves to effectively excite such systems
, 3 for long times without instabilities. In addition, we have studied the

i - 11 -




coupling of microwave power into pure rare gases up to pressures of 17 i

2
-

RO

_1
et s

atmospheres and have observed high coupling efficiencies.
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2. Comparison of Coniventional and Microwave Excitation

Y,

Electron beam pumped RGH lasers have exhibited the highest efficiencies

Ol
o ax
3 N

(5% for Xecz*), but their large size, high cost, low repetition rates, aad

Dy

R -R_A

complexity have generally restricted them to large scale, dedicai:ed applica=-

R

tions. Most laboratory and all commercial RGH dimer excimer lasers are ex~

cited using a transverse, self-sustained avalanche discharge because of its

relative simplicity and good performance. Although efficiencies of 1% have

been achieved, the characteristics of such excitation are extremely depen=-

e TR R T e
e 5 I‘(’-Aql'
TR A N W U ok

dent on the discharge conditions; the pulse length and efficiency are lim=

ited by the formation of plasma arcs which make it impossible to maintain

T e
2 s’ e a2 f

adequate excitation rates throughout the gas volume for times in excess of
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~ 20 ns. The problem becomes even more severe at pressures above ~ 4 atm.
Thus laser action in the RGH trimers, which require pressures of > 6 atm.,
and in the rare gas excimers, which require 15-20 atm. pressures, has been

achieved only using electron beam excitation. In contrast, microwave pump-

P
(o )
LIRS

ing exhibits much less sensitivity to gas conditions than the avalanche

ARy
b

4
15270

discharge while retaining much of its practical simplicity,

¥ e w e
R

The sensitivity of avalanche discharges to such factors as detailed

T s >

gas canposition, electrode irregularities, degree and uniformity of pre-

¢

TS 23 23
»

-

T
P LI RSP LN

ionization, and the characteristics of the driving source have been de-

4

scribed in detail by Levatter and Lir., They note that because of these

L

S LA R
j - Al

S

problems avalanche discharge laser pulse lengths have been limited to

about lq ns, except for their own work using x-ray preionization and very

fast rise time drivers, and for the work of Hogan, Kearsley, and Webb

- 12 -




using a system of resistively stabilized pin electrodes. Pulse lengths
of ~ 10 ns are too short to permit the development of good spatial modes,
uarrow bandwidths, or short mode-locked pulses.

In contrast, microwave excitation of high pressure gases is much less
sensitive to the details of the plasma: the power deposition is nominally
independent of gas composition, uniform preionization is not critical, and
even a local breakdown or arc 2s not prevent excitation in other regilons
of the plasma. The basic configuration for microwave heating is shown in
Fig. 2. A dielectric tube, such as quartz, confines the laser mixture to
a small region of a wavegulde carrying the microwave power. The electiic
field of the microwaves can penetrate the gas and heat the electroms as
long as the relative dielectric permittivity ¢ of the plasma remains
near 1. At large values of n , [e| becomes large, and the internal
field and electron heating are significantly reduced. This shielding or
impedance mismatch takes place when the plasma frequency equals the incie-
dent microwave frequency, ® , or the electron collision frequency, Vo
whichever is higher. At pressures above ~ 500 torr the latter gemerally
dominates for incident frequencies of several GHz, For He at 2 atm.,

12
Vo = 33X 10

and the limiting n_, is about 10% em™>. Note that al-
though a local increase in charge density can result in a deccupling of
the field from the plasma, this shielding is purely local: the microwave
field is not ''shorted out’ and continues to effectively excite the rest
of the plasma volume. Of course, the creation of even a local large
impedance mismatch in a poorly chosen geometry could result in large
reflections of power and poor excitation efficiency.

For values of n, below the critical value the gas columm can be

viewed as a lossy rod which absorbs power and attenuates the microwaves.

-13-
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n'.\
'w?% In the idealized uniform plasma case the absorption can be characterized

..:;

:" by a4 transverse skin depth aT . For Vo >, and small n, such that
o

| mp < Vc

o

& mee, v

g T e

o e

¢

% while near the limiting value of n_ such that Wy ~ Vg
-

-

iy

‘g
X

o
1

S

The change from a linear to square-root dependence on the quantity vc/n‘
" occurs at w§ ~ W, or a x 2 X 1013 cm"3 for He at 2 atm. For uniform
excitation DT should be at lesst equal to the tube radius r . This ree-
g quirement ls satisfied for typical conditions until Ry approaches the

f} critical value, as illustrated in Table 2., Nevertheless, the results do

indicate that microwave excitation is limited to relatively small bore,

i small volume systems.
;; For dense plasmas the power dilssipation density is
2

-T; Pp o= ke [ef

3? where ¢ 1s the electrie field in the waveguide. Thus PD is indepen-
e dent of the detailed plasma conditions. Not explicitly shown, however, is
2

f} the fact that the effective volume which is absorbing power is decreasing
fﬁ as ne increases.

ﬁ From the skin depth and a calculation of the microwave power dissi-

L

pation per unit volume in the plasma one can compute the longitudinal

XL by Ay S
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Table 2
Plasma Power Absorption Length and Relative Impedance
as a Function of Electron Density

(1500 torr He, 9.4 GHz, 10 eV electron energy)

B &y LN

1 x 10% en™>

3 X 10* em™?

300 mun 1.0
95 mm 1.0

\ 1 x 10 em™ 30 mm 0.99 _
3 % 1017 em™ 9.8 mn 0.94 'f
1 x 10** en™ %.6 mm 0.72 \
., 3 x 107 em 1.6 mm 0.k3

1 x 107 em™> 0.7 nm 0.24
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attenuation of the microwave field as it propagates down the guide. This

absorption length, EL s depends on both the plasma conditions and the

fractional area of the guide filled with plasma. For a 4 mm diameter tube

in an X-band WR-90 guide (23 mm X 10 mm) and dp=t, 8 =18 cm . Thus,

in practice, the configuration of Fig. 2 would result in a short, nonuni-

i form excitation region, and we developed a distributed coupling geometry to
égs provide a longer, more uniform excitation length,

tﬂ}' 5. Experimental Results

5; Figure 3 illustrates the basic experimental configuration used in our
jgf experiments to date, A Varian SFD-303 coaxial magnetron and line~type

»“\' pulser (a surplus airborne radar transmitte}) provides 2 us long pulses at
%% 9.375 GHz. The microwave energy is coupled from the primary waveguide into
’_? a sacondary guide containing a concentric quartz tube holding the gas mix-

ture. Typically, tubes having a Zmm i.d, and an active length of 40 cm are

}ﬁ used. The waveguides are pressurized with SF6 to prevent breakdown at high
d .,:1
-ﬁ‘ microwave powers. The microwave coupler consists of a series of '"Riblet

Tes' slots in the common braod wall of the two guides. The size and spacing
of the slots were adjustad to provide nearly uniform transfer of energy along
VI the leugth. Using such techniques 80-90% of the input microwave enargy could
be absorbed in the gas mixture over a wide range of mixtures and praessures.
For low power microwave inputs the discharge is more stable and reproducible
if it is initiated by a small amount of preionization. This was accomplished
by placing a ~ 12 ca long sealed quartz tube containing ~ 1 torr of Xe in the
secondary guide. This low pressure "flashlamp" breaks down warly in the
microwave pulse providing simple, self-timed UV preionization of the laser

mixture. At input powers above 0.7 MW the preionization is not necessary.
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In either case, once the discharge is initiated the power reflected to
the source is Insignificant. An all-stainless=steel closed loop system
is used to circulate the gas mixture through the plasma tube,

In our first series of experiments the avallable microwave power was
limited to about 600 kW and the secondary guide consisted of a standard
WR=90 waveguide containing a 3 mm i.d. quartz tube. Laser action in XeC £*
was observed at several wavelengths centered at 308 nm., TFigure I shows
the relative time behavior of the microwave, spontaneous fluorescence, and
laser pulses for our optimum mixture of 0.3% Xe, 0.05% HC{, and 99.6% Ne
at a total pressure of 2 atm. The long spentaneous emission time, over
500 ns FWHM, confirms the ability of microwaves to provide stable, long-
term excitation of high pressure RGH mixturas. While the observed laser
pulse length of 150 ns is 10 times longer than those of discharge systems,
it is surprisingly short relative to the fluorescernce pulse length. We
have not yet detarmined the cause of this behavior; some possible mechanisms
include build-~up of a transient loss, kinetic bottlenecks, inhomogeneous
excitation, and thermal or acoustic distortions of the optical path.

The maximum roundtrip gain in this system was about 20%. Using 5%
output coupling the peak laser output was about 500 W, representing an ef-
ficiency of 0,1%. The normal repetition rate was 1O Hz, but rates up to
LOO Hz were possible with significantly reduced performance because of our
low longitudinal flow rates. It is interesting to note that our optimum
gas mixture differs significantly from those normally used for avalanche
discharge lasers, while it corresponds closely to ome which minimizes
translent losses at the laser wavelength. The insensitivity of the

microwave excitation to details of the gas composition has permitted us
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Fig. L--Relative time behavior of the microwave power, Xect*
sporntaneous emission, and laser pulses.
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to choose gas mixtures on the basis of basic laser performance rather than
for discharge behavior. No corrosion or breakage of the quartz plasma tube
was observed; all lifetime problems originated in the flow system.

Presently we are using a new SFD=303B magnetron which can provide up
to 1.4 MW, 3.5 ps long pulses. In addition, a new cell was designed in
which the secondary guide area was reduced by decreasing the waveguide
height to about 5 mm, the plasma tube outside diameter. An exchangeable
coupling plate was used to parmit optimization of microwave power deposi-
tion into the gain medium. Best rnaultéﬁwara obtained with a Riblet«Tea
structure over the input half of the discharge length, followed by a com=
plately open region between the two guides. No preiomization was used,
Figure 5 shows the behavior of this system. Following the initial break-
down, the microwave absorption was 100% for the first 500 ns of the pump
pulse, and then decressed to 50% for the vemainder of the pulse. Laser ac-
tion occurred at the time of maximum fluorescence which coincided with the
drop in microwave absorption. Compared to our earlier cell, we observed
somewhat longer pulses, ~ 200 ns FWHM, but reducad peak powars, ~ 250 W.
The net gains were higher than before, ~ 4LO% per roundtrip, so that larger
output coupling may give improved powers and efficiency. At this higher
aexcitation density our maximum pulae rate was limited to 190 Hz.

The microwave absorption in this cell was studied up to total pres=
sures of 5 atm. Although the temporal behavior of the absorption was ap-
proximately constant, the effects of finite skin depth became evident as a
ring of bright fluorescence at the circumference of the plasma tube. Our
qualitative observations indicate that as the pressure 1ls increased the
peak n, increases faster than Ve resulting in shorter skin depths and
nonuniform excitation. Even at our optimum total pressure of 2 atm., a
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1 um wide bright ring was visible. However, the temporal development of

J
l this nonuniformity has not been studied and it seems likely that it de-

TS

velops late in the pulse and corresponds to the observed 50% decrease in
absorption. Nevertheless, small skin depths and nonuniform electron den=-

! sity distribution across the plasma tube could ultimately limit the deposi-
tion of microwave power into high pressure gases,

- ' A new cell design as shown in Fig. 6 has been constructed incorporating
3 a ridged structura to locally increase the electric field in the vicinity

,ﬁ of the plasma. The tube i3 recessed in the wall of the X-band guide so that
the plasma is‘flush with the guide surface. This is to allow a larger ridge
to be used in the cell and to reduce microwave reflection from the plasma

)\ column. The plasma tube is 20 cm long with a 1 mm 1.d. bore compared to

N the 40 cm long, 3 mm 1.d. tubes of pravious designs. The smaller bore

H ' diemeter was chosen to alleviate a ylasma inhomogeneity as evidenced by

W the ~ 1 mm ring of visible fluorescence observed in the 3 mm i.d. tubes of
previocus geometriesa. The uniformity of the 1 mm plasma is currently being
studied. The cavity is a 0.5 m confocal configuration giving a beam waist

of 0.16 mm so that the fundamental transverse mode should nearly fill the

bore.

N The 1 mm bore diameter was chosen not only to provide some mode con-

N trol and uniform excitation of the plasma but also to provide a smaller

plasma volume. Direct coupling of the microwaves is used instead of the

distributed coupling since the gas volume 1s 20 times smaller than in

oo 2
a e

L

previous geometries. The smaller active volume in the ridged cell design
has lowered the oscillation threshold from 100 kW of input microwave power

to only 25 kW of ioput power. This translates into a significant improve=-

MRS & 4

ment in cost since small 50 kW magnetrons are considerably more economical
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than the 600 kW and 1.4 MW magnetrons used previously. The efficiency of
the laser at low input powers has not yet been determined. Preionization
appears to affect the laser oscillation threshold and output powers so
that further improvements may result from including a spark gap in the

recirculating system.

The laser pulse length in the ridged cell is 100 us. Presently, a

naw cell is being constructed with an interchangeable section that will

g
S
b
Il.‘.t
L

11

allow the length of the gain medium to be varied. This will determine

whether the decrease in the laser pulse length to 100 ns from 200 ns is

3
il

_——
K. .
[y

A L%
e i
LR -

caused by the decrease in the length of the gain medium from 40 em to

.

NG
&atal

20 em. 1f the laser is to be mode locked, however, the decrease in pulse

length may not be significant since more roundtrips are available in a

shorter ceall.

E:l
b
v,
s

The microwave pumping technique may have unique applications in the

"¢

Cry
L £

high pressure regime., This would be of considerable interest since laser

TR
[

A 1

oscillation in scme excimer species such as Xe2 and XeZCt require pressures

on the order of 10-20 atm. which are not casily attainable in conventional

R
ey
l‘ L3

transverse electric discharges. We bhave shown efficient coupling of micro-

L
A
PSS

I

*
wave energy into pure Ne at 17 atmi. and laser oscillation in XeC{ at 10

3

~1XT

*
atm. The dependence of the XeC; output power at these high pressures is

currently under study.

s
L -

«’
s

In general, future efforts will concentrate on optimizing laser pulse

b

<

e length for mode locking of the Xecz* laser., Further investigation into
%} microwave pumping at high pressures may lead to imprcved efficiency for
X

\:“ *

E; XeC! and to applications in other excimers such as Xe

o and XeECI.
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ANTI-STOKES SPECTROSCOPY

Introduction

This program has supported the development of a new spectroscopic
technique which allows the use of tunable laser technology for high reso~
lution and picosecond time scale spectroscopy of core=excited atomic levels.
This project has been jointly supported by NASA.

During this period the Office of Naval Research has supported a large
effort aimed at the construction of a 200 & laser. The work described here
complements the ONR effort by focusing on the spectroscopy necessary for
the laser development. 1In particular, we are interested in learning about
core=excited levels whose autoionizing times are longer than their radiative
times. In the alkali atoms, core-excited levels in the doublet series which
have odd angular momentum and even parity, or even angular momentum and odd
parity, are prohibited by LS selection rules from autoionizing into the
ground ionic level. Also, if the valence electron is in a Rydberg state,
autoionization timas may be substantially increased.

Our work is based on spontaneous anti;Stokes scattering from atoms
stored in a metastable level in an electrical discharge. The result is a
rudiation source which is tunable, narrow band, has prescribed polarization
and, of special interest, may be of picosecond time scale. The maximum

intensity of thls radiation source is determined by the effective tempera=

ture of the storage level; for example, the (lsas)ls level of He or Li+.

Since this level does not spontaneously decay, its accumulated population
and, therefore, the peak source intensity, may exceed that of a radiating
level by a factor of several thousand. To reach this peak intensity the

applied visiltile laser must caiuse the media to become two~-photon opaque to
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the generated XUV radiation. In this sense the radiation source functions

as a two=photon blackbody.

2. Development of the Anti-Stokes Spectroscopic Source

During this contract period, our work using the metastable helium
level as a target state has resulted in a source which scans continuously
from 5%5.4 - 558.4 R, with a resolution of 3 mf. This continuous tun=
ability was achieved by populating the metastable level more effectively
using a pulﬁed microwave discharge. We have studied the inner shell abe
sorption spectrum of potassium in this region, observing four narrow
spectral features for the first time, and resolving lineshapes of pre-
viously identified absorption lines.

We have proposed extending this technique to othef wavelength regions
by utilizing storage states in other species; the other noble gasses and
the alkali ions have spectra which may facilitate similar anti-Stokes light
generation, Preliminary experiments to demonstrate the technique in neon
are underway, and will be described.

In previous reports, the results obtained using a hollow-cathode He
discharge were presented. That source operated with metastable populations

11 atoms/cmi, and generated low enough background XUV that no

of ~ 10
bandpass filtering (spectrometer) was required. The hollow cathode, how=
ever, required tunable laser pulses of 12 mJ or greater to achieve adequate
signal-to-noise ratios. This is beyond the capabilities of commercially
available dye lasers in some spectral regions. Therefore, we undertook
development of a higher brightness, pulsed microwave-pumped source. The

resulting source produces useable narrowband XUV with tunable dye laser

inputs as low as 1 mJ. This improved source brightness is due primarily
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to the higher metastable populations of ~ 1013 excited atoms/cm3 achieved

b

ﬁ% in the pulsed discharge.

§” In this source, 9.375 GHz microwave pulses are generated by a Varian
E? SFD-303 magnetron driven by a line-type pulser. The 2 us pulses had average
{g? powers of 500 kW, and are coupled into a quartz tube running the length of
- an 80 cm X-band waveguide as shown in Fig. 7. Dye laser pulses were in=-
;ﬁ jected into the quartz tube via a small right-angle prism and traveled the
&% length of the tube. Backscattered radiation was collected by grazing re-
tn flections off the walls of the tube, The radiation passed through a hot
;3 potassium vapor absorption cell before entering the detection system.

;Sﬂ Along with the desired tunable radiation, the microwave heated He plasma
§% emitted resonance=-line radiation which was ~ 15 times more intense. To

S% eliminate this overwhelming fixed-frequency noise source, a l-meter vacuum
23 monochrometer with slits wide open was used as a bandpass spectral filter,
E& The transmitted anti-Stokes signal was then detected by an electron-multie-
§§ plier tube. Despite the loss in signal due to the spectrometer, this sys-
X tem exhibits a S/N which is ~ 20 times better than the earlier hollow=-

EE cathode source.

E% We have used the apparatus with a Quanta-Ray PDL-l pulsed dye laser
if over the 5960 = T800 & spectral region to generate 536.8 & — 558.4 & xuv.
.g; The 10 ns dye laser pulse can be triggered at variable delays after the |
%ﬁ start of the microwave pulse. The temporal beshavior of the anti-Stokes

,E: emission, along with the resonance line bhackground emission is shown in

) Fig. 8. As is apparent from the figure, the best ratio of anti=-Stokes
signal to background occurs late in the recombination tail. Unfortunately,

operating in this regime, weasured widths of potassium faatures were
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~ 2.5 c:m"1 wider than observed with the hollow-cathode apparatus. We

attribute this to a heating of the helium during recombination, causing

an increased Doppler width of the metastable level and thus the anti-
Stokes radiation., We estimate the Doppler width as 3.5 cm'l, corresponding
to an atom kinetic temperature of 3000°K. To avoid this problem, we took
spectra during the first few hundred nanoseconds after breakdown, during
the avalanche period. In this mode, anti-Stokes linewlidths were comparable
to those observed using the hollow cathode, about 1.8 cm'l.

A summary of features observed with these apparatuses are given in Tables
3 and 4. A sample spectra is shown in Fig. 9. It was obtained by scanning
the dye lager in 0.18 & steps (in the visible) under control of a micro=-
computer which was acquiring the data, Figure 9 is composed of 1024 points,
scanned repetitively and summed to cancel long=-term drifts.

Bacause this typea of spectral source has tunability over only a small
region near the energy of the metastable storage level, storage states in
other species are being investigated in order to extend gpectral coverage.

We have considered using the other noble gasses and the corresponding iso-
electronic alkali ions to access other spectral regions. An added complicae-
tion of such species is that the preferred metastable storage state has the
wrong parity for the antl-Stokes process. This 1s because p-electroms,
rather than s=-electrons, are being moved to create the metastable level,

A solution Lls to resonantly transfer the population to a state of the same
parity as ground with a low power fixed-frequency laser, and then to use

an intense tunable pump to generate lower-sideband radiation. An example
energy-level diagram for this scheme, using neon, is shown in Fig. 10.

Figure 1l shows the potentilal spectral coverage of all the species men=

tioned.
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Table 3

Potassium Absorption Features Observed with the

Hollow Cathode Apparatus

Energy
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Table 4
Linewidths and Positions of Potassium Absorption Features

Observed with the Microwave Apparatus

Energy Linewidth , Previously Observed
(em=l) (em=1) Designation Energy (cm=l)
179885 | b.0 58°3d( %0 )us 203, (&) 179886 ()
179918 2.1 179920

5 1 2,0
L8054 T 43.0 3073d( "B us %2}, 180551
180794 s5.0 (8) | 3p73a(lpis 32 180791
180840 1.0 () 180850
181519 2.7 181517
181745 5.5 3p 3dSs P2 181742

3/2

182152 8.8 182152
182652 5.5 182651

\

a . . , , - -
Inergies and designations from Mansfield

Lines very asymmetric; linewidths determined from fit o
theoretical Fano prozrile
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We have begun investigating this system in neon as a prototype for

e’ -
="y

P

this more-general two-laser source. With the same pulsed microwave ap-

ol 4 e
5 -

paratus as was used for the later work in helium, we have observed the

resonant transfer of emergy from (Fig. 1ll) the 2p5[2P;/2]3ane metastable

g
»

state to the [2?‘1)/‘,_,_]31:”2 anti-Stokes upper state, using a dye laser tuned

i

to 59Uk R. The transition was highly saturated with ~ 1 mJ, and subsequent

«
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fluorescence to the [2P;/2]337_1 state was observed at 6678 &. In fact,

x
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during the recombination period the 6678 transition became highly inverted
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and superfluorescence (lasing) without mirrors was observed. From the

energy output at 6678 R we can infer a lower bound on the population

L=~

available at the upper level of the anti-Stokes process as ~ 2 X 1012 cm'3

1

£, A

The present apparatus will require further modification to increase the

3 &
O

A, o,
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optical transmission at T50 & in order to observe the Raman process.

%
X

"a 3. Two=-Photon Spectroscopy of Li Using Anti-Stokes Radiation

5% The peak intensity of the tunable anti-Stokes emission relative to

2 the background plasma emission, at constant laser pulse energy, varies p
% inversely as the pulse length of the tunable laser pulse. However, to

5. use this increased contrast, an XUV detector which is'(effectively) as
_=§ fagst as the emission pulse is required.

‘tl One way of accomplishing this is to detect the emission (either elec-
ﬁ! tron or photorn) from two-photon pumped autoionizing levels. In such an
t;i experiment one photon would come from a picosecond time scale anti-Stokes
;1 source while the other would be a visible photon of the energy required

E% to access the selected level.

> In the alkalli atoms the levels prohibited from autoionizing by LS

f& selection rules require access by two photons. For example, the non-

;g autoionizing (1s2p)5P3p2P level of Li can be accessed via the two=-photon
&l - 37 -
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route 15225 1S - 1322p 2P -~ (1s2p )51’ 3p 2P. The first photon promotes the

; valeice electron from a 2s to 2p orbit, while the second photon (the
! antL-Stokes photon) causes a ls — 3p core transition, Excitation of the
": (1s2p )5P 2p 21’ level can be detected by right angle observation of

152p(5P Y3p 2 5 1523(58 )3p 2p° fluorescence at 5722 R; or by observation
of 152p(3P)3p 2P - 1s2p 2p° v fluorescence at 197 X.

_;.'73 During the past year, we have constructed an apparatus and performed
,;“aj_ ureliminary experiments with the goal of using the anti-Stokes XUV flashe
e lamp for two-photon absorption spectroscopy of core~excited states in

neutral lithium. 7Two experiments are currently envisioned which will
i measure the position of the (ls2p )3P 3p %p and (lsZp)lP 3d %D core-excited
m states in Li I, both of which are of interest in the construction of a

XUV laser. In the first (Fig, l2a), Li* metastable 1s2s 1S states are

oS F e
ER R Ldad SR Adhs
.

..

created in a pulsed hollow=cathode discharge. Experiments by Falcone,

et al. have shown that Li* metastable densities of up to lola/cc are ob-

e’
.

SN P
)
x & #-
IR oy

tainable in the hollow cathode. A laser at 9581 2, the L1 1s2s ]‘S -

1s2p ]'P resonance, causes anti-Stokes emission at 501,808 cm'l, ~ 199 R.

F
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T
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Applying a second laser at 5226 & will cause absorptien of the 199 R
2

-l

-z

radiation via the twoephoton transition in Li I ls 2918 - (lsé&s )58 2p ‘?'P -

y g

L EE
e 3
j_i_-’ Y

e
2’5

(ls2p)3P 3p 2D, The detuning from the intermediate state is 1660 cem™?

The cross section for the two=phouton process is o*(cme) =1.1X 10'27

p(5226 2)

3 X ].O16 Li/cm?’, power densities of ~ 5 X 108 w/cm3 are needed for sub~

/A (w/cme) . Thus, for a 50 cm long Li cell at a density of

e . e b

« o 3 o= = - =
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SR RL R K
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stantial absorption of the anti-Stokes light. With currently available
! lasers this is possible with beam sizes on the order of ~ 2 mm,
! In the second 'experi.ment (Fig. 12b) a non-resonant 1.06 um Nd:YAG

laser is used to scatter off the Li+ metastable ions and create anti-Stokes

- 38 -
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Fig. 12(a)--Two-photon absorption experiment
! using resonant Lit flashlamp.
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Fig. 12(b)--Two-photon absorption experiment using
1.06 um pumped Li* flashlamp.
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light at 500,737 cm'l. This wavelength is within 50 cm'1 of the 1525d 2D -
(ls2p)1P 3s 2D transition in Li I. Two photons of a second applied laser at
~ 6400 & make up the difference to ground and complete the two-photon
transition. Because the detunings iu the neutral are smaller than in the
first experiment, larger absorptions are possible., The difficulty, how=-
ever, is that the large flashlamp detuning (1086 cm-l) requires a substan-
tially larger laser than in the previous case to create sufficient anti-
SGtokes light.

The experimental sete-up is shown in Fig. 13, A hollow-cathode dis=-
charge is followed by a 50 cm region of Li at a density of ~ 3 X 1016
which acts as an absorption cell. The cathode and detector are fitted
with apertures which prevent any XUV radiation from entering the detector
except that which has passed through the path defined by the laser (either
5226 & or 6400 ) which causes the two-photon absorption. The detector
aperture is followed by a LiF slide which acts as a beamsplitter, trans-
mitting the visible laser radiation out of the cell while reflecting the
XUV component towards the detector., The XUV detector itself consists of
a p-tarphenyl scintillstor and a fast photomultiplier tube. During the
experiment, the laser is tuned while the XUV level is monitored for ab-
sorption,

At the present time, construction of the cell has been completed and
we have succeeded in seeing the anti-Stokes radiation from the resonant E
(9581 R) flashlamp, Currently we are attempting to optimize the level of

this source by both increasing the collection efficiency of our detection

system and experimenting with different modes of operation for the hellow-

cathode discharge. This is necessary because the small beam sizes required
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to obtain sufficient power density to create the two-photon absorption
N severely limit the solid angle for collection of the anti-Stokes radi-

ation. We have also attempted to observe the anti-Stokes signal from

;3 the nonresonant 1.06 um flashlamp but were unable to do so at the highest
Y
‘ﬁ 1.06 um power densities we were able to put through the cell., Progress in
o actually performing the absorption experimeat has been somewhat limited
.-
N by lack of a suitable combination of lasers to create both the flashlamp
W
» and the two-photon absorption. We are therefore examining an experiment
in which the Li+ 1s2p1P - 132 lS resonance line radiation will act as the
i light source rather than an anti-Stokes flashlamp. Although the detector
g has no wavelength discrimination, experiments in other discharges have
‘.
. shown that the 199 R resonance radiation is by far the dominant component
%. of the total XUV light from the discherge.
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