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1. INTRODUCTION

This contract has supported a program of theoretical and experimental
studies of the physics and applications of radiative collisional processes.
A radiative collisional process s vue in which two atoms and a photon

simultaneously participate. In one type of process, termed a laser induced

or laser switched collision, energy is first stored in a state of some

atom A, An incldent ldser Is tuned so as to satisfy the energy defect be-
tweeﬁ this storage state and a selected target state of a different atomic
species B, In the presence of this incident laser beam, the collision cross

sectlion may be as large as 1()'1j cme, thereby allowing very rapid transfer

of eaergy to the target species.

If the stordge state of atom A 1s at a higher energy than that of the
target state of atom B, then an incident laser photon will experience gain
rather than loss, and stimulated emission wmay then vececur at a characteristic
frequency equal to the difference of the energy levels of the two speciles.
In the visible, the gain linewidth for lasers of this type will generally

be a few angstroms. The gain cross section will be quite low, but once

stimulated emission is obtained, the energy storage will be very high.

If in a mixture of two species, more fons of higher ionization poten-
tial can be created (for example, by a selective photoionization process),
then lasing may occur at a frequency characteristic of the difference of
the ifonization potentials of the two specles. Such a radiative charge

transfer laser would, again, have low pain and very high energy storage.




The collisional processes studied may also lead to a class of active
upconverters, where upconversion gain is obtained from an electrically ex-
cited medium. For example, energy stored in an e-beam pumped inert gas might
be usedlto efficiently upconvert COé radiation into the visible.

Pair absorption processes are closely related to laser induced colli-
slons and may provide a means for making new lasers.

Our research results on these topics are summarized in Section 2.
Appendix A consists of the abstracts or title pages of the publications
supported by this contract, and Appendix B lists our students who received
a Ph.D., degree during the period of this work.

We note that much of this program is continuing under joint support

of the Army Research Office and the Air Force Office of Scientific Research.




. 2. SUMMARY OF RESEARCH RESULTS

A. Laser Induced Collisions <

The laser induced collision process was predicted in 19"{2,1’a and first

demonstrated experimentally by Harris, et al, in 1976.% Following ‘hat lod-

tial work, thic program has supported efforts which have greatly expanded

the state of knowledge of such effects, both experimentally and theoretically.
A theoretical analysis of laser induced collisions was developed,| to

describe the linewidtl, lineshape, and magnitude of laser induced collisions,

The theory predicts that for laser induced collisional processes where the

interaction Hamiltonian of the colliding species is of the dipole-dipole or

dipole-quadrupole type, the cross section for lager iuduced collision should ﬁ

peak when the transfer laser is tuned to that wavelength (kl “) which ex-

—

actly satisfies energy conservation for the infinitely separated atoms, For i
i

quadrupole-quadrupole, charge exchange, and spin exchange processes, the
peak should occur near to, but not at, the energy conserving wavelength, and
could be much broader.

A number of these predictions were subgequently verified experimentally,

Further details on the first dipole-dipole Sr-Ca system confirmed that very

ey

Rk ‘
large (10 1 em”) collision cross sections were possible using practical ]

ﬂourceﬂ.b’6 In addition, the first experimental observations of two new

(

* types of laser induced collisions were made: dipule-quadrupole’ and charge

exchange.8 The dipole-quadrupole proucess is important because it expands o




significantly the number of energy storage states which may be considered
in designing a practical system, As expected, the process mswimized at the
XR=w wavelength, and was nearly as strong as the dipole-dipnie case.
Charge cxchange is of particular interest because th.. jtorage species
can be the ground 'state of an ion. An intense laser field is then used to
rapidly tranafer this energy to an excited ionic state of a second spe.ies,
Since ground state lons can be easily and efficiently created by a number
of means, and represent relatively long-lived energy storage, laser induced
charge transfer processes are particularly exciting for applications,

The first laser induced charge transfer collislon which was observad8

is

l“)l

+) o ’ . fa 1
ca” (ha 81/2) + Sr(5s

TR \ 21, e 2,0
5, + ho(h15 R) —ca(lis 5,) + st (5p P3/P)

Ap encrgy level diagram represcenting this reaction is shown in Fig. 1, 1In

this system, the applied laser photon raises one of the two Sr valence elec-

trons to a virtual state of Sr(5s5p 1P({) character. As this Sr dtom collides

+ .
with a Ca ion, the remaining unexcited Sr valence electron is transferred

4. R [a]
to the Ca' ion, leaving a Ca ground state neutral and an excited Sr'(Sp r‘P(;/,,3
ion, Theory predicts that the transfer muximizes ' en the applied photon is

detuned from KRMm . We estimate that in our experiments we induced a cross

-15 o}
section of 5 X 10 15 em” at an applied laser power density at h'(15 R ot
el
1.5 x 107 W/em".
Just recently, we believe that we have demonstrated a second laser in-

duced charge transfer collision, represented by

1.

+ Oy e L . TR . 0.0
ca (hs bl/?) + 8r(5s SO) b ool R) > cabs so) 1 8r (5p Pl/ﬂ)
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Fig. l--Schematic of laser induced charge tranafer collision.
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This reaction differs from that above in that the target species is the

Qo
3/2

is interesting in that its lineshape is broader and maximizes at a wave-

. [»] .
sr'(5p LP?/O) icn rather than the Sr'(Sp “P0,.) ion. This second reaction

length which is detuned a greater ampunt from KRgm . We are presently

conducting further tests to verify the interpretation of our observations.

B. Atomic Pair Processes

Palr absorption and pair emission refer to processes in which two
atoms collide and absorb or emit a single photon at a wavelength corres-
ponding to the sum of the energies of the excited states of the two col-~
lision partners. These processes are closely related to lnsér induced col-
lisions and we have extensively studied them and their application to laser
gystems under this program,

The initial observatlon of the effect was radiative collisional fluo-

resepne from the collision of two excited barium atoms,9 by the process
ba (6s6p 1P°) + Ba(6s5d 1D) »)PBa(6sD 1s) + ho(s39h §)

In this case, the emitted photon at %404 R has energy equal to the sum of
the barium Gsbp 1PO and 692 ls states, and does not correspond to any of
the energy level transitions of the individual barium atoms. The lineshape
of the emission was similar to those observed for laser induced collisions.

Following the emission work, we observed the correspunding absorptive

)
processes:g‘lL

Ba(6s” ') + sa(es” 's) + tu(339k R) - BalGsop ¥

. ) + Ba(bs5d D)

- O -




In addition, using a mixture of barium and thallium vapor, we observed the

process
. 2 . .
Ba(6s° s ) + Ta(6p “8% ) + Mu(3868 ) - Ba(6abp 2%) + T4(6p 262, )
0 /o 1 3 /0
where the 3868 % photon energy corresponds to the sum of the barium OsGp ng

and the thallium ©p 2Pg/2 levels. In both these experiments, the pair ab-
sorptions were found to be a few percent per centimeter for densities of

~ IOIY cm-3 and could be easily observed with simple white light absorption
techniques,

The relatively large cross sections observed for pair absorption indi-
cated that the process may be useful for pumping lasers. Such a technique
was proposed by R, W, Falcone,ll then one of the students working on this
project., Just recently, we have successfully constructed a 1.5 um atomic
barium laser by optically pumping a pair absorption transition iu barium-

"y
thallium vapor.l“ In particular, we have used the pair absorption process

(o]

1

(]

Ba(6s” '8 ) + T2(6p P Ja) + 1 (3867 R) - Ba (6stp L89) + Ti(6p ng/g)

0

to pump the Ba bsGp 1

Pi level. Subsequent lasfng on the Ba 6sOp 1P - ©s5d 1Dp
transition was observed. A preprint of a paper describing this work is in-
cluded as Appendix C.

The palr absorption transitions described here are characterized by
relatively large absorption widthg (~ 1 R) and wavelengths in the near UV.
Hence pair absorption is a method for channeling the energy of high powered,
broadband, fixed wavelength lasers into specific target states of atoms which
otherwise would not absorb the radiation. In particular, these techniques

could be useful for the temporal and spectral compression of high powered

excimer lasers.
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The application of pair processes to laser devices often require high
densities of atomic excited states, During the contract period several
techniques have been investigated for producing the required atomic densi-
ties.

We have demonstrated15 that photodissociation of Nal is a uceful
technique for producing large densities of Na 3p QP state atoms, using

the process

Nal + ho(2128 R) —Na (3p “P) + 1(5p° 21’3/9)

[}
Subsequent lasing on the Na 3p 2Pl/° - 3s “Sl/o transition was observed,
15 5

with inversion densities of ~ 10"~ atoms/cm’.

We have also studiedlh the photodissociation of T{Br
* 2 52
TIBr + 1w (2660 R) = T2 (Op Py /) * Br (Ip p.},/n)

We found that, although the above process does occur, the Tz*(ﬁp 2P5/9>
atoms are quickly converted to the T{(0p 2P1/2) state via a "harpooning
process", This work points out the importance of considering the poten-
tial curves for all possible products when considering photodissociation

as a technique for the crcation of excited states.

-8 .
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BIBLIOGRAPHY OF PUBLICATIONS SUPPORIED BY THE CONTRACT

§. E. Harris and J. C., White, "Numerical Analysis of Laser Induced In-
elastic Collisions."

Abstract: This paper studies the dynamics of (uipole=dipole) laser

induced collision processes, Coupled equations are numerically

; integrated, filrst over time, and then over impact parameter. Transi-
tion probability and collision cross section are given as a function
of the.detuning from the R = ® fraquency of the separated atoms,

and of the incident laser power density., Numerical results are com-

pared with approximate formulae for collision cross section at line
center and in the wing.

J. C. White, "Inversicn of the Na Resonance Line by Sclective Photo=
dissoclation of Natr."
Abstract: This letter reports the inversion and intense supur-
fluorescent emission of the Na resonance line by selective photo-
dissoclation of Nal. The fifth harmonic of a Q-switched Nd:YAG
laser at 2128 R was used to photodissoclate Nal to the unbound state

Na(3p2P) + I(Sp5 2

P3/2)' Superfluorescence at the 5896-A resonance
line was observed.

J. C. White and G. A, Zdasiuk, "Branching Ratios for T1Br Photodisngocia-
tion with 2660 & Radiation."
Abstract: Selective molecular photodissociation as a pumplng
mechanisn to invert atomic systems with respect to their ground

levels has been used to construct a variety of laser wmources.

A more lmportant application of these techniques, however, may be

- 15 -




the use of direct molecular photodissociation Iinto atomic metastable
states as a means of constructing stimulated Raman upconverters for
infrared lasers. To date, only Carman and Lowdermilk3 have studied

this possibility using metastable storage in atomic I followling the

: flash photolysils of CFBI. In the present work we examine the selective .
! photodissociation of T1Br into the T1(6ép 21?3/2

g potential candidate for improved Raman upconverters.

) metaustable state as a

J. C. White, G. A. Zdasiuk, J. F. Young, and S. L. Harris, "Observation

of Radiative Collisional Fluorescence."

Abstract: We report the observation of spontaneous radiatlive emission

during the collision of two excited Ba atoms, The emission occurs at
v the sum enerpy of the excited atoms and is the emission analog of the
lager~induced Inelastic collision process. We measure a collision
cross section for deexcitation by spontaneous radlative emission of
2.6 x 107 20cn2,

R. W. Palcone, "Inversion of Atoms and Molecules to the Ground State by

Optical Pumping."

Abstract: A technique is proposed for inverting atoms and molecules

with respect to the ground state. The proccgs 1y based on slmul-
tancous excitation of colliding species by absorption of a photon.
Visible wavelength Lasers with millijoule energy cutputs and several

nanosecond pulse widths should be capable of demonstrating inversion

et ettt g Sp——p

of resonance lLines {n hiph-density metal-vapor mixtures.
S. E. Harris and J. F. Young. "Techniques for Rapid Laser Induced Energy E

Transfer Using Metastable States.,"

Abstract: We review recent experimental and theoretical results on

two related methods of rapldly transferring stored population from

- 16 -

foslanate e L s e ALy At A e M VAR g s gt T LR et R A L S T AR O ) g AR il L




metastable states to selected target states of a different species.
One method is kinetic-laser induced Inelastic collisions, while the
other is radlative-laser Induced anti-Stokes scattering. Both
methods utilize high peak power, short pulse, tunable lasers.

J. C. White, G. A. Zdasiuk, J. ¥. Young, and 8. E. Harris, "Observation
of Atomic-Pair Absorption with an Tncoherent Source."

Abstract: We report the observation of atomic-palr absorption in
barium and in barium-thallium vapors using a white-light source.
At atomic densities on the order of lOl7 atoms/cm3 wi measure
absorptions of 2.9% cm_l for Bua=Ba and 2.3% c.‘m-'L for Ba-Tl., In
buth cases, the absorption maxima occur at the predicted (R = =)
wavelength and have a full wihdth at half maximum of approximately
15 m;%

W.R. Green, M.D. Wright, J.F, Young, and §,E, Harrig, "Laser-Induced
Churge Transfer to an bxcited Tonic State."

Abstract: We report the observation of a laser-induced charge-
trunsfar colllsion. 1n the presence of an Intense laser beam,
ground-state valelum fons collide with ground-state strontium
atoms, selectively producing excited strontium fons and calcium
neutrals, The lager-induced collision cross section has a line-
width af about 50 um—l and peaks ~ 70 cm-] from that wavelength
which satisfies the energy defect of the separated atoms.

W.R. Green, M.D. Wright, J. Lukasik, J. F. Young, and S.F. Harrls,
"Observation o! a Laser-I[nduced Dipole-Quadrupole Colllsion."
Abstract: Experimental obscervation of a laser-induced dipole-
quadrupole collisfon between Sr and Ca {s reported. The laser-

Induced colllision cross section peaks at an applied photon enerpy

-17 -
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equal to the energy defect of the Initial and {inal states of the

infinitely separated atoms. A cross section of 3 X lO_lA cmZ was

induced at a laser-power density of 7 x lO9 W/cmz; the linewidth

was 20 cm-l.

e

S. E. Harris, J. F. Young, W. R, Green, R. W. Falcone, J. Lukasik,

J. C. White, J. R, Willison, M. D, Wright, and G. A. Zdasiuk,

"Laser Induced Collisional and Radiative Energy Transfer."

¥ Abstract: This paper summarizes progress on two related methods

(E of rapidly transferring energy which is stored in a metastable
. level of one specles to a target level of a different species.,

i The two methods are laser Induced colldsion, and laser induced

{ (two-photon) spontancous emission and subsequent absorption. Both

g utilize high peak power, short pulse tunable lasers and both are

capable of rapid and selective energy transfer,

% In partlcular the paper describes the recent experimental results E
ﬁ of Green, et al., which demonstraute, we believe for the first timo, g
£ laser induced charge transfer [1] and laser induced dipole-quadrupole %
{ collisions [2]. §
W R. W. Falcone and G. A. Zdasiuk, "Palr Absorption Pumped Barium Laser." 'E

1 Abstract: We report the first demonstration of the use of pair

5 absorption transitions for optically pumping lasers. In a mixture
of barium and thallium metal vapors, single-photon absorption of
b 3867 R laser light cavsed gimultaneous excltation of colliding

i ground stage atoms to the Ba (6abp lPi’) and T8 (6p 2??/2) exclted
states, FExclted state densitles of about lOla cm-3 were created,

and subsequent laser emlsslon on the Ba (686p lP?) + Ba (6s5d lDZ) '

atomic transition at 1.5 um was observed,

- 18 - ;
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u
ABSTRACT :
“

We report the first demonstration of the use of pair absorption transi-
tions for optically pumping lasers. In a mixture of barium and thallium

wetal vapors, single-photon absorption of 3867 R laser light caused simul-

taneous exnitatlion of colliding ground state atoms to the Ba (6s6p lPi) and
T (6p 2P;/E) exclted states, Excited state densitles of about lolLL c:m'5

were crcated, and subsequent laser emission on the Ba (6s6p lPi) — Ba (685d 1D,:)

atomie transition at 1.5 um was observed.

*
This work wa3 jointly supported by the National Aeronautics and Space
Administration under Contract NGL-05-020-103 and the U.S. Alr Force under
Contract F19628-77-C-0072,
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PAIR ABSORFTION PUMPED BARIUM LASER

by

R. W. Falcone and G. A, Zdasiuk

Edward L. Ginzton Laboratory
Stanford Universici
Stanford, California 9u305

We report the first demonstratinn of laser excitation of pair absorp-
tion transitions as a technique for optically pumping new types of lasers.
In particular, we have simultaneously excited ecolliding ground state barium
and thallium atoms to the Ba (6sbp 1Pi) and T? (6p 2P;/2) excited states by
single-photon absurption of laser light at 3867 2. Subsequent laser emis-
sion on the inverted Ba (6s6p lPi) — Ba (6s5d lD2) transition was observed
at 1.5 um.

Pair absorptlon, or simultaneous excitation, refers to a process in
which two colliding atoms absorb a single photon at a wavelength correspond-
ing to the sum energy of excited states of the individual species. After
the collision the atoms separate, leaving both atoms in excited states. Iu
the case of a4 dipole-dipnle collisional lnteraction, one species makes a
(dipole} allowed tramsition while the other specfes makes a (dipole) non-
allowed transition. The use of laser excitation of pair absorption transi-
tions for pumping new types of lasers was proposed in Ref, 1. The pair ab-
sorption process is a specific example of a general class of reactions now
called laser induced collistons.e’3 Pair absorption has recuntly buen ob-
served in atomic metal vapois in the visible spectrum;h previously it had

been observed in molecular systems in the infrared.5
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We have studied the pair absorption process

21

B (6s% Usy) + T2 (6p %8 ) + o (3867 R)

- Ba (686p 1Pi) + T¢ (6p 2?;/2) (1)

As shown in Fig. 1, the Bea atom is excited on an allowed transition and the
T! atom i3 excited on a non-allowed traansiticn, The absorption process of

Eq. (1) maximizes when the photon energy, ﬁ»p y 1s equal to the sum of the

energies of the atomic excited state products.

The absorption coefficient for pair absorption, « (cm‘l) , 13 given

on line center by

6 01100
o - 8e mpflfagzﬁTl j(Ba”] @)
- o
w eVe® (Aw)eugl-.ueuz5

where e 1s the electronic charge; mp - Enc/kp is the angular frequency

of the absorbed light; £ f3 and Wy s Wy y mj are the oscillator

1 5
strengths and frequencies of the atomic transitions T¢ (6p QP;/E) -

]
Tt (Ts 231/2) ) T4 (T8 78y 45) = T4 (6p 2?‘3’/2) , and Ba (6s° lg

-—p

O)
s 1 o o} o
Ba (6sbp Pl) , respectively; (T ] and [Ba ] are rhe ground state

number densities of the colliding atoms; w 1is the electron mass; ¢ is
the veloalty of light; V 1is the relative velocity of the colliding atoms;
p 1is the Welsskopf radiu36 or dephasing radius of the collision (11 % in
this experiment); and &w is the frequency detuning of the pump laser

relative to the atomic transition in TZ as indicated in Fig. 1. The ex-

*
2) and T? (6p 2P° ), are

* el -
cited state densitles of both specles, Ba (6sbp 1? 3/0
(44
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given by

* » P/A
[Ba] = (TL] = =—qQr (3)
o P
P

where P/A is the power density and rp is the pulse length of the ap-~
plied laser.

An experimental schematic is shown in Fig. 2. The 3867 R radiation
wag produced by sum frequency generation in KD*P of 6075 R and 1.06 um
laser light using a Quanta Ray Nd:YAG dye lagser system; pulse energies
at 5867 R of up to 5 nJ in 4 5 ns pulse weru available, This beam was
collimated to & spot size of 0.15 cm2 and directed into a metal vapor
oven contalning Ba and T/ heated to 1400°¢ over a vapor zone length of
10 cm, The cell also contained ~ 250 torr of argon gas to prevent metal
vapor diffusion and condensation on the cold cell windows. The 1.5 um
output light from the cell was filteved with a spectrometer and detected
with & room temperature InSb detector,

Figure 3 shows an absorption scan of the metal vapor cell in the re-
gion of pair absorption, made using a continuum discharge lamp., The shape
of the curve agrees with the data of Ref. L. A curve of growth analysis

of the resonance line absorptions of Ba and T! yielded ground state vapor

densities of [Ba®] = U x 1017 cm'3 and [T¢°) = 2 x 1017 cm'3 in the

cell., The measured absorption at 3867 R was 35%, as compared with the
predictad value of 80% at these densities using Eq. (2).

When the pump laser was tuned to 3867 3, lagser emission at 1.,5000 #*
0.0001 um, corresponding to the Ba (6sbp 1Pcl") - Ba (6s5d l'Da) trnnsition,7

was observed. The emission was narrow band (less than our 0.2 ] spectrometer
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resclution) and exhibited threshold behavior at a pump energy of 1 mlJ.
S Spatial collimation was verified by placing a variable aperture between

the detector and the cell. As the pump wavelength was tuned about 3867 ﬁ,

the observed emission wavelength at 1.5 um remained constant. Our measure-~ .
ment of the time duraticn of the 1.5 um emission was limited by the response

time of the InSb detector to < 100 ns. [The spontaneous decay time of the

Ba (6s6p 1Pi) - Ba (685d 1De) transition 1is ~ 200 ns .]7 The intensity of

5 the emission as a function of pump laser wavelength is shown in Fig. 4. The

L intensity maximizes at a pump wavelength of 3867 R and the profile has an

asymmetry to longer wavelengths which is also seen on tha absorption scan

L,A in Fig. 3.

ﬁ_; The bandwidth of the pair absorption is about 1 R 7 cm'l). This ab-

3 sorption linewidth is characteristic of light induced collision processes2

and 1s independent of both metal vapor density (in the linear absorption

regime) and buffer gas density.

The measured cell absorption of 35% at 3867 ] implies an optically
pumped excited state density of Ba (6sép 1?2) of about 5 x lolh cm'5 at
the lasing threshold pump energy of 1 mJ per pulse. This estimated exclted

et

state density is consistent with calculations of the required threshold ex-

cited state density allowing for the 1 X lolh cm'j tharmal population of the
lower laser level.

This experiment demcnstrates a new technique for optically pumping high
densities of atomic (and molecular) species using the relatively large band-
width cross section of pailr absorption transitions. One of the most promising )
aspects of this technique is that new absorption wavelen,ths are created by

mixing different species together; this provides a method for channeling the a
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i Fig, L--Relative intensity of the ) = 1.5 um atomic barium
S ' laser as a function of pumping wavelength.
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{ energy of high powered, fixed wavelength lasers into specific target states
of atoms which otherwise would not absoxrb the radiation,
A further possibility ia the use of pair absorption for the inversion

aof atoms and molecules to the ground state as pointed out in Ref, 1. A

high density of one apeciss will allow the inversion of the second species
to the ground state when sufficient pump laser energy iz applied at the
pair absorption wavelength. One application of this technique would be

the temporal and spectral compression of high powered excimer lasers. The
energy stored in the inverted species by optical pumping with tha excimer
lagar could be rapidly extractad in a narrow bandwidth pulse by Raman, two-
photon, or other lasing process to the emptied ground state,

We wish to thank S, E. Harris and J, F. Young for helpful discussions.
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MIsS :
Rome Air Development Center "

RADC plans and executes research, development, test and
delected acquisition programs Ln support of Command, Control
Communications and Tntelligence (C%7) activities. Technical ,
and engdneening suppornt within areas 0§ technical competence ¥
44 provided to ESD Frogram Oﬁﬁ»{cu (PO&) and other ESD E:
elements, The principal technical mission arens are

communicationd, electromagnetic guidance and control, sur~
vedllunce of ground and rervspace objects, intelligence data
collection and handiing, Lnformation system techno 04y,
donospherie propagation, solid siate sciences, mécrowave
physics and electronic n2liability, maintainability and
compatibitity,
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