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OPTICAL PUMPING OF MOLECULAR-GASES

ABSTRACT
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I. INTRODUCTION

Optical pumping to achieve popuiation inversion and laser action allows
detailed studies of potential new laser media without the expense and diffi.
cﬂlties involved in discharge pumping. During the past year we have optically
puupe@ 12 , CO, Na2 and ng « The pumping studies of 12 are come
plete. We are now using our results to construct an i, stabilized Nd:YAG
127

129
I2 and 12

absorption lines. Preliminary results of this unique frequency stabilization

laser by frequency locking the double Nd:YAG laser to

method have been publiahed.1
We are presently using our high energy Nd:YAG oscillator amplifier

source pumped tunable LiNbO3 parametric osc;llator to optically pump CO ..
‘ The progress to date is reviowed. in Section‘ll. As a result of this_uork
we have gained new insights into population inversion and potoutial'léser

- sction in high prossure CO . In addition, wo have invented a new pumpingf

~scheme based on V-V transfer frowm stimulated Roman excited molecular
. gases, A preliminary experimont fa He with 002 added shows that the
:V-V coupling is strong and that laser action should be possible. This
pumping scheme does not réq@ire & tunsble laser source and is therefore a
wmore general method of optically pumping high pressure gases.

We complete a series of aptically pumped ng ‘experiments duviung the
"fall of 1975, Our rosults are discussed in Section ITY. Based on>fi§oresﬂ
cence measurements we expect to achicve laser action in U, withiﬁ&“hmJ
of .2660 pm $nput pump radiation. Vexry reccontly we have begun t§ éuwp |
uga using a 200m] NA:YAG laser puxp with an unstable reascnator cavity.




.....

With this system we have up to IOQJ of .266 ym for pumping Hg2 .

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

system due to ng - Hg; 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 Oqupplied Physics,

The paper is reproduced aé Appendix I, In Section IV we summarize the

important results of our optical pumping studies,

II. OPTICALLY PUMPED CO

During the past year theorectical 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 radiastion at its first overtone band, Next, our
study of loss mochanisms for the 2 - 1 vibrational transition revealed more
general wechanisms for the redistribution of vibrational encrgy. That is,
émisnion and reabsorption on overlapping bands in addition to vibration-
vibration collisgional emcrgy transfer can possibly excite some wolccules

to a high vibrational state. This prospect will ba explored in future
work,

Optical Pumping Theory

The overtone pump process considered in this work is diagrammed in-

',Fig. 1. The following assumptions arxe made:

1. NRo laser cmission during the pump pulse of duration tp :

+@. Populations of rotational levels fa a given vibrational band
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are in thermal equilibrium with translatiomal, but not vibra-
tional, degrees of freedom;

3. The pump is not strong enough to saturate one rotation-vibration
line before the enétgy can be collisionally distributed through-

out the band.

Tet wij' be the stimulated transition probability/time between
states 1 and j§ , L be the population of a vibration-rotation level,
and N, be the total population of a vibrational state, The rate equa-

i
tions for the overtone pumping system are then,

an,

.._-.a. e W ( - .g.g ) + W (ﬂ - E:!:: )
g oo gﬁ“ga 37 3 \"Mg~ 55 Moy (1)
daN L.m
1 J
w O J"J(“u""'""'“e.r') (2)
dt Bys ,
S 3

where gJ,WJ,J., e 3,;"”,7",1 by degailed balance, and By = 2t + 1 .

The rotational states arc in thermal equilibriun, so
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FIG, 1-- CO Absorption Yeasurcment Setup
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For CO at 300°K ) x§=7 = ,1 at the center of the band. Solving

for N, yields,

.‘H2=z , B

g
' A (5)
1+ 8

£
Xa BB

Since Wt = It:P %20 Jov , where I is pump intensity and a4 the
overtone cross section for the trawsition at v , the saturation pump

cnorgy per unit avea e’p< is fouud to be

(6)
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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,

A\lanax,

1 20 —g-e small pumping

= (1)

2 saturation pumped

e
1+ M

%8
a &

Gain for a transition in the 2 - 1 band of cross section cal is
given by,
Y = Gélikn
So
., X o,.0 g,
J‘ o, 20 2N *p 8v small »ing
h”gc 8@
) (8)
e Mo Oay o
- saturation
8. X
1+ ig £
a 8
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For CO , integrated cross sections in the Doppler broadened regime are,

2
T = 3.4 x 10-19 cma

3
Opy = 2.1 x 10”19 cm2‘

In the pressure broadened regime these become for a single vibratiomal

rotational line near widband,

apo(T) = 2% 1075 ca®/p(atn) = 05 (7)/P(atm)

rd

- 2 . ‘L
0‘21(7) = 1,k x 10 17 o ,’?(&gm) & 0’21(7)/1)(::&::1:)

The gain {5 then

- (1.54) P,p(.!/c‘ma) 1/p(ata) e’ swmall pump,

16.7 cm~1 5

Saturation pumping dccurs for P.p > 2.5 [p(atm)] J/cm2 .

Por such high gains, suporfluorescent cmission should be possible.

1€ bleaching is negligible, the pump pulse has the spatial decay

b4
e(x) = o) @ (9

-7-
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Also let ¥(z) = ep(O)e , where B = (1.34)/P(atm) . Then

P !
zn(—‘ﬂ) -_-j y(x)dt =~ L
PO o

where ! is the gain length required for the pulse to build up. Solving

for £ yields,

-kT P hv, .8 P(atm)
t = —— In 1-zn(;’“‘)( 20 )[ ] (10)
L .
Tpo? o/\ agX X 8 /1 ()

Bxperinontsl Work

The large requived puwp intensities have wmade desirable the use of
the high cuergy Rd:YAG pumped LiNb@B optival parametric oscillator

(OPQ) currently undor developwent at Stanford. Tho tuaning of this de-

Aviée from 1.5 - L.5 um {s under the control of ¢ FDPLIIB/0 computer

vith o CAMAC interfaco to a pafr of stopping wotors which vary the angles
of the OP0 crystal and grating. The output frequency of the device is
scannable over its entire tuning vange at a rate wivich is interactively

variable in real time by the osperimoter, For higher reuolntién, alu

fused siloca ctalon is used in the OPO cavity and is d¥iven by the com-

putexr to give a livear tuning rosponse,
In ordexr te ascertain the optimum pumping frequency and to dewmon-

strate our uevice's scanning capability, an absorption scan was taken of
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the CC first overtone band near 2.3 pym ., The experimental setup is
shown in Fig. 2 and the resulting chart recorder trace in Fig. 3. Note
the rotational line structure in the P branch. Structure in the R
branch is not observable due to the 2 <:m“1 bandwidth of the OPO.

To obtain a measurement of the cross scction for a single rotatiomal
line, the etalon was placed in the OPO and a scan over & cm-l was per-
formed over the R(7) and R(8) 1lines, as shown in Fig. 4. At 1 atm
‘the measured cross section is 2.2 X 10‘21 cme , in agreement with the
literature., This value has been corrected for the velating linewidth of
the OPO (~ 4 cm'l) and CcO(,1k en ! at 1 atm)h .

Next an attempt to observe superfluorascent cmissicn on the 2 -1 band
near 4.6 ywm was made, From Bq. {10) it is seen that -&p/? has a thrashe

old which is calculated for €O to be.

This value was exceeded fin wmuny attempts in whieh | was 5 -4 times the
beam confocsl parameter, or focal depth of field, but no stimulated

cwiission was obsprwed,

Niscussion

The negative result for cmission spurred am fnvestigation of additional

loss wechanisms in CO ., The 2 - 3R and 0-1R bands slightly overlap the 2-1R
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FIG. 2-- Overtone Pumping Level Scheme
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and {t was hoped that emission might be observed for the 2-1R(10-15)
iines, but possibly the large number of ground state nwolecules makes even
a weak overlapping line strong when compared to the 2 «1 trangitiom, In
this case stimulated emission may not be possiﬁle.

‘However, the prospect of overlapping bands for the 2«3 transition_b
make3 poss:ble a radiative mechanism for redistribution of optical pumping
absorbed energy to high states of vibrational excitation. A CO wmolecule
50 excited may then trsnsfer its energy to another specie which has a state
closely matched i.. emergy with the excited CO state. Such vibration~
vibration (V-V) or electr nic-vibrstion (E-V) transfer mechanisms can
be very fast ivr small energy de“yces, A V-V traﬁsfer effect also will
play an importart rele in the CQ energy rédisnribution, particularly since
V-V upward transitions are more prehable than downward ones.5

To pursue this, we piau to measure the fluotescence spectrum of
optically excitad CO in ovdey to actermine the extent to which €0 may
becoma collisionally or radiatively excited. %Thesea experiméntal results
will then be compered with a computer generated solution to tha coupled

vibrational vote equations which was s~lvel earlier this year.

XTI, OPTICALLY PUMPED g,

An attompt to observe stimulated cemission on the 335 nw ultraviolet
band of g, excimer by laser pumping wos made *u a series of experiments
using a unew mercury cell, Although no stimmlated comission hos been observed

yot, the wieasuraments on the UV and the visible fluorescence bands indicate

-13 -
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that the stimulated emission is possible for both tramsitions with in-
creased laser pumping energy at 266 mm. The éxperimental results and

the futur: plans are summarized Below,

Previous experience has éhown that extreme care in cleanliness must
be taken in ovder to fill a éell with mercury, .The present 30 cm-long
quartz cell with Brewster angle windows and a side arm reservoir for
mercury was first chemically cleaned and then baked in an oven at h50°c for
several hours while the cell was evacuated to less than 1.0"7 torr, The
bake-put procedure was necessary in order to drive out adsorbed gases on
the cell wall, The cell was filled with mercury by slow distillation and
sealod off. |
| As a preliminary check for purity; tha cell was heated to about 30000

and was probed with a HeCd laser ~t LL1.6 wm. No visible fluorescence

was obgserved, indicating that there were no appreciable contaminants that

can absorb L4k1,6 nm,

Yump Energy Absorption by “82

Laser induced fluoresconce of ng was studied with a pump wavelength
of 266 nm gencerated by quadrupling Nd:YAG 1.064 um 4n two doubling crystals
COA and ADP . Absorption of 266 wa was weasurcd at various atowic wor-

18

cury vapor demsities ranging from 107 to 1019/cm3' . The Ng deunsity was

temperature controlled in a side-atw wercury reservoir while the cell was

-1l -




kept nearly at a constant temperature of about ¥00%¢ .
The attenuation parameter k may be expressed in the form
1(2)/1(0) = exp [-kN22] . The measured value of k was (6.5 + 2.2) X
-ho 5

10 cm” ., This value is in agreement with a value obtained by the group

at National Bureau of Standards (7.27 X lo-ho cms) .

Eﬁ? Fluorescence Data

The quantitative measurements of ng fluorescence as mostly limited
to the visible band data primarily due to the fact that the operating com-
ditions of the mercury cell significantly favorgd population of excited
molecules in the state associated with the visible band, The UV band
fluorcscence was definitely observed, however, its intemsity was an order
of magnitude smaller than the visible band. The UV detection was wade
difficult and loss reliasble because of the residual visible fluorescence
band which overlaps with the UV band near 350 ~ 370 um range.

The Hg, band fluorcscence measurements consisted of fluorescence
decay rate and relative intensity as a function of atomic morcury demsity
at a fixed cell temporature of about 500°C. The moasured values of the
visible fluorescence decay constant «t weve 37 usee, 28 usec, and 2k psec
at densities of %.3 X lomlcm5 A 1018/um3 , and 5.0 X lols/cm3 ,
respectively., An ostimated orror of meagurement is about + 2 psec, but a
larger uncertainty may be attributed to the values of number dcﬁsity. The
W fluorescence decay showed 1 of about 100 msec or less, where the roso-

lution was limited by oscilloscope response.

DlSn




The fluorescence band intensity versus number density data are shown
in Figs. 5 and 6 for the visible and the UV ba.nds ; respectively. In an
attempt to understand the shape of the respective intemsity plots, empiri-
cal formulas for the excited state population distribution were derived

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

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

O

n. (visible) = n [l +—=
0 N

nl(W) = 1 ¢ =

2

Jro

‘pump) 1 -e

)

pump

wvhere N 4s the movcury density, u* is the numbor of pump photens abe

= n The formulas

‘sorbed, and Rl‘ is the number density at which n o

1

o - Ny 2 O = » 17 v 3
are valid for Tvapor >300C and N> 35 %X 10 Jom’ |

The graph of n,

T and 8 with a suitable n"é to wmatch the intensity scale of Figs. 1 and 2,

and B, versus N are respectively shown in Figs,

Tha ous ' :ative correlation for the visible band is very good while that
of the UV band shows a gewneral agreement in shape., The validity of the
form of the cmpirical formulas is well supported by the agrecment with

experimental obscrvation.

-16 -
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The empirical formmlas for no and n, can now be used to predict

excited state population at given values of pdmp energy and number density.
A plot of n, and n, vs N at a fixed pumping energy of 1 mJ at

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

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

nl(UV) at a vapor temperature of ~ 400%C . First, an order of magnitude

difference in the populations explains the smaller UV fiuorescence inten-
‘sity in our experiments. Second, nl(UV) shows a peak value near

N=208x 1018/cm3 which sets an optimum condition for L The position

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

affected in the range of temperatures in our experiment.

Laser Oscillation Threshold

The threshold conditions for laser oscillation can be derived from
fluorescence life time and inversion density. Based on experimental data,
stimulated emission crosg-section of ~ 1 X IQ‘EO nm2 and ~ 5 10-n3cm2
are calculated for the visible and the WV Vhauds, vespoctively, Assuming
| su active region of % X ho‘a cm3 in a 30 cu cell, the minimum pusp onoxgy
roquired to achieve oscillation is approximately 1,7 w) and 2.5 wt ac
CN=Y X lolaj'cm3 for the visible and the UV bands, respectively,

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

less thar 1 mJ, Thie accounts for the abgonce of stimulated emission in

our experiment,
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Future Experiments

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

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

harmonic generation are expected to deliver wmore than 10 mJ at 266 nm .

The increased pump energy offers a greater probability of success for

stimulated ewmission in ng excimer system.

IV. OPTICALLY PUMPED Nag

The daetails of our optical pumping studies of Nae are presented in
Appendix I. The study showed that Na, is capable of lasing on both A

and B bands at low input pump encrgies. 7The required optical pumping

powers are obtainable from f£lashlamps so that it should be possible to
flashlamp pump Nag « Furtherwore, Nae is stable iw a discharge and is
known to be an efficient fluorescing molecule in a discharge. It {r theve-
fore probable that Na, can bo discharge axcited to provide ocutput radia-
tion over the .5- .0 pm spectral range. The related dimer wolecules K

Rb, and Cs, should allow the wavelength range to oxtend to &2 pm

fe] 2

V. RESEARCH DIRBCTIONS FOR NEXT QUARTEK

During the ntoxt quarter we plan to continue our optical pumping studios
of CO and uga_ . For €0 we plan to wore closely investigate lower
level absgorption that wmay be supressing laser action., We also plan to ina--
vestigate UV transfer pumping using vibrational energy stoved in CO ov

Raman induced vibratiomal energy in ug .

- 23~




APPENDIX

OPTICALLY PUMPED SUPERFLUORESCENT Nae MOLECULAR LASER

by

M, Heneslon, R. L, Herbst, and R. L. Byer
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Optically pumped superfluorescent #a, molecular laser

M. A. Henesian, R. L. Herbst, and R.L. Byer

Microwave Laboratory, $7. W. Hansen Laboratories of Physics, Stanford University, Stanford, California

(Received § Octaber 1975; in {inal form 22 December 1275)

We have optica'ly pumped sn Na, molecule at 0.473 and 0.659 pm and obtained superfluorescent iaser
emission on a series of greer and yellow molecular B- X-band transitions and laser cscillation in the near
infrared on' 4-X-band transilivas. Pump saturation, laser gain, and laser saturation intensity are reporied,

PACS numbers: 42,60.Cz, 32.20.Ft, 32.20.Ky

Optical pumping is a convenieat method to quantita-
tively study new potential lasers prior to attempting the
more difficult elecirical discharge and flash -lamp
pumping methods. By optical pumping one can directly
measure pump absorption and satuiation intensity, in-
duced laser gain and iaser sawratio. iatensity, and the
effects of quenching and buffer g2s pressure.

We choose to study the Na, dimer because of its rela-
tively well-known spectrum, ' potential high laser gain,
and potential for laser emission over the visible w near
near-infrared spectral range from 0,54 to 0.81 pm on
both the B'1I,-X'); and A 'Y ;-X'3; molacular bands, ™?
We observed superfluorescent laser emission on a
series of green and yellow molecular B-X—band transi-
tions and laser oscillation in the near infrared on AuX—
band transitions, Na, {5 representative of the other
alkali dimer systoms whieh have molecular emission
bands extending frowm the visible into the infrared to
beyond 1.2 pm for the cuse of Cs,,

Nag Na+ Na

i
2
w | arazdeume
21133 R(43)
-..\\‘
6596 A PuMP
151615 P(53) 8790
—
'
g 2 L3
4630 O L
. N\
X'Ey
i i ] i
o 1 2 t B

FIG. 1. Egevgy=iovel diagram of trolecutar Nay shawdng 4702«

and 6580~ sty vivelogths asad fo achleve inversion W tho
B and A Luuls, .

Figure 1 sketches the energy-level diagram of r olec-
ular Na,. In our experiments we pumped the B band of
Na, at 4730 A generated from a doubled @-swiiched
Nd:YAG laser. We also pumped the Na, A band at 6564
A using a doubled Q-switched Nd:YAG laser operating
at 1,32 um. Finally, we used a Molectron N, pumped
dye laser operating over the 4500~-5000-A range of
coumarin 102 dye to optically pump Na,. Bright super-
fluorescent laser emission every 1.5 A of the pamp
wavele gth spacing was observed over a pump band from
4627 to 4885 A. These experiments demonstrate the
high gnin and ease of laser action in Na,.

The typical experimental apparatus is shown i. Fig,
2. For B-band optical pumping, the 4730 A was gener-
ated by a Chromatix model 1700 @-switched Nd ., YAG
laser operating at 0,946 pm and intarnally doubled with
a LiIO, crystal. The bright visible superfluorescent
emission was photosraphically recorded through a 1-m
Chromatix grating spectrometor against an atomic-
potassium relerence spectrum. The 4730-A radintion
was loogely focused through antivellection-coated fused-
silica windows of a small stainless-stael heat pipe con-
taining 8 G-cm column of metallte sodium vapor tna
heliwm buffer gas. At a vapor-columo temperature of
605 *C, corresponding to py, /Py, L4 vorr/28.5 Torr,
with a buftor gas prossure of 30 Tory, the superfluo~
rescent B-hand laser was found 10 hnve & pumping
throshold encrgy of 9 ud. With increasing buifer gas
pressure the laser throshold rapldly increased with 110
Torr belng recorded us the upper limit for obsorving
sporadic laser action, with 4 sodium tewmperature of
605 *C and a maxinum pump vavrvey of 325 . Below
about 30 Tore of buffer gas, fopping of the celi windows
was evideant, An average Superlldorescent pulse energy
of 1,31 X10°' 4d was measured, Lndicating an encyy
conversion efficiency of 0. 087% , which I8 lnss than ox«
pected from a three-level nudel tor this lnser. The
ealculated saturated gatn of 4.07 am’™ por pump transi-
tion based on the measured superfluorescent oulput
energy, assuming approximately sine strong pump
transitions within the pumping bandwidth, is high, as
expioted,

The cbrerved Na, lasor transhions for the 4730-4
purp ave showa in Table 1, The table shows two sets of
transitions which were separated by roting that the
second set ghows constant differences, The top set pre-

“gdominantly fit B-band Q-branch transitions correspond«

ing to the @-brarch pamp lines glven in Table 11, The
second st of Hnes tve tentalively beea ddentified ns

© A-band Gidusitions torminding oa v* =3,4,5 for J*



‘

TO HELIUM BUFFER GAS
REGULATION SYSTEM

Ha0
COOLING o s
INFRARED F[t;. »li ,prcr:mre;'tal lf:)i'o;lt.for
N : YAG | 2M KR 6M OUTPUT LASER opticaily pumping ha, which ia
LASER : Q-SWITCHED OVEN EMISSION contained in a small heat-pipe
- > o b — ] — oven,
132p |V RED PUMP T ] 76828 To
-

LINES ; JLINES  o76p-1.0p _l _I OTu-lt5x 63288  8083A

REFLECYING REFLECTING HR FLAT

FUSED SILICA
AR COATED WINDOWS
'0' R¥GED IN FLANGE

=6,7,8 of the X'}'} ground electronic state,! If this
assignment is correct, then we have observed a B-A—~
band collision-induced ecrossover with an energy defect
of neaxly 1950 cm™,

To further investigate the possibility of B-A—band
crossover the Jaser output was observed on a fast
oscilloscope to determine its time dependence. It was
immediately evident that two different pulse lengths
occurred. One output pulse consisted of a single 20-nsee
splke occurring near the beginning ¢l the 1-usec 4730-A
pump pulse. The second time behavior consisted of a
100-200-nsec pulse, With the spectrometer tuned near
5300 A ns a broad-band filter, the longer 100-200-nsoc
pulse was consistently observed. This long pulse behav~
jor is consistent with the fact that superfluorescent A-
band emission near 5300 A following band crossover
requires relaxntion of approximately 16 vibrational
tevels in the 4 electrenic state to account ior the 1950+
cm™ enorgy defect, It is not understood why such a band
erossover eteurs or lo where the oxeess energy goes,
Further studies must be made to determing the mecha-
niswm of the energy transfer.

Wae attesapted to identify the possible pump bands
covered by the 2-cm™'ewide 4730-3 line. The wavelongth
fn vacuum is 4731, 81 A or 21133, 6 em™, Using molecu-

TARLE 1, Boband laser lwes obzevod with a 1790= 0 pump,
A pp (ade) - 47390.5 Ap & pump (vacuum) ~ 4531, 8
20130, 8 et

e mens ==L =
A air A vae (AL
tem™h)
0498, b8 5403, } 18804, 7
8346, 04 54846 18348 8
S413. 11 6414.01 18468 &
5402, 44 6400, 4 18506, 0
5374, 14 5379.63 _ 146¥8. 6
609,02 5370, 51 14620, 2
6349, 30 5300, 78 15388, 9
5363, 43 5204.79 16994, 1
5366.36 5UNT. B4 18560, 3
5384, 87 534G, 40 1866%1
G2, &3 SH4. .M 18711 &
5341, 60 6342, 98 15716,
5309, 52 6300, 99 14884, 4
G20, 16 L2090, 63 18808 2

v B ~
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= ey e -

SwWaveleagh aceuracy to within ¢ 0.1 A,
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lar constants for Ma, from Demtroder ¢/ al.,* we tenta-
tively identified a least nine B-band transitions within
the 4730-& linewidth. These pump lines and assignments
are shown in Table I along with the relative ground-
state population of the transitions at 600°C, At this tem-
perature the absolute density of Na, molecules is 1,35
Torr or N” 1,49 %10'" em™ with a maximum population
at J" =44, Vibrational levels up to »” = § have an appre-
ciable population at the 600 °C vapor-~column tempera-
ture. The fraction of the total ground-electronic-state
population in the nine pump transitions is 1,27x10°?
from Table IT which corresponds to an average popula-
tion of 2,10x10" e¢m™ for each pump transition.

In an additional experiment to determine the possi-
bility of eventually flash-lamp pumping the Na, mole-
«cule, we pumped the B band of the molecule with a tun-
able dye laser. Using a Molectron Ny pumped dye lasey
which tuned over the 4600--4900-A range of coumarin
102 dye with a 6-nsec pulse width at 50-150 kW peak
power, we observed bijght yellow-greon superfluores-
cont lnser emission, at pump spaciags of approximately
1.5 A over a range from 4627 to 4885 X, Over 170
strong pump bands were observed over this wavelength
range, The dye-Iaser pump Hnewidth was approximate -
ly 2 em't, 80 with an avorape spacing of aboul 6,2 e
between strong pump transitions, we estimate that about
10 pump lnes oceurred under the dye«luser bandwidth,
These experimemts were run at a sadivm -eapae-coiumn
tomperature of 535 °C, carvespording o an Na, partal
presuure of 0039 Towr and Na partinl pressare of 1.5

TABLE I, Probable B-band prmg teansitives for 4780- A
pum, & pmp air) = 47008, 8 A A pamp (vacwuan} < 47318 v
L33, 6 ot

p= oo > =]
Yaouum Tl o O Branch  telative popa-
wave aumbers lation at

, 600 °¢
3 P REN:S 1.37 B.36 Kan 2,3 x 10!
1328 .61 1T.50 R84 U, 48y ctu
b FRX) 1. (1% NI RN )] 2, 432x 304
anaa, 2 6. 4% 1H .09 QUi g. 418104
A B R 2,52 11,61 MHY 1. 61 309
RIBREN S A 14,5 Qe 1. 000 % 10
aApeL e 70 X I FR T R4y 10 10e?
33 NT 0 N 2.1 Qi) A3k s
PR KE I L T8 Mg g, ST e et

et oot st X
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TABLE III. A-band laser lincs ohserved with a 6590- R pump,*
A pump (air) = 6593. 86 .R; A pump (vacuum) = 65695, 69
15161.4 em™. .

[—
A Rir A vae v vac
{em™Y)

7849, 30 7851.47 12736.5
7856, 93 7859.1 12724.1
897,40 7899, 58 12658, 9
7897. 90 17500. 08 12658, 1
74917, 83 7920.01 12626.2
7929, 47 7931. 66 12607.17
7936, 97 7939. 16 12595.8
7974. 74 7976. 94 12536.1
7976. 57 7978.177 12533.3
7980. 91 7993, 11 12510.8
7936. G0 7998. 81 12501.9
8008, 40 8010, 61 12483.4
8036, 50 8038. 72 12436.8
8039. 31 8041. 53 12435.4
8044, 47 8046. 69 14427.5
8053, 68 8055. 88 12413.3
8056, 11 8058, 33 12409, 5
8069, 43 8071. 66 12389.0
8080, 50 8082.73 123721

ﬂ

3 Wavelength accuracy to within £0.1 A,

Torr. With a total cell pressure of 35 Torr we estimate
that 27 Torr of the He bulfer gas was mixed in the
sodium vapor column,

Suceess at optical pumping in the B-band pump region
led to experimonts to pump the A baad of the molecule.,
Prior tu these experimonts, we determinod if othor
doubled Nd : YAG lines would also pump Nay transitions.
Wo found that 5320 A showed very little absorption and
that 5620 A showed strong absorption and defocusing,
but no molecular emission, The evidence pointed to an
atomic interaction with the pressure-broadened Na
rosonance Hnes, The 6594-A line showed strong molee~
ular absorption and led to laser emission on the A hand,
Howover, in this case the laser emission required the
use of an opltical cavily, We formeoed » cavity using 2-
and G~m-radius mirrors with refloctive coatings from
6800 & 10 1.1 umi. The output coupling varied betweon
0.3 and 3% and was consldorably smaller than optimum
for these high-pain A<hand transitions, The A<band
oplical -pumping expoeriment is illusteated in My, 2.

Na, A«band taser netion was observad for pump wive~
lenpths of 6504, 6691, and 6795 A available from n Q-
switched internally doubled Nd: YAG laser. Table I
1ists the observed lnser wavelengths for the 65604 A
pump wavelenpth, An nttempt was made to identify the
A-band punp teanstlions and corresponding larer-
omlssion vibrational -band lines for each of the above
wavelengths using X'} wiolecular constants from
Demtrodor of of.,® and A 'Y : molecular constants from
Frodrickson, making the vibrativml assignmomt cor-
rvoctions determined by Fradrickson and Stannard, ®
However, tiie fit was not uccurate enough to make un-
amblguous line assignments. The more recent and
accurate molecular constants obtadned by Kasch and
Hessed® at NBS should alivw an identitication of the
pamp ads and laser-cmiaston Lues.,

%12 3 Appl. Phya,, Vol. 47, No. 4, Apvit 1916

The threshold pump energy for the A-band Na, laser
was less than 1 pJ, as low as available from the Q-
switched doubled YAG laser source. Laser action was
observed over the sodium-vapor-column temperature
range from 416 (0,014 Torr Na,, 0.56 Torr Na) to
505 °C (0,175 Torr Na,, 4.4 Torr Na) with 30—35 Torr
of He buffer gas mixed in the sedium vapor. At inter-
mediate sodium temperatures, typically 465 °C, sporad-
ic laser action was cobserved at a buffer gas pressure of
162 Torr maximum with consistent laser action ob-
served at the lower buffer gas pressures, 30-50 Torr.
The output laser energy was only 2.35x10% pJ due to
noncptimum oulput coupling and possible losses at the
cell windows due to sedium vapor fogging.

We have modeled the Na, molecular laser as a three-
level system and have evaluated the cross sections,
saturation intensities, and gain for A- and B-band
transitions. We assume the pump-transition ground
state and laser-transition final state are (»”,J*) levels
in the X ground electronic state and the laser-transition
initial state (»*, J’) lies either in the A or B excited Na,
eleetronic states. For the isotropic molecular gas the
stimulated-emission cross section is

2 ’ a1 2
osu(w)fz% Agi(e L';A); lw - o) | ()
where glw - w,) 1s the normalized line-shape function,
[’ #*)1? {g the Franck-Condon overlap factor for the
transition (#'J'~ »*J"), and 74, is the radiative life-
time of the (v, J*) emission bund., The gain coefficient
Mw) = olw) ANV 15 reintod to the emission cross section
through the population-inversion number density
ANG [N = N340 +1)/(24% + 1)]. The saturation intansity
for cw optical pumping 18 defined by tho exprossion

i
I“? = 20(0“)7“
o Bao
FINT Egla) (1 Taan vuox o

where 177, 1/Tp, 4 ¥Yrannan includes all the aonradia-
tive inclustic relaxation processes out of the pump-
trangition upper state (1,.01°), Jyy above must bo com=
pared with the optieal pump intensity or power densily
within the maelecalar Hhewidth,

For pulsed opticil punapiag, where we askume optical
pumping pulses long compared to the radintive lifotime
and a lager pump linewidth groater an the moleculnr
linewidth, the peak saturation intensity per unil lasor
bandwidth is

[ . be
Awy gz Al teM?

For flash-lamp pumping, the relevant suturation
parameter 18 the saturation photon flux withla the mo-
focular Huowldth per unit linewidih

{47 0¥ rouran) (3)

Moxe 2o

ay N AT (1 + Tpauvuonmol (4)

For na homopencons Lorentzian Hine shape we multiply
Bys. (3) and () by L2 and for an ishomugencous
Gaussian Une shape we multiply by Y{=/2)/3,

Henesisn, Horbst, snid Byet 1517
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We can now calculate the gain and saturation con-
stants for optically pumping the A and B bands of the
Na, molecule, For the B band with A, at 0.473 um and
Ataser 2t 0.54 pm the Doppler widths are Awp,= 12,42
GHz and dw,=10,88 GHz at 600°C. The B-band radia-
tive lifetime is®7'° 7, , = 6.5 nsec. For strong laser
transitions the Frank-Condon factor is typically
I{v’1v")1?~0,1 ! g0 that the stimulated-emission and
absorption cross secticns are ogy,(w)=2.90x10"" cm?
and 0, 54(w) =1.95 x10°"? cm® These cross sections are
very large even compared to the 10°'%~-¢m?* Rhodamine
6G dye laser cross section.

In a similar woy, we can evaluate the Doppler width
and gains for the A band. The Doppler widths at 0.8 um
{signal) and 0.67 pm (pump) are Aw,="17.35 GHz and
Awp=8,77 GHz. The corresponding cross sections are
Oplw) =5.11x1072 cm? and 0, gelw) = 3.00 X107 em?,
where Ty, p=12 nsec, *?

For the B-band saturation intensity in the Doppler-
broadened operating region we find Iy, ;=16.6 W/cm*
for pymping strong transitions at 0.473 um. This value
agrees well with a previous measurement taken at
0.488 jum using a cw argon-ion-laser source. Optically
pumping the strong B-band transition (»* =3 »’'=6)
Q(43) at 0,488 um we mensured a saturation intensity
of 28,5 W/cm? compared to a calculated 21.4 W/em?
based on a Franck-Condon factor of 0,068, ' For B-
band flash-lamp pumping Eq. (4) gives

hgay/ 87 =2, 68 X10% photons/cm?secA™,
with a Doppler linewidth of
ar, = (AY/2me) A, =0.016 A,

The satucation photon flux to pump the entire nrolecular
lne is

by = 3,94 X10'° photons/em? sec,

which Is comparable to tho photon flux available at 0,4%
um from high-pressure xenon flash lamps o tghtly
couplad elliptical eavities.*? The A-band saturation-
utensity values for optically pumplng strong transitions
fn the Doppler-broadened regime are approximately
one~fourth of the B-band values.,

In the pressure-broadened regime with He as the
buffor gas we espeet the saturation intensily to in-
erease, Assuming that single He-Nu, collistons domi-
nate the transverse “elastic” relaxation processes and
the nonradiative longitudinal “daelastic” relaxation
processes al moderately high He pressures, the effec.
tive prossure-broadened Hoewidth becomes

1 2
Qarg 5= 4 3 “Ynosaap ¥ 2rgiarnier
] H
assuming Yyuastric ~Ynowma = Oy, i gives
Aw, ~0.213 GHz/Torr
and
Yosuap ~ 0. 09 GHz/Torr,

using 0:=100 A? as the total Inclaslic cross section. '
Hence Eq. (3) gives a pumplop saturation intensity per
tasdwidth for the Loveatzinn pressure-brotdened lne
of 553.9 W/ew?, AL 760 Torr of He at 7= 600 "C we find

1518 J. Appl. Phiys., Vol. 47, No. 4, Apil 1978
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Fopr= 120 kW/cm?, This saturation intensity compares
favorably with that of Rhodamine 6G and thus indicates
that Na, may operate as a flash-lamp-pumped laser
source with buffer gas broadening if other quenching
mechanisms do not spoil the inversion,

Finally, we can calculate the Na, gain for saturation
optical pumping with a laser source. For the strong B-
band pump transitions listed in Table II, the average
pump-transition ground-state population is 2,10x10%
cm™ at T=600°C, Assuming an empty laser-transition
final state, saturation pumping will achieve a maximum
inversion density of 1,05 x10*"'* cm™ which gives an un-
saturated gain of 30.5 cm™ at A =0,54 ym. The mea-
sured superfluorescent output energy corresponds to a
photon flux at least an order of magnitude below the
calculated laser saturation intensity of 2,32 x10'
photons/cni’*sec, so we may neglect gain saturation,
Hence the experimentally determined gain of 4.07 cm™
indicafes an achieved population inversion approximately
13.5% of the maximum possible. Comparing the number
of superfluorescent photons with the above population
inversion indicates that nearly 100%, of the inversion
was dumped into the output pulse.

In conclusion we have shown that superfluorescence
gain and laser action is readily obtained in an optically
pumped Na, dimer on both the A and B emission bands,
These resulls suggest thal Na, is a promising candidate
for other pumping schemes such as flash-lamp pumping
or discharge pumping. Furthermore, Na, is representa-
tive of the other alkali molecular systems which bave
moleculav emission bands extending across the visible
to the near-infrared spectral region,
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During the past year we have completed optical pumping studies of Raz aud have
inftiated optical pumping studies of CO and Hg2. Optical pumping of Nay shows
that it is potentially an interesting quasi tunable, high gain dimer laser im
the .52 -.81 pm spectra range. Our tesults show that Nay could possibly be
vumped by a flashlamp or an electrical dischorge. Measurcments sn optically
pumping Hg, show that 2ul of .266 pm radiation is needed to achieve threshold
on thc .33 pm band, Experiments are in progress to achleve lasing in Hg,.
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