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I. INTRODUCTION s uV‘F’L,

This report describes theoretical and experimental work on two types
of laser induced collisional processes. These are the dipole-dipole pro-

cess and the charge exchange process. Using two synchronously pumped |
Lok 2
mode-locked dye lasers, a dipole-dipole cross section of L %10 : cm2.‘

\
.
~

has been demonstrated in the Sr-Ca system. We also report theéfégical
progress in the areas of laser induced spin exchange collisions and col-
lisionally induced Raman processes. Lasing and inversion on the Sr;
resonance line at hOY&ig)is also described. This first demonstration of
the inversion of an ion?with respect to its ground state has important
implications for the construction of short wavelength lasers.

We ncte that portions of the work described in this report were

jointly supported by other agencies.
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II. LASER INDUCED DIPOLE-DIPOLE COLLISIONS:

LARGE CROSS SECTION REGIME

Large cross sections are essential for the rapid, and thus efficient,
extraction of stored energy. Our numerical calculations of the laser in-
duced collision process indicate that this interaction should achieve cross

13

sections in excess of 10~ cm2 before experiencing saturation.1 The ex-
periment described in this report demonstrates the large collision cross
sections that are achievable through a laser induced interaction. The
results further confirm the validity of the theory used to describe this
effect.

The experiment requires a gaseous medium, 2 pumping laser to create
the stored population, a transfer laser to induce the collision, and a
detection system to monitor the energy transfer. The laser induced col-
lision is linear in the applied field intensity below saturation and re-
quires a transfer laser capable of producing 109 W/cm2 power density to
induce a collision cross section of 10-13 cm2. Figure 1 shows a schematic
of the experimental set-up used in this experiment. An actively mode-
locked Nd:YAG oscillator amplifier system provides a reproducible train
of 100 psec pulses at 1.06 ym, which is converted in KDP crystals to
355 mm. This train of pulses is then split to pump two separate dye
lasers whose cavity lengths are adjusted to match that of the Nd:YAG

oscillator. In this case, the dye lasers also produce a train of mode-

locked pulses which can be tuned by adjusting the angle of the rear
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mirrors.2 This system produces an output power of several megawatts with a
Lo psec pulsewidth. A key property of this system is that the pulses of
both dye lasers are in exact time synchronism; a corner cube delay line can
be used to give a precise and adjustable delay between the pump and trans-
fer lasers. The outputs of the two lasers are combined and focused into
the vapor cell. A spectrometer and photomultiplier are used to detect the
fluorescence of the excited state population produced by the transfer
process.

In this experiment, Sr and Ca were heated to 800°¢c providing ground
state number densities near 1016 atoms/cm3. The transfer beam was focused

3

to an area of 10~ cm2 providing a power density in the vapor cell of

L x 1O8 w/cm2. The stored population was measured by first applying a
laser to transfer the population from the storage state to a higher state
in the same atom, and then observing the fluorescence from that state. By
taking the ratio of this fluorescence to the fluorescence from the final
state in Ca from the laser induced collision, most geometric, calibration

and loss factors are eliminated from the determination of the experimental

cross section. This is illustrated by the following equation:

NCa 1
Gexp S X =
%
NSr NCav

where V = velocity and T = pulsewidth. The pump laser created a Sr ex-

cited state number density of 1012 atoms/cm3.

The experimental cross section was determined to be L x lo-lh cmz.

This is to be compared to the theoretical cross section of 3 X 10-1h cme.

The agreement is actually better than the systematic errors would predict.




The experiment illustrates that the laser induced collision can indeed be
a strong effect and that our analytic model for this process is valid up

to these signal levels.
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III. LASER INDUCED SPIN EXCHANGE COLLISIONS

In the area of laser induced collisions, attention has primarily been
focused on the dipole-dipole collision. In order to transfer stored popu-
lation using a dipole-dipole "switched" collision, twc of the three per-
tinent states must have dipole matrix elements to the ground state. This
eliminates most triplet states from consideration because they are usually
very weakly coupled to the ground state. It is exactly this weak coupling
which makes triplet states attractive for energy storage. To exploit the
energy storing capability of the triplet manifold, the laser induced spin
exchange collision was analytically evaluated.

The cross section for laser induced dipole-dipole collisions peaks
for a transfer energy equal to the energy separation of the initial and
final states when the atoms are fully separated. One might expect the
electromagnetic absorption to increase in strength as the atoms approach
each other. However, detailed analysis shows that the square of the ef-
fective interaction time varies inversely as the slope of the relative
energy difference of the initial and final states and so increases as R7 5
thus more than compensating for the l/R6 roll-off of the square of the
dipole-dipole interaction.1 When spin exchange collisions are considered,
the interaction Hamiltonian no longer has the long range l/R6 dependence
of the dipole-dipole interaction, but rather has an exponential roll-off.
The square of the interaction time still varies as R7 and thus the ex-

ponential soon dominates with increasing R and the cross section maximizes

iy R B




at a close atomic separation, producing a transfer energy which is shifted
from the R = » energy separation.
The cross section is evaluated in the quasi-static regime under weak

field conditions where:
o] = 2nR2P
c X

Rx is the curve crossing radius defined by the frequency of the applied
field, and P is the probability of transfer. P 1is proportional to the
square of the product of the interaction Hamiltonian and the effective in-

teraction time:

A
le t

As noted previously, the square of the effective interaction time varies
as RZ . Finally, the interaction Hamiltonian for spin exchange is evalu-
ated as the Coulomb repulsion integral between the initial and intermediate
states, and falls off exponentially with Rx . Hydrogen-like wave functions
were used in this evaluation. The intermediate state is coupled by the ap-
plied field to the final state through the dipole matrix element between the
two states.

Thie analytic treatment was applied to an experimental system consist-
ing of excited state Ca (in triplet state) transferred to an upper triplet

state in Sr. The result is:




-1k
where P/A is in W/cmg. The maximum cross section approaches 10 : cmg.

This clearly shows that laser induced triplet-triplet energy exchange can
be a process of significant strength.

Calculations predict that the peak cross section should occur within
100 cm.1 of the R = © frequency and that the linewidth of the effect
should be very broad, perhaps several hundred wavenumbers.

This may be a very promising future application of the laser induced

interaction. Initial demonstration of this process will be challengingf§

however, because precise determination of the appropriate transfer fre-
quency is more difficult than in the case of the R = » frequency of the

dipole-dipole interaction.

References:

1. S. E. Harris, D. B. Lidow, R. W. Falcone, and J. F. Young,

f

"Laser Induced Collisions,” in Tunable Lasers and Applications,

A Mooradian, T. Jaeger, and P. Stokseth, eds. (New York:

Springer-Verlag, 1976).




IV. COLLISIONALLY INDUCED RAMAN EMISSION

A natural outgrowth of the laser induced dipole-dipole collision is a
collisionally induced coherent Raman emission. Figure 2 illustrates such
a process which could either be a Stokes or an anti-Stokes emission from an
energy level in atom A to an energy level in atom B , thus potentially
being used as an up-converter or down-converter. It is important to notice
that the storage state need not be inverted with respect to its ground state
to achieve stimulated Raman emission.

An analytic evaluation was made of the Raman process and the gain has

the following functional form:

X A 2 AB 2 B 2
s e ( 2! ) & (2“1“g> ( Ho ) il
\' 2hﬁgA ﬁoOm ZﬁAmB c
where
® = frequency of the applied field
vV = velocity
A A ;
Hyo My = s-p matrix elements of atom A
B B
Hyos by = s-p matrix elements of atom B
DOm = dephasing radius
AmA = detuning in atom A
AmB = detuning in atom B
-9 -




COHERENT RAMAN PROCESSES

ATOM A ATOM B

f__—P

Awg
P __..‘A“’A L.__,,__
PUMP RAQ{'ANT
g XX OUTPU
cnailosios B
S XXX XX
S

Fig. 2--In a coherent collisional Raman process gain is obtained
at the Raman output frequency. Note that atom A need
not be inverted, and that the frequency of the Raman out-
put may be higher than that of the pumping frequency.
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2
The gain saturates when the term (u?/QﬁAwA)e ES approaches 1/2. Thus,
for moximum Raman gain in a given atomic system, the pump laser should be

tuned to minimize AmB since the resulting large AQA (note that Awh -+

AxB = constant = energy separation of the p states) can be compensated

for by increasing the pump field intensity.

The gain of the Raman system was then evaluated for decreasing ADB
jow_t
In the development of the gain formula, the assumption that e . is a

more rapidly varying function of time than the dipole-~dipole interaction

Hamiltonian, proportional to 1/R§(t) , is made. As AwB becomes smaller

than V/P then 1/R3(t) is now the most rapidly varying term and this has

the effect of replacing o by Vyén% in the previous formula, thus

Om

eliminating AwB from the formula. A physical interpretation of this
phenomena can be realized by understanding that the p state in atom B
is actually being shifted by the interaction during the collision and

clearly when it shifts more than AmB during the interaction, 2&w_ is

no longer a relevant quantity. It should also be noted that thefé is no
longer any explicit dephasing radius in the gain formula./ This can be
motivated in the following manner. Previous work has

of the switched interaction occurs near o .1 Thefl consider

where

-}
|

|H12At/h|2 = probability of transfer

==}
I

12 dipole-dipole Hamiltonian proportional to péi/&nﬁ

o e
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Abé = effective detuning from the p state in atom B
Nt = effective interaction time proportional to oOm/V

Therefore, o « p&i/&wé , but if Ao, is made so small that the detuning
is determined by the shifting of the p state, the A»é « V/pom and the
cross section has no explicit dependence on P °
Therefore we find the very interesting result that the maximized Raman
gain for small detunings in atom B 1is independent of the detuning in atom
B and independent of the dephasing of the initial and final states. In the
more complex case, where the p state of atom B is dominately dephased by

other states in the system, then o is replaced by a p’ calculated

Om Om

from these states and the maximized Raman gain is reduced.
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V. INVERSION OF THE RESONANCE LINE OF St

We report the successful inversion of an ion by selective transfer
of ground state atoms into excited ionic states. This is a technique
which has significance for the production of VUV and x-ray lasers. The
experiment also involves the use of a doubly excited electronic level.
Doubly excited levels, particularly those above the continuum, may also
play an important role in the construction of short wavelength lasers.
A full description of this work has been published in the literature and

is attached as Appendix A.
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VI. DEMONSTRATION OF LASER INDUCED CHARGE EXCHANGE COLLISIONS

The theoretical development and experimental demonstration in this
laboratory of laser induced inelastic collisions between neutral atomic
Speciesl-h has led us to predict the existence of a similar collision
phenomenon between ionic and neutral atomic species. It is expected that
a highly endothermic charge exchange reaction having a very small cross
section may be made to proceed with a large cross section by application
of an intense photon field within a proper frequency bandwidth. The pur-
pose of this project has been to experimentally demonstrate such a laser
induced, or "switched", charge exchange reaction.

A particular type of laser induced charge exchange reaction is written

as
+ * +
AA+B+H - A +B (1)

An energy level diagram associated with this reaction is shown in Fig. 3.
In the beginning of this project, a detailed theoretical examination was
made of this reaction, and an expression for the cross section was derived.

We found that

e )y 11| (2/a)

(2)
1elcT ()2 la(a’) - a(s)]

o

where Rx is the curve-crossing distance (the inter-nuclear separation be-

tween the A and B species such that the energy curves associated with

« 1 =




*
A++B+,m - A +B+

LLLLLLLLY

s . ——— 1)

i ) T

Fig. 3--Energy level diagram for switched charge
exchange reaction.

-« 15 -
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the left and right hand sides of Eq. (1) cross; this distance is determined
by the frequency of the applied photon field), Hop is the matrix element
of the dipole moment between states |1) and [2) of atom B, H32 is
the matrix element of the charge exchange Hamiltonian between state |2)

of atom B and state |3) of atom A, (P/A) is the power density of

the applied photon field, V is the mean relative speed between the A

and B species, 2w is the detuning of the applied photon field with
respect to state |2) of atom B , and a(A*) and Q(B) are the static
polarizabilities of atom A in state [3) and atom B in state [1) ,
respectively.

Following the theoretical development mentioned above, a search was
made for the particular atomic species which hold the most promise for an
experimental demonstration of the switched charge exchange effect. An
"ideal" system is characterized by the following qualities: the polariz-
ability of B 1is greater than the polarizability of A* , so that a nat-
ural curve-crossing does not exist and the product species have enough
energy to separate; the applied exchange radiation is in the visible where
tunability and moderate pulse energies are available; and U/(P/A) is
large enough such that available energy in the exchange radiation pulse
is large enough to create a signal arising from the fluorescence of A
excited neutrals which is greater than the noise level arising from re-
combination of 'y ions with electrons. With these requirements in mind,
reactions among the alkali metals and Ca, Sr, and Ba of the alkaline-earth
metals were considered. Static polarizabilities of the ground and first
excited states of each of these atoms were computed. Of these metal-metal

systems, the system which best met all of the above-mentioned requirements

e 16 =

g e e e e J— am— -




was found to be
< .* ?_O 4 (z )
Li +Ca+*fw - Li (2p"P°) + Ca ()

The energy level diagram associated with this reaction is shown in Fig. L,
Calculations of theoretical values for o/(P/A) for the Li-Ca switched

charge exchange system were carried out and are presented in Table 1. The

values for H32 were obtained from an expression derived by Olson.5 With

6

exchange radiation at 4718 % and a power density of 5 x 10 w-cmg, a cross
section of 10-16 cm2 is expected.

The experimental set-up which has been constructed to examine the Li-Ca
switched charge exchange system is shown in Fig. 5. The Li and Ca vapors
are produced in a heat pipe oven. The Li is photoionized by a pulse of
2128 R radiation. 2128 R is the fifth harmonic of Nd:YAG laser radiation
at 1.06 p and is generated via nonlinear optical processes in crystals.
These processes consist of the doubling of 1.06 u to produce 5320 X, the
doubling of 5320 & to produce 2660 %, and finally the mixing of 2660 & and
1.06 pu to produce 2128 R. An unstable resonator Nd:YAG laser is used to
produce the 1.06 u beam. The 5%20 { and 2660 X crystals are operated at
room temperature, whereas the 2128 X crystal is cooled to - L0° .6 The
exchange radiation is produced by a flashlamp pumped dye laser. The sig-
nal at 6708 & resulting from the fluorescence of Li*(EpePo) is observed
with a spectrometer and photomultiplier tube.

Prior to the construction of the experimental apparatus described above,
calculations to determine expected signal levels and signal-to-noise ratios

were made. At IOOOOK, the Li and Ca number densities are 7 X 1015 cm-5 and

1015 cm-3, respectively.7 For a Li' ion density of 1012 cm-3, and a switched

o 17 e
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Li*+Ca+hw —= LI*(2p2P0)+Cat

LY
G 49305¢cm™!
43487cm~!
23652¢cm™! :
TlAw[-— ety
14904cm’! , o ¥
2p°P
hw
2 PatE:. N 21
25 “Si/2 4s So
Li Ca

Fig. L--Energy level diagram for switched charge exchange
reaction described by Eq. (3).
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Table 1

Theoretical Values of Collision Cross Section

for Switched Charge Exchange System

Described by Eq. (3)

Induced Curve-
Crossing Distance

Exchange Radiation

o/ (p/A)

5 R 4718 § 2.0 x 1072 eyl

7R 4797 R 3.2 x 152 o)

10 & 4819 & 2.8 x 1072 ca’w}
-19 -




Li-Ca

L
SPECTROMETER 67084 Ve,
PMT
(-]
2128A *
X 4700-4800A
26604 e
53204
UNSTABLE RESONATOR FLASHL AMP
; PUMPED
Nd: YAG LASER . |oYE LASER
Fig. 5--Experimental set-up to observe Li-Ca
switched charge exchange collision.
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charge exchange cross section of 10—lb cm3, we expect to create 5 X 10'
photons within the cell from the switched charge exchange effect. Based
on recombination rate constants given by Bates,8 we expect 5 X 105 pho-
tons within the cell from recombination noise. This yields a theoreti-
cal signal-to-noise ratio of loh.

After the construction of the apparatus necessary to examine the
Li~Ca switched charge exchange reactions, we conducted some control ex-
periments in which we injected 2128 R photoionizing radiation into the
heat pipe oven loaded with Li only in order to measure actual noise levels.
These experiments led to surprising results. Basically, it was discovered
that photons resulting from the fluorescence of Li* excited states decayed
at a rate which exhibited dependencies uncharacteristic of a recombination
process, and that the noise level was much larger than predicted. Some
experimental results are presented in Table 2; theoretical values for the
collisional-radiative recombination time constants at electron temperature
and densities comparable to that produced experimentally are presented in
Table 3. It is apparent from Table 2 that the rate of decay of fluorescence
from a Li* excited state was independent of the electron density created by
the 2128 § photoionizing pulse. This is incongruent with a recombination
process since the rate of formation of excited state species via recom-
bination is dependent on the electron density, as exhibi 'ed in Table 3.

It was also determined that although the rate of decay of fluorescent
photons did not depend on the electron density, it did depend linearly
on the neutral Li density. These surprising dependencies have led us to

believe that the time constants which were measured are associated with

electron cool-down rather than recombination.9 The major thrust of these

- O] =




Table 2

Some Experimental Results

Neutral Li 2128 & Energy | 1 . .04 mlectron | Time Constant
Denalt Injected Into Benstits Pagatad for Decay of
y Cell ¥ 6708 R Radiation
275 uJ 1.1 x 1057 e
1.2 x 1016 ™ 15 wJ 6.0 % 10 on - 8 usec
0.6 1 5. x 16 e
Table 3
Theoretical Values for Collisional-Radiative
Recombination Time Constant (After Ref. 8)
*
Electron Density Time Constant
1015 <:m'5 e X 10-6 sec
10" > 2.0 % 107" see
1012 cm'3 el X 10.1 sec
* o)
Electron temperature is L4000 K.
oo




! TN R - -

control experiments, however, was to reduce our expected signal-to-noise
ratio from 10h to 5.

Afrer the control experiments described above, an attempt was made to
experimentally observe the actual Li-Ca switched charge exchange reaction.
This attempt proved unsuccessful. The pertinent experimental procedures
and parameters were as follows: a pulse of 2128 b photoionizing radiation,
and a pulse of 4720 & exchange radiation were spatially and temporally
overlapped and injected into the heat pipe oven containing Li and Ca at
7730C. The 2128 & pulse energy was 10-? J, and the 4720 R pulse energy

3

was 10 © J; both pulses were focused to an area of 3 X 1o'h cm2 at the
center of the oven, and the active zone length was 10 cm. The Li and Ca
number densities were 1016 c:m-5 and 2 X 1015 cm-3, respectively. For these
parameters, the switched charge exchange effect was expected to yield L x 10
photons at 6708 % at the detector. The actual signal level observed was

b x 107 photons. This signal vanished when the 4720 R beam was blocked,
but remained at the same level when the 2128 & beam was blocked. This
signal also remained at the same level as the exchange radiation was tuned
from 4700 & to 4750 .

The physical mechanism which produced the large noise level described
above is most probably the absorption of the exchange laser radiation by L12
dimers followed by dissociation of the excited state dimers into Li and
Li*(2p2PO). We knew for some time that the exchange radiation fell within

10,11

an absorption band of the Li, dimer, although we could not find a

2
cross section for absorption reported in the literature, and thereby were
not able to calculate the amount of such absorption. Based on our experi-

mental results, it is now apparent that absorption is strong. The pertinent

- 23 -
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transition in the Li2 dimer is the X Lg —-B Hu transition as shown in

Fig. 6. It is evident from Fig. € that the minimum of the Blnu state

lies approximately 3000 cm_1 below the energy associated with the infi-
*

nitely separated Li and Li (2p2PO) atoms. If it is assumed that the ex-

*
change radiation saturated the x12; —aBlnu transition, that all Liz(Blﬂu)
excited state dimers with kinetic energy greater than 3000 c:m-1 emerged as

. il e Lo e Py
Li and Li (2p°P”) atoms, and that all Li (2p"P ) excited state atoms formed

emitted a 6708 & photon, then it is expected that 5 X 10°

photons would
enter the detector. This number compares well with the L X 105 photons
observed.

The large noise levels observed in the attempt to experimentally
demonstrate the Li-Ca switched charge exchange collision described by
Eq. (3) led us to halt work on this system. An effort was made, however,
to find a switched charge exchange system which avoids the noise sources

associated with the previous experiment. A system which was proposed is

given by Eq. (4):
*
Li” +Ca+ 1w - Li+cCa (hngo) (4)

In this system, exchange occurs into an excited state of the ca® ion; as
such, there is no noise arising from recombination. A theoretical anal-
ysis of this system was conducted, and the results are presented in Table 4.
The disadvantages of this system relative to the first system include the
lower values for o/(P/A) , and the requirement of UV radiation to induce
the exchange. In spite of these disadvantages, calculations indicate that

a signal of 1.5 X 103 photons arising from the fluorescence of Ca+* ions

at 3934 R may be expected at the detector. We conducted some control
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Table U4

Theoretical Values of Collision Cross Section

for Switched Charge Exchange System

Described by Eq. (k)

Induced Curve-
Crossing Distance Exchange Radiation o/(P/A)
5K 5237 R 5.6 x 1027 cu’-u!
7R 5228 R 5,6 x 1072 ca'L
10 & %006 R 1.9 x 10728 w7l
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§ experiments in which we injected 2128 & photoionizing radiation into a cell

| containing Li only in an effort to measure noise level at 3931 £. sur-
prisingly, we measured a noise level slightly greater than the expected
signal level. It has been determined that this noise arises from a broad-
band transition in Li centered at 3915 X, the Li* excited state atoms being
produced by recombination of Li' ions with electrons (the slit widths of
the spectrometer were set such that the detection system had a bandwidth
of 5 X; noise at 3934 £ was observed because the transition in Li centered
at 3915 & is very broadband).12

In summary, much theoretical and experimental work has been conducted

in the past year in an effort to experimentally demonstrate laser induced
charge exchange collisions. The experimental work has uncovered noise
sources much larger than anticipated theoretically; as a result, the ef-
forts to observe switched charge exchange collisions have proven unsuccess-
ful. The project has been discontinued for the present.

This project was jointly supported by the Air Force Rome Air Develop-

ment Center under Contract F19628-T7-C-0072.
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APPENDIX &

INVERSION OF THE RESONANCE LINE OF Sr PRODUCED
»*
BY OPTICALLY PUMPING Sr ATOMS
by

.r
W. R. Green and R. W. Falcone

Edward L. Ginzton Laboratory
W. W. Hansen Laboratories of Physics
Stanford University
Stanford, California 94305

ABSTRACT

We report inversion and lasing on the optically pumped resonance line

of Sr'. A mode locked frequency doubled dye laser was tuned to excite the

21
sO

same laser then ionized the excited atoms, selectively producing ions in the

srt Span/2 excited level. The inversion density with respect to the st

dipole allowed two-electron transition 5s - thpBP? in Sr vapor. The

ground level was approximately 1013 cm-i.
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INVERSION OF THE RESONANCE LINE OF Sr  PRODUCED
BY OPTICALLY PUMPING Sr ATOMS
by

W. R. Green and R, W. Falcone

Edward L. Ginzton Laboratory
W. W. Hansen Laboratories of Physics
Stanford University
Stanford, California 94305

This Letter describes an experiment which demonstrates the selective
production of excited state ions by optical absorption from neutrals. An
inversion on the resonance line of Sr' was produced by laser excitation of
a two-electron transition, followed by ionization of one of the excited elec-
trons by the same laser.

Figure 1 is an energy level diagram of the states of Sr pertinent to our
experiment. A pulsed, mode locked laser operating at 2680 % was used to ex-

cite atoms from the Sr 552 lso ground level to Sr hdSpin. Although this is

a two-electron transition between the singlet and triplet manifolds it has

o |

significant oscillator strength, about w7, The same laser then ionized

0
3/2

second step, into the continuum, was selective in producing excited ions

(0]
3/2

The selectivity of the ionization process can be understood by consider-
5,0
3

the excited atoms producing excited ions in the sr' 5p2P level. This

as evidenced by lasing on the sr' SpeP - 53281/2 transition at %078 &.

ing the configuration of the LdSp state as a composite addition of the
core and the two valence electrons of Sr in separate orbitals: the L4d and

5p. Thus, if one of the electrons makes a transition to the continuum by

w3l e

SR e




ENERGY (103 cm™!)
S o) S 3
T T T i

o
T

O
r

Sr srt

2 0
Sp~P3/2
2 0
5P Py,

2 4078 A
2680 A

5s°S

4dsp>pP

3
5s4d~ Do

(-4
2680A

552 Is

Fig. l1--Energy level diagram of Sr and sr'.
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the absorption of a photon, there will be a high probability that the final
configuration of the ion will be that of the unaltered hp6 core plus an
electron in either the excited 4d or Sp orbital. The wavelength of the
ionizing radiation is not critical so long as it is above the bandhead be-
cause the absorption cross section into the continuum falls very slowly
with increasing energy. In our experiment the 2680 R radiation is approxi-
mately 4000 cm”! above the bandhead for the continuum state Sr' szPg/2 +
electron.

The 2680 R pump beam was generated by frequency doubling the output of
a synchronously pumped mode locked dye 1aset2 in a KDP crystal. The dye
laser was pumped by the third harmonic of a 1.06 um mode locked pulse train
consisting of 13 pulses, each 100 psec long, generated in an actively mode
locked Nd:YAG laser.3 The doubled dye laser output train had a total energy
of 100 pJ in six pulses with a 1.5 % bandwidth and was focused to an area of
10“5 cm2 over a length of approximately 0.25 cm in a heat pipe type cell con-
taining Sr vapor. The cell was operated at 800°C which provided a metal vapor

7

density between 1016 and 101 atoms/cc. Argon at a pressure of 100 torr was
used as a buffer gas to prevent metal vapor condensation on the cell windows.
When the pump laser was tuned to 2680 £ we observed fluorescence at both
wavelengths of the 5p-5s ion resonance line doublet. Figure 2 shows the out-
put energy as a function of pump power. When the pump energy was increased
to 70 uJ the radiation at 4078 & from the szPg/2 -53281/2 transition exhibited
a rapid increase in output intensity for small changes in pump power indicating
laser action. The other transition from the 5p doublet at L4216 §, SpaPcl)/2 -
53281/2, did not exhibit lasing as indicated in the figure. The fluorescent
output at L216 £ indicated approximately half as much population in the 2P1/

2

2
state compared with the P
3/2

state.
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Spatial collimation of the radiation at L4078 % was verified by placing
an aperture between the cell and detector. The aperture had no effect on
collected intensity from the lasing transition yet it reduced the signal

from the fluorescing transition at 4216 'S by 80%.

The output energy of the lasing transition was approximately 2 x 10~11 J,

o B

indicating an ionic inversion density of 107 cm “. Lasing was most consis-
tent when the pump laser was detuned slightly (less than 2 &) from the hdSij?
state, probably due to a trade-off between excited state population of this

state, pump depletion, and beam distortion due to self-focusing effects.

Because the pump beam intensity was near 1010 W/cmg, multiphoton ionization

of the ground state atoms must be considered as a source of ground state
ions.

We also observed lasing at 5239 % in the neutral species from the in-

3D2 state. The 5 X 10“8 J
5P$ transition was

termediate two-electron state hdSp5P2 to the Sshd
output energy of this beam implies that the 532 1SO - Ldsp
very nearly saturated.

This experiment has demonstrated the selective production of excited
state ions by optical absorption from neutrals. Thege results bear on the
construction of VUV and x-ray lasers; many of the proposed methods for making
such lasers depend on the selective production of excited state ions.u We
have also shown that an atom can be selectively ionized into an excited state
ion from a doubly excited configuration.

The authors gratefully acknowledge helpful discussions with S. E. Harris

and J. F. Young.
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