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OPTICAL PUMPING OF MOLECULAR GASES

ABSTRACT-

Durinig the p~ast year we have completed outical pumpinig studies-of

Na~ and have tnitidted opt~ical pumiping utudles of CO and H n. Optical

~ ~IPwDAIp118 of Na shows that it is potentl)4v aa in~teresting quasi tunable,

high gain dimer laser in the .52 .1,p spectra rantge. Our result~j show

that Na could posuibly be pumiped by a flashiioup or an electzical dischalge. .

Neasureamcnts on optically pumping HAý' sho yht2Jo 2~~ radia-

IItion is aceded to achievci threshold oii the .53/i~m band. Exporizn-.ULs are
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I. INTRODUCTION

Optical pumping to achieve popuiation inversinn and laser action allows
T

detailed studies of potential new laser media without the expense and diffi-

culties involved in discharge pumping. During the past year we have optically

pumped I2 , CO Na and Ng. The pumping studios of 12 are com-

plete. We are now using our results to construct an I stabilized Nd:YAG
laser by frequency locking the double Nd:YAG laser to 127 and

absorption lines. Preliminary results of this unique frequency stabilization

method have been published. 1

We are presently using our high energy Nd:YAG oscillator amplifier

source pumped tunable LiNbO. parametric oscillator to optically pump CO .

The progress to date is reviowed.in Section II. As a result of this work

we have gained new insights into population inversion and potential laser

action in high pressure CO . In addition, we have invented a new pumpitT

scheme based on V-V transfer from stimulated Ram-n excited molecular

gases. A preliminary experiment in H with CO2  added shows that the

V-V coupling is strong and that laser action should be possible. This

pWiing scheme does not reqv)ire a tunable laseri source and is therefore a

more general method of optically puuin high pressure gases.

We complete a series of optically pmped IW2 experiwnts during the

fall of 1975. Our results are discussed in Section 111. Dosed on Tluores-

<eace measurements ve expect to achieve laser action in 1ig., with ' 1 .mJ

of .2660 pm input pump radiation. Very recently ue have begun to pump

lba- using a 200(J Nd:YAG laser pump vith an unstable reasonator cavity.



"With this system we have up to lOm1 of .266 gm for pumping Hg2

In our initial experiments we have seen laser action in the Hg atomic

system due to Hg - Hg2 collisional excitation of higher lying atomic states.

We have completed our studies of Na2 by optically pumping. The

results are due to be published in the April Journal of Applied Physics.

The paper is reproduced as Appendix I. In Section IV we summarize the

important results of our optical pumping studies.

II. OPTICALLY PUMPED CO

During the past year theoretical and experimental work has been

carried out toward an understanding of the optical pumping of molecular

species, in particular CO . As a first step, CO has been vibrationally

excited by absorption of radiation at its first overtone band. Next, our

study of loss mechanisms for the 2 - 1 vibrational transition revealed more

general mechanisms for the redistribution of vibrational energy. That is)

emission and reabsorption on overlapping bands in addition to vibration-

vibration collisional energy transfer can possibly excite some molecules

to a high vibrational state. This prospect will be explored in future

work.

Optical Pumping Theory

The overtone puq, process considered in this work is dlagramned in

Fig. 1. The following assumptions are made:

1. No later emission during the pump pulse of duration tp

.2. Populations of rotational levels in a given vibrational band
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are in thermal equilibrium with translational., but not vibra-

tional, degrees of freedom;

2 3. The pump is not strong enough to saturate one rotation-vibration

line before the energy can be collisionally distributed through-

out the band.

Let W be the stimulated transition probability/time between

states i and j , n be the population of a vibration-rotation level,

and Ni be the total population of a vibrational st~te, The rate equa-

tions for the overtone pumping system are then,

dtW n 2D n) + Wj# (1)' 2"

dt

where . OA SOW #V by detailed balance$ and 2t + I

~ jThe rotatioaal states are in thorwal equilibrium~, so,
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'I N4v
(hcB

(21 1 x - - j+ 1)j
kT 1

vJ h hcB
1) exp i(.x+1)]) 4

exp kT

I0

For CO at 300 K ,x .1 at the center of the band. Solving

I for N2 yields,

N1 I exp w t IV + /

1~~~~~ + vro~ r

..A 1oveertoy cros sectioni for the traiosition at V*the saturation pump

enryprui area is fouti to be
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At room temperature the v 1 band has almost no population so that

virtually all optically pumped molecules have the inversion,

N.X

NX X g
JaCt v small pumping

NXJ.-
8 ~ saturation pumped

Gain for a transition in the 2 -1 band of cross section i

Siveu by,,

So

P, $cll pumping

'21

j 21 Saturation
+
a8~



For CO ,integrated cross sections in the Doppler broadened regime are,

19 22
O*0 3.4 x lo1 2m

~2l 2.1x i15 2

in the pressure broadened regime these become for a single vibrational

rotational line near widband,

ur o 2 x 10 cm /2 P~atw) a 2()/'am

aj~} I 1.4 x 101 cm /V(atm) a 1M 1(am

Tito Sain is then

(1./4m We 1/P)(atui) etu small pumpy
P

44~ . Saturation pumping oocurs for ~2 2.5; (P(atm) J /,2

itFor sucli high gains, super f uorescent emiission should be possible.
Ifebleaching is iwgligible., t-he pump pulI4e hats Ute spatial decay

Me (9)IP



V -a

Also let A:) e(O)e where = (l.3h)/P(atm) . Then
p

I Li

~ .. 1~(sn1 -f x) dt 4SPo- o

I0 0

ohere I is the gain length required for the pulse to build up. Solving

for I yields,
A

-kT IV QnX ciSPerO--- I I- "(10)
a'2oP Po 11*1×j,× 'x eo) J

t Tit large required pump intetsities have uado desirable the use of

41 the high energy Nd:YAG pumped LiU9O optical paraetric oscillator

' fI (Oro) currently under development at Stantford. The tuniig of this do-

vice from 1.5 - 4.5n•y5 is under the contol of a PDPIlE/0 coa.uter

vith a CAKC interface to a pair of atepping %,wtoots uwich vary the anglesI of the OPO crystal and grating. The output frequenty o1' the dewice is

j I scannable over its entire tuning rqnge at a rate itich is interactively

variable in real time by the ouperiroter. For hitghet resolaaeiont, a I t

fused sikeca otalon is used in teOOcvty and is driven by the cow-

puter to give a linear tunin.g response.

In order to ascertain the optiu pumpig ftquency and to don-

y strate our taovice'a scAtmitig capability, on absorption scan was taken of

1w: ,i•,"
It I.8
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the CO first overtone band near 2.3 gm . The experimental setup is

shown in Fig. 2 and the resulting chart recorder trace in Fig. 5. Note

the rotational line structure in the P branch. Structure in the R

branch is not observable due to the 2 cm 1 bandwidth of the OPO.

To obtain a measurement of the cross scction for a single rotational

line, the etalon was placed in the OPO and a scan over 4 cm" 1 was per-

formed over the R(7) and R(8) lines, as shown in Fig. 4. At 1 atm

the measured cross section is 2.2 x 10 cm 2 in agreement with the

literature. This value has been corrected for the relating linewidth of

-1 4
the OPO (- .4 cm" ) and CO(.lh cm at 1 atm)

Next an attempt to observe superfluorescent emissicn on the 2?- 1 band

near 4.6 gm was mde. From Eq. (10) it is seen that P',/ A has a thresh-

old whidch is calculated for GO to be.

JLJ 2.33c J/P- atm1 1( a ton

This value was exceeded iW many attempts in which i was 3-4 times the

bolm confoci parameter, or focal depth of fieldh but no stimulated

emission was obqOrVd.

~ilsct,, t .on

The negative result for emission spurred an invstigation of additional

loss meehanisi• iu CO . The 2 - 3R ani 0-IR bands slightly overlap the P-fR

-9-"
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CO OVERTONE ABSORPTION

PRESSURE 7.7 atm

I ZPPBRANCH

(Ia R BRANCH

4350 4300 4250m'

F~IG. 3--Overtone absorption~ ~petrum of GCC at . atm pressure taken
* - with the ctoputer conitrolled tunaible source.
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1' ' antI it was hoped tVat emission might be observed for the 2- 1 R(lO 15).

• I , . il'es, tut possibly the large number of ground state molecules makes even

a weak overlapping line strong when compared to the 2-1 transition. In

this case stimulated emission may not be possible.

-However, the prospect of overlapping bands for the 2- tr•nsition

makL3 possible a radiative mechanism for redistribution of optical pumping

absorbed energy to high states of vibrational excitation. A CO molecule

so excited may then transfer Its energy to another specie which has a state

closely matched i. energy with the excited CO state. Such vibration-

vibr.qtion (V-V) or electr nic-vibrotion (E-V) transfer mechanisms can

Do very fast ior small energy de-iccs. A V-V transfer effect also will

play an Importart rAe in tihe CO energy redistribution, particularly since

V-V upward transitions are more pre',abie than downward ones,

To pursue thio, we plan to measure tile fluorescence spectrum of

optically excited CO in o-doe to aetermine the extent to which CO may

becomo collisionally or radiatrivoly excited. These experimental results

" will then be comoared witIh ;j computer generak.-ed solution to th-i coupled

vibrational rate• equations A5.ch was s^lvol earlier this ocar.

-Il. OM'ICALLY PUMPED R-4 .An attemnpt to observe satcnilated emission on the 335 um ultraviolet

4 baud of )l1 excimetr by laser pumping wvs made ". a series of experiments

using a new mercury cell. Although no stiinulatee emission hp'- been observed

'z-ye the cleasur,•ents on the UV and tho visible fluorescence bands indicate

-' , .. *1,
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that the stimulated emission is possible for both transitions with in-

~.'creased laser pumping energy at 266 nx. The experimental results and

the futur~i plans are summnarized below.

4 Mercury Cell

Previous experience has shown that extreme care in cleanliness must

:~: :~be taken in order to fill a cell with mercury.'.The present 30 cm-long
quartz cell with Brewster an~gle windows and a side arm reservoir for

mercury was first chemically cleaned and then baked in an oven at 450C0 for

Ii7several hours while the cell was evacuated to less than 10' torr, The

bake-out procedure was necessary in order to drive out adsorbed gases on

the coll wall. The cell was filled with mercury by slow distillation and

sealed off.
Jrj
As a pteliminary check for purity, tho call was heated to about 3W00 C

and was probed with a lleCd laser rt 441.6 uim. No visible fluorescence

_4 was observed, indicating that there wore no appreciable contaminants that

can absorb 2441.6 um.

Pum EnrgyAborpbzjo

Laser induce~d fluorescencie of lIg was studied with a pump wavelength'A9iiof 266 nm generated by quadrupling Nd-:VAG 1.064~ pm in two doubling crystals
CDA and ADP Abs-orption of 266 unm was measured %t various atomic =or-

cury vapor densities ranging from 101 to 1o9 /cm, The 1h, density was

temperature controlled in a side-arm meorcury reservoir while the cell was

-14-



kept nearly at a constant temperature of about 4000C

The attenuation parameter k may be expressed in the form

=(1)/1(0) exp [-kN2t1 . The measured value of k was (6.5 + 2.2) x

-40 5i 10 cm . This value is in agreement with a value obtained by the group

at National Bureau of Standards (7.27 x 10 cm)

k• 42 Fluorescence Data

The quantitative measurements of Hga fluorescence as mostly limited

to the visible band data primarily due to the fact that the operating con-

ditions of the mercury cell significantly favored population of excited

molecules in the state associated with the visible band. The UV band

fluorescence was definitely observed, however, its intensity was an order

of magnitude smaller than the visible band. The UV detection was made

- J •, difficult and loss reliable because of the residual visible fluorescence

i band which overlaps with the UV band near 350 - 370 u•r range.

The Mg2 band fluorescence measurements consisted of fluorescence

decay rate and relative intensity as a function of atomic mercury density

at a fixed cell temperature of about 4o 0°C. The measured values of the

visible fluorescence decay constant T were 37 psec, 28 4sec, and 24 gsec
at densities of }.3 X 10 /cm' , .x 1!01 /1 and 5.6 x 1

respectively. An estimated error of measurement is about + 2 pseto but a

, •larger uncertainty may be attributed to the values of number density. The

UV fluorescence decay showed r of about 100 nsec or less, where the roso-

lution, was limited by oscilloscope response.

;,'. :: -.. '.. ,,,5..



The fluorescence band intensity versus number density data are shown

in Figs. 5 and 6 for the visible and the UV bands, respectively. In an

attempt to understand the shape of the respective intensity plots, empiri-

cal formulas for the excited state population distribution were derived

using the relationship log[I(visible band)/I(UV band)] = N/N from NBS

data. The population in each state can be expressed as follows:

Sn (visible) n +n0
IN]

-~ N

!k I

u(W)

n* (EptuPp/tU mp) 1-e 4 l

where N is the mercury density, n is the number of pump photons ab-

sorbed, and NT is the number density at which n1  no The formulas

are valid for T > 300C and N > 3 X lO17iCM3
-Z vapor

sThe graph of no and n versus N are respectively shown in Figs.

7 and 8 with a suitable n to match thA intensity scale of Figs. 1 and 2.I The Tio ua tve correlation for the visible baud is very good while that

of the UV band shows a general agreement in shape. The validity of the

form of the empirical formulas is well supported by the asyreement with

expertmntal observation.

-16
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The empirical formulas for no and nI can now be used to predict

excited state population at given values of pump eniergy and number density.

A plot of no and n1 vs N at a fixed pumping energy of 1 mJ at

266 nm is showin in Fig. 9 (assuming all of absorbed energy is distributed

into no and nl) . The plot indicates that nO(visible) dominates over

nl(UV) at a vapor temperature of - 4000C . First, an order of magnitude

difference in the populations explains the smaller UV fluorescence inten-

sity in our experiments. Second, nl(UV) shows a peak value near

183N = 8 X 01 /cm which sets an optimum condition for na . The position

of the peak is dependent on temperature, but it is not significantly

affected in the range of temperatures in our experiment.A

Laser Oscillation Threshold

4Th threshold eonditions for laser oscillation can be deriNd from

fluorescence life time and inversion density. Based oil experimental data,

stimulated amission cross-section of - 1 x 1IO20 cmw2  and × 10 "18 cm2

are calculated for the visible and the UV bands, respectively. Assuming
an active region of 3 X 10"2 cm3 in a 30 cm, cellI the winmuwm puq) onorgy

requit~d to achieve oscillation is approximately 1.7 WJ and 2.5 WJ at

NX = 0 ol/cm3 for the visilbe an~d the UV bunds, respectilvoiy.

The energy of 266 um laser available at the time of experiment was

less than 1 ml. This accounts for the absence of stimulatcd emission in

our experimant.
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* Future Experiments

Presently, a Nd:YAG oscillator system capable of 200 mJ output

r *energy is operating. Angle-phased matched KD P and ADP crystals for

harmonic generation are expected to deliver more than 10 WJ at 266 nm

The increased pump energy offers a greater probability of s'sccess for

stimulated emission in Hg, excimer system.

IV. OPTICALLY PUMPED Na

"4 The details of our optical pumping studies of Na2  are presented in

Appendix I. The study showed that Na is capable of lasing on both A

Sand B bands at low input pump energies. The required optical pumping

powers are obtainable from flashlaups so that it should be possible to

" I flashlamp pump Na, . Furthermore, Na 2  is stable in a discharge and is

"Ij k own to be an efficient fluorescing molecule in a discharge. It it? there-

4.4 fore probablo that Na2 can Vo discharge excited to provide output radia-

tion over the -5- .8 kim spectral range. The related dimer molecules K,
t&

.i Rb2  aUd C should allow the wavelength rat'go to extend to 2 vma

V. REiSEARCH DIREOTIOSS EMit WIfl QUMRh

During the text quarter we plan to continue our optical pumping studiQ%

4 of CO and gý2  . For CO w6 plan to more closely investigate lower

level absorption that may be supressing laser action. Ue also plan to in-

vestigate UV transfer puxing using vibrational energy stored in CO or

.g o wan induced vibrational energy in It
2

-23-



APPENDIX

OPTICALLY PUMPED SUPERFLUORESCENT !'a MOLECULAR LASER

by

M. Hene.*'-.,n, R. L. Herbst, and R. L. Byer
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Optically pumped superfluorescent t'1a2 molecular laser
M. A. H-eaesian, R. L. Herbsi, and R.L. Byer

Microwave Labora tory. IV W. Hansen Laboratories of Physics, Stanford 11niversity. Stanford, Caifobrnia
(Received & October 1975; in final formn 22 IMcccrmbca 1975)

We have optialy pumped rsn N~a molecule at 0.473 and 0.659 pmi and obtained skiperfluorescent laser
emission on .a series of greenz and yello-w molecular D.X-band transitions and laser t-scillition in the near
Infrared on A-X-band transitions. Pump saturation. laser gain, and !a,%tr saturation ioevnsity arc reported.

PACS numbers: 4k.60.Cz. 32.20.Ft, 32.20.Ky

Optical pumping is a convenient method to quantita- Figure 1 sketches the energy-level diagram of r .olec-
tively study new potential lasers prior to attempting the ular Na.. In our experiments we pumped the B band of
more difficult electr'ical discharge and fiash -lamp Na2 at 4730 A generated from a doubled Q-swltched
pumping methods. By optical pumping one canl directly Nd: YAG laser. We also pumped the Na2 A band at 6564
measure pump asrtoan auai±itnsy, in- A using a doubled Q-switched Nd :YAG laser operating
duced laser gain and jaser saturatiai, intensity, and the at 1. 32 gin. Finally, we used a Molectron N, pumped
effects of quenching and' buffer gqs pri y ssure. dy aser operating over the 4500-5000-A range of

of is rla- coumuarln 102 dye to optically pump Na,. Bright super-
Wecosostudyruhe Na poeniaer hiecaser an fluorescent laser emission every 1. 5 Ak of the p.amp

tivey wel-ko~vnspetrum' ptental igh ase gai,, avelh..'gth spacing was observed ove' a pump band f4,om
and potential for laser emission over the visible io near 462 t485.Thsexperiments dinmonstrate the
near-infrared spectral range from 0. 54 to 0. 81 gm onl 67t 85 .Teee

boththeBt~l~Xl anA ""'V oleularbaas.~ high gain and ease of laser action in Na2.
We observed 'super'fiuorescecnt la-ser emission ott a The typical experimental apparatus is shown i.- Fig.

*series of green and yellow molecular B-X'-basnd transi- 2. For B-bantd optical pumiping, the 4730 ik was goner-
tions nnd laser oscillation in the neal' infrared ufl A-X- atod by a Chromatix model V100 Q..swltched Nd, YAG
band transitions. Na2 is representative of the other lascr operating tit 0M94 A.m and internally doubled with
alkiali dimer systems which hnve molecular emission a 1,110, crystal. The bright visible supot'fluorescent
bands extending. from the yisible into the Infrared to emission was photo,:; ;%phically ricorded through a 1-mi
beyond 1. 2 Mm I for the c.50 of Cs,, Chronvilix rratIing spectromneter' agailort anl atonlic-

potassium i'eloeonce spectrum. The 4730-A radiation
was Iloosly focused through atrfoln-aedfused-''8l1CA WhdOWS 011 'A sm111ll Stainless-stOel heat pipe COD-

N02  N. ~4 N tamingfl A 6-cml colullnl of metallic sodlium vapor tit
helihm buffev' gas. At a t vpor-colujmn teniperaturo of

Bin005 1C, correspontding to P~P 1. 4 i ora/20. 5 Torr,
I Iwith Q buffer rgas pressure o 30a lor, the suporfine-

rs'eent JJ-hand laher wvas founid to have ak pumping
threshold energy of 9 tiJ. With increasing buffer gas

- * 253'S,*j Ptt pressure Idle laser threshold rapidly increasedl with 110
90-M .~ .- * ..-. .-. Torr boing reorded as the upper limit for obgerving

SlOGs'pradic la~ser nction, with at sminitt temper;ature of
A Xk 605'C 'nd 1 laxillillpullip vinergy of 225 113. flllow

~ l4vO. abouat 30 Torea of buffer gas, foggine of the colt witidows
14610Awas ovident. An avertago quperefluorescent pulse energyI - - 73P~APof 1. 31 x10" 0sJ wvas me1Asured, Indicatitg ani eneorgy47a2 PUMPcoaiversion efficiencey of 0. O67'J . which is less than% ox-

21133 R(43)eDO froml It thrOe-leVel modetl for thiS l14e0'. The(
87904 (3 calculated saturated gaini of 4.07 cm'*' peir pump tratis-I-Uon based onl the mesured supiurfluoroeent outputt

2, *2energy, assuming apprioxltnately nin~ie stroog pumpi

t 5. .. 112 transmitin within the puntpingi bandwidth, is high, as

* s The observed Na3 lasor transitions for the 4730-A
-pumap Are. showl) ill Table 1. The table shows two sets of

~ ~ trastmitoits which were selui'atcd by mthtil !hnt the
0 1 2 3 4 5 8 7 a second set tshows constant differecnes. Tite lop got pro-

A . ~domimantly fit il-band Q-bra'ncti transition, corro potd

FIG. 1. Ee'vivIdingram of Molecular ?Ial showla 4132- Ingt to the 0-braitch lptthip llitei gtiveni In Table It. Tito~
and 65%10-it put'ip uavelvcoa-ths usei Wo achievu inversitot In IM -Second set of linesn have. tentatively been Identified ats
D asid A btuu~t-sa A-band tratsitiwts termiuiatitig, oilt*n 3,4,5 for J0



TO HELIUM BUFFER GAS
REGULATION SYSTEM

H20
COOLING

INFRRED FIG. L. xperImiental layout for
Nd: YAG7 2M HR SM OUTPUT LASER optically puniping Na2 which is
LASER O -SWITCHEO OVEN EMISSION contained in a smiall heat-pipe
1.32 - p -- --- --p even.L iRED PUMP ~ U U 7682A.TO
LINES LINES 0.76w, I n O.7p- 1. 151 6328 03

.AREFLECTING REFLECTING HR FLAT

FUSED ASILICA STAINLESS STEEL
AR COATED WINDOWS HETPE
'0 R~kGED IN FLANGE HETPE

K -6, 7.8 of the Xt ~ ground electronic state.4 fti lar constants for Na2 from Demitroder el (it. , we tenta-
assignment is correct, then we have observed a B-A-- tively identified a le~ast nine B-band transitions within

7band collision -Induced crossover with an energy defect the 4730-A llnewldth. These pump lines and assignment2.
of nearly 1950 cmi. are shown In Table 11 along wvith the relative ground-

To frthr ivestgat th posibiityof BA -ind state populattion of the transitions at 600'0C. At this tent-
the ase outut as osered o a astperature the absolute density of Na, molecules is 1. 35

crosoverTori- or N"r 1.49 X10"~ eni with a maximum populationoscilloscope to determine its time dependence. It atwas.Vbaioa eesu ou"5hv nape
immediately evident thattodfeet us egh

occured On ouputpule cnsitedof sigle20-see ciable population at the 600 IC vapor-columin tempera -
sioccurr in. O nea o tpuple becnnngsisthed of a 4inl 30-A ture. Thle fraction of thle total ground -elect roni c-state
purnp pulse, The second time behavior consisted of a pouainnthnneuptrstosiS12 0

.4 1O-20-rsecpule. iththespetroete tuo~ ear from Table 11 which corresponds to anti average popula-
5300 A as a broad-band filter, thle longer 100-200-itsoc tion of 2. 0xI 10 em"' for each~ pump transition.
pulse was consistently observed. This long pulse behav- In an additional experiment to determine the possi-
ior is consistent with thle fact that suparfluoi-escent A- bility of eventually flash-lamp pumping the Na. mole-
band emission near 5300 A following band crossover -cute, we pumlped thle B baind of thle Ilolecule, With a tuon-

reursrelaxation of approximiately 10 vibrational bedylaser. Using a Molectron N, pumped dye laser
levels inl thle A eloctrvoic state to account ior' the 1950- which~ tuned over the 4600-4900-A\ range, of coumiarin

I 1 cm, i enorgy defect. It is not understo~xi why such 4% band 102 (lye with aI 6-tisee. pulse width att 50-150 kW peak
cro'ssovor occurs or to wicro thle excess onersty goes, power, we observed bai-ght yellow-green soperfioores-'1 Frthor studies must be made to determtine the mocha- cent laser emission, ait pump spacingts of approimaitelUOy
nisut of tho energy transfer. 6. A. ove r a r.ang from 4 62 7 to 41105 A. Ove r 170

We ttepte toidetit te lssi~lepum badsstr-oug pump bands werec observed over this wavknvootti1
Is ~ ~ ~ ~ ~ ~ ~ ~ ~~~u 4'3.1Ao 130cn.Usn oeu y2ci, ithnstaera sulp cingwt oas abpout 0.ia ato

covered by the 2-cmni-whte 4730-A line. Te ito elt ag.Te(y-ae ~OPlnwdhwsapoiae
in vcuumbetween strong, pumlp transitkons, wo estimate that about

10 Pup ln ines occurred Under thlt- dye-lasor bandwidlth.

11hau lat itn(btret ih4 (-kItl Thesve xtpevintints were run tit a pitt vprciui
F 5 '1A3l.4iI f-47itv fl at iiloi'vdwthiI.W teltthwrature of 535 V, cot -ospodhilt Ito ani Nzxý partial2~i4 2 3~~ CeI~~1.P01)11(vau~m -4tI.51pitsse of 0.35 Tort' an~d No tt rtili pressure of 7.5

TADIX. It. PInlskihI0 X1-bul 111kii ItrawSiliktS (r~ 47:10-Awt9.1 IkS&.113. 1 tltth4. ~ np up(~)-TI.~A 7. P118 (vauum IVui1
&+.0 fIsN.45 16338 213. .U'l

513.11 6414. ull 10%468. 5_______ ________________

5402.44 f540..94 160.
537. 14 5379.63 1t6r8S.0 vatc.utl v'.J* 1'.J B~runc~h Iitelatve 1144-

1~2O 2wave lIII-iIK't'M Intloll At
62.1 9. 0 0,370.51 U212D4 l ~ ~ l ~ ~ P3) ~ 7~O

!Goo 4C
rJ42.1tI5350 78rj i~~ (5i .OI~-
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TABLE III. A-hand laser lines observed with a 6600-A pump., The threshold pump energy for the A -band Na, laser
X Pump (air) 6593.86 A; pumnp (vacuumn) r-6595.69 Al was less than 1 11J, as low as available from the Q-

151614 cm1  
. .switched doubled YAG laser source. Laser action was

,~air ~ a 'vcobserved aver the sodiumi-vapo-column temperature
(cm1 )range from 416 (0.014 Torr Na., 0. 50 Torr Na) to

784.30785.471270.5505 'C (0. 175 Torr Na2 , 4.4 Torr Na) with 30-35 Torr
785693 759. 1274.1of He buffer gas mixed in the sodium vapor. At Inter-

7897.40 7899.58 12658.9 mediate sodium temperatures, typic~ally 465 0C, slporad-
7897.90 7900. 08 12658.1 ic las~er actioii was observed at a buffer gas pressure of
7917.83 7920.01 1262G. 2 162 Torr maximum with consistent laser action ob-
7929.47 7931.06 12607.7
7936.97 7939.16 12595.8 served.-at the lowver buffer gas pressures, 30-50 Torr.

7974.74 7976.94 12536.1 The output laser energy was only 2. 35 x 10-3 p dtxe to
7976.57 7978.77 12533.3 nonoptimum output coupling and possible losses at the
7990.91 7993.11 12510.8 cell windows due to sodium vapor fogging.
7996. 60 7998.81 12501.9
8008.40 8010.01 12483.4l We have modeled the Na2 molecular laser as a three-
8036. 50 8038.72 1243f5. 8 level system and have evaluated the cross sections,
8039. 31 80'l1. 53 12435.4 saturation intensities, and gain for A - and B-band
8044.47 8046.09 1 M27. 5 transitions. We assume tile pump-transition ground
8053.66 8055.88 124.13.3

8056.1 805.33 1409.5state and laser -transition final state are ("J)levels
8069.43 8071.66 12389.0 in the A' ground electronic state and the laser-transition
8080. 50 8082.73 12372.1 initial state (?,',JX) lies either in the A or B excited Na.~

electronic states. For thle isotropic molecular gas the
Wavoengt acurac to ithn * . 1stimulated-emission cross section is

3 X'; (W I v I 'g( w- (,)

Torr. With a total cell pressure of 35 Torr we eistimiate 4 TRAD

that 27? Torr of the fie buffer gas was mixed Iin the
sodium vapor columin. where g(w - wo) i,, the normalized iine-shape function,

(I v") 12' is the Fri e-Condon overlap faco ot h

&ccess ait optic~al pumping in thle B-band punip reagion transition (J-i'"J'), anld T:t~ is tile radiative life-
led to experiments to putup the A b~and of the molevule. time of thle (t",J) emisston bfind. Tito imin coefficient
P'rior tu these experiments, we determined If other g(w) -- o(w) &S is rolated to thu emission cross section
doubled Nd :YAG lines would also pump Na2 transitions. through thle jlplto .wr~~anumber density
We found thtat 5320 A showed very little absorption and AANý, [K' 4 IM"2J i1)/2J' 'I- . Theo saturation intonsity
that 5620 Ashowod strolle lbsorptioin and defocusinig, for cw optical pumping is adofitiod by the expression
but no molecular omission. Tile evidence pointed to anl

use of tin optical cavity. We formed it cavity wheret ii,..lrH
and 0-rn-radius mirrorq with reflective coatings from tivre 11nolastic relxaion R procsses out o thle pumpai-

0800 A to 1. 1 Mi. 'The output coupling varied between tira ielstito Ippr sate (', procsse out aovf muthbe p coip-

.13 tomi hAt.rcin ihrn and wasit Cown daibly smaller than optimum i ::2 2 :~
Na, A-bind laser action was observed for pumlwp Wave- pumiping pulsos longf comp.-red to thle radintive lifetime

lenigthN of 6504, 13091, and 6795 A available fromni mu.) td a lasor pump linewidth greater than the molecular
switcihed litternvally doubled Nd: YAG lager. Table III llnewldth, thie lwak satur'ation intmisity per unitj l~r
lists Ute obsorvexd laner wavelenrilth for the 6504-A bandwidth is
Pump wavelength. An attempt was muade to Ideittify the h
A -band pump transitioins and corresl~dwiiIt laser- (1~T-) 4 7 PADICOURAU) (3)
Omisasion vibrationalI -band lines forl each of the ibove WAM 30I

Wavelengths usfing KXý i iolecularj constants from11 1or flash -lamp pumpnipg, the relevanit saturattion
Detntroter ot at,, I and A ly; molecular constants froma piaramneterit; (ishe satuention photon flux wtito ile tile -

~ IFrvdrickson, nainklg the vibraitiuml assigninoalt votr- Ioculatr litiewldth por unit linewidth
rections determined bjy Fretirikerou iand Stnu d
ambigevero M fit wasL not accurate enlough to ni+7k on- !IA~dAt(4

am hliou tit( sslgnijmens. The mnor recent andi
accrae olcuar ontatsobainied by Kuseli ~nsd FraIoueetsLo.reiitwlin tile Shipe we mulUply

Ilessei 1 ait No$8 fihould aliow anl idoilnlificalaoai o Ultv Etis. (3) and (4) by rt and forpu jnd n jarelsw ie.Gisa iesaew aultly Iy i(c/lut)igen

~$l J. A~pp. Pty,,, V4l. 47, No. 4. Almii 1916 iieniiin Hl1.VWg sO ly. __1517



We can now calculate the gain and saturation con- 4 ,ATz_ '120 kW/cml. This saturation intensity compares

- stants for optically pumping the A and B bands of the favorably with that of Rhodamine 6G and thus indicates
Na2 molecule. For the B band with A, at 0. 473 pim and that Na2 may operate as a flash -lamp -pumped laser
X,... at 0. 54 umn the Doppler widths are AwD - 12.42 source with buffer gas broadening if other quenching

1 - GHz and AwD 10. 88 GHz at 600'0C. The B -band radia- mechanisms do not spoil the inversion.
tive lifetime is~Io T. = 6. 5 nsec. F or strong laser nly e
transitions the Frank-Condon factor is typically caiclpupng calclater Nauce ganFor th togBIIWW (eIv)-0.l 1 "so that the stimulated -emission and otclpmigwt ae ore o h togB

absoptin cosssecir~n ar =290x0'2 cm2  band pump transitions listed in Table 11, the average
pump-transition ground-state population is 2, 10 x1013and VABS(W= 1.-95 X 10' cm'. These cross sections are C M"3 at T =600 *C. Assuming an empty laser-transition

very large even compared to the 10'16-cni 2 Rhodamine final state, saturation pumping will achieve a maximum
6G dye laser cross section. inversion density of 1. 05 X 10"3 cm-' which gives an un-

In a similar %vay, wve can evaluate the Doppler width saturated gain of 30.5 cm-'at X = 0.,54 gm. The inca-
and gains for the A band. The Doppler widths at 0. 8 gin sured superfluores cent output energy corresponds to a
(sig-nal) and 0. 67 mim (pump) are Aw, = 7.35 GHz and photon flux at least an order of magnitude below the
AwD.=- 8 .771 GHz. The corresponding cross sections are calculated laser saturation Intensity of 2. 32 x 1019

A vEm(w)= 5.11 X10' cm.' and rA Bs (wo) 3. 00X 10"2 em', phiotons/cnilsec, so we may neglect gain saturation.
where TPAD=l1

2 nsec.' Hence the experimentally determined gain of 4.07 em"
4. indicates an achieved population inversion approximately

FortheB-bnd atuatin Itenityin he opper- 13.5% of the maximum possible. Comparing the number
broadened operating region we find 'SAT= 16.6 Vent' of superfluoroscent photons with the above population

for ~'mingstrng revous t 0473jim Ths vlue inversion indicates that nearly 100% of the inversion

0. 488 jim using a cw argon-ion-lasor source. Opticallydupditthotutul.
pumping the strong B-band transition ("3 - W=6) lin conclusion we have shown that superfluorescence
Q(43) at 0,488 M~m we measured a saturation intensity gtain and laser action is readily obtained lin an optically

*of 28.5 W/cin2 compared to a calculated 21.4 W/cml pumped Na, dinter on both the A and B omission bands.
based on a Franck-Condon factor of 0. 068." For B- These results suggest that Na2 is a promising candidate

* . band flash-lamp pumping Eq. (4) gives for other pumping schemes such afls-lamp pumiping
.0.or discharge pump~ing. Furthermore, Na2 Is representa-

hs- h/eA ~2. 68 X10" photons/cnu see -' tive of theo other alkali molecular systems which have
-ith a Doppler linewidth of molecular omission bands extending across the visible

~ (~2ur)~,=. ol A.to thw near-infrared spoctral region.if i a )(j2ie w 1
The saturation photon flux to pumtp the entire irolecular ACKNOWLEDGMENTS

line ioon/ctnsecthe authiorg wish to acknowledge the support of the
hr, T 3.0 x101' phtoa/msc Office of Naval Rtesearch and thw Air Force office of
I whch s cmpaableto he hotn flx aaiblo t ~ Scientific Re0search during the course of Othis work.I ju~~l~n from highi-pressure nenon flash lamps in tightly . iI N n,3.he,

1coupled elliptical cavities. 1 The A -band saturation- pj#~ 61 rpor (16
"A inesity valites for optlieilly pumiping strong transitionts Mt Jynmimju.',. T o a. adit. labsb. Ni~rlog WA-ting
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noe-fourth of tho 11-band values. t fnsnII.Iruatit LBy-.lE .

lit the pre.4sure-broadened reitlino with Ile as the utm ldo.Q-,2C1O7)
bujo gas; we e\pect the saturation intensiiy to lin-

~~ j ~ ceaso, Assunming that Single lie -Na, voll isions domi- )y I ~0 lti.S.&o IS)
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