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20. Abstract (continued) -

studied by observing the fluorescence from gas mixtures excited by an
electric discharge. The excitatio n efficienc y for the N2(A 3E~) state
was determined by absolute population measurements of the v = 0 andv 1 vibrational levels using a nitrogen (B -

~~ A) probe laser techni— -

.que. The 9asured decay rate of the N2(A3E~) state by self—collisionswas 3 x 10 cm3/molecu].e—sec. Laser cavity tests were carried out
for both N2 and CO gas mixtures for a variety of conditions. Short
pulse laser action was observed in the N2 first positive system at
1.05 and 0.888 pm using e—beam—stabij.ized electric discharge excita-
tion.
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SECTiON 1

INTRODUCTION

A unique laser concept has been established at Mathematical Sciences
- Northwest, Inc. (MSNW) which offers excellent prospects for developing high

efficiency, high energy density, visible gas lasers. The basis for this

laser concept evolved during a previous program at MSNW under an ARPA-ONR

contract (Ref. 1) and has been examined more quantitatively during the pro-

gram reported here. The approach borrows three principles that have been

well established in high power infrared laser development and applies these -

to visible electronic state lasers.

The first principle is the use of electron-beam-stabilized el ec—

tric discharge excitation which has proved very efficient in IR lasers .

The second principle is the use of preferential coll isional processes to 
- t

provide a two-temperature system, in this case a high temperature among

electronic states and a low vibrational temperature within each elec-

tronic state. The third principle is to recycle the laser mol ecule

many times during the laser pulse, thereby using the gas to its full

(thermal ) limit; electron impact pumping of the upper laser level and -

rapid VV and/or VT collisional quenching of the (vibrationally excited)

lower laser level accomplish the recycling process. -

Three key elements must be combined In order to make this concept

a reality. First, a stable pulsed discharge is required which can pro—

vide a high rate of electronic excitation , a low rate of vibrational ex-

citation, and sufficient time duration without arc formation. Second, -



- -

2

molecular laser systems must be found which exhibit an allowbd visibl e

transition between electronic states for which the potential curve minima

are displaced, yielding a hig h Franck-Condon factor for transitions from

the low vibrational levels of the upper state to high vibrational levels

of the lower state. This is shown schematically in Figure 1. Third,

for candidate laser molecules, collisional processes must be found that

provide more rapid quenching of the vibrational levels of the lower state

than either the radiative decay or the collisional decay of the upper

state.

In searching for candidate laser molecules , attention was directed

Initially to molecules which have already produced visib le laser t
output in short pulse electric discharges , such as N2(C’n~ 

B~ll~) and

CO(B’E’ -~~ 
A2!!). However, these molecules do not completely fulfill the

prescription outlined above; the minima in the potential curves are not

markedly shifted, the electronic states Involved in laser emission are

not cmong the. lowest electronic states of these molecules , and both N2
and CO have large cross sections for vibrational excitation by electron

impact. Nevertheless, if preferential collisional quenching of the vibra-

tional energy within each electronic state can be achieved in these mole-

cules, this will provide the initial foundation for long pulse visible

electronic state electric discharge lasers.

F Initial experiments at MSNW were directed toward the study of N2
and CO visibl e electronic state emission In electric discharges stabilized

by a moderate current density ( 50 ma/cm’) electron beam. Qualitative

studies of kinetic mechanisms and discharge stability were carried out. 

~ - -  ~~~~~~~ ‘ -  -.~~ -, - 
. -~~ --~-
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These results are reported in Reference 1. The work reported here is

a direct extension of the concepts developed in the previous program,
* and some of the studies were carr ied out in parallel .

The effort under this program has been directed towards optimiz-

ing the efficiency Cf excitation of specific electronic states by an

electric discharge. This has involved the study of the production and

quenching of vibra tional levels of specific excited electronic states

of N2 and CO molecules as well as a quantitative determination of their

population. The principal results of this study are sumari zed here

brief ly.

1. Fluorescence from electric discharges in Ar+N2 and He+N2
mixtures showed evidence of considerable vibrationa~l ex-

citation in the N2(C) and N2(B) states. Considerably less

vibrational excitation has been observed at other labora-

tories that have used high energy electron beam excita-

tion.

2. Absolute population measurements of the v = 0 and 1 levels

of the N2(A~E~) state as a function of time during and
after the electric discharge were made using an N2(B-~A)
probe laser technique. The peak population occurred near

the end of the discharge pulse and was approximately l0’~
molecules/cm’. From the decay of the N2(A) state popula-

tion after the discharge was terminated, the rate coeff i-

d ent for the deactivation of the A state by sel f colil-

slons was found to be roughly 3 x lO~~cm’/molecule-sec.

- L
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From the measured peak population of the N2 (A) state, the

fraction of electric discharge energy that appeared as N2(A)

state molecules was calculated to be approximately 0.1 per-

cent.

3. An absorption scheme utilizing a narrow bandwidth dye laser

to measure the population of the lowest vibrational levels

of the CO(A’ii ) state was devised and was partially developed

during this program.

4. Laser cavity tests were carried out for both N2 and CO with

two different electric discharge power supplies. Laser ac-

tion was observed in the N2 fi rst position sys tem at 1.05
- 

- 

- - and 0.888 ~m when a high voltage , fast rising electri c dis-

charge pulse was employed.

In Section II , a detailed description is given of the kinetic

mechanism for long pulse visible laser emission which involves rapid

collisional quenching of the vibrational levels of the electronic states.

These ideas were evaluated experimentally for electron beam stabilized

electric discharge excitation by employing fluorescence emission studies

(Section III), probe laser absorption measurements (Section IV), and

laser cavity tests (Section V).  Conclusions and recommendations based

on these results are given in Section VI.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
T1i ~~~~~~ -~ 
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SECTION II

ELECTRONIC STATE KINET IC PROCESSES

In developing a more quantitati ve understanding of the general

principles on which visible, collisional , electronic state lasers will

be based, some of the kinetic requirements and restrictions are noted

here. To achieve a significant low signal opti cal gain (0.1 cm-1) in the

visible (about 5000 A), using a diatomic molecule such as N2, the upper
laser level electronic state population must exceed the lower level

populati on by about 101$ cnr’, assuming Doppler broadening and a lO~ sec

radiative lifetime for the lasing transition . The dependence of the

required population on lifetime is shown as the lower curve 1n Figu~~ 2.

An upper bound on the abscissa is shown for this curve, above which the

collisional self-destruction loss process exceeds spontaneous emission as

a decay mechanism for the upper laser level (assuming a rate constant of

lO ’ cm’/ sec). Thus, to avoid self-quenching losses, the radiative life-
time of the laser transition must be less than about 3 ~isec.

Assuming a 6 eV excitation energy, the population of the radiati ng

state requires an energy input rate of at least 100 ~~~~~~~~~ (assuming

no collisiona l decay of the upper electronic state). An excitation rate

of this magnitude is quite readily achieved in e-beam stabilized electric

discharges (e.g., 1 percent efficiency at discharge conditions of 10

amps/cm’ and 10’ V/cm).

The populat ion inver sion mechanism being cons idered here involves
the simultaneous product ion of a high molecular electronic temperature

- ~~~~~~~~~~~~~
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and a low vibrational temperature. In additi on, a di splacement of the

min imum in the electronic potential curves Is advantageous since it yields

• a high probability of spontaneous emission from the low vibrational levels

of en upper electronic state to the upper vibrational levels of a lower

electronic state (see Fig. 1)- . An inversion can be produced if the

rat io of the electronic tempera ture of the two elec tronic states to the

vibrational temperature of the lower electronic state exceeds the

ratio of the electronic energy level difference to the energy of excita-

tion of the vibrational level of the lower electronic state. This require-.

ment is expressed by:

Tel t
~
Eei

To achieve high specific laser power from the gas being used , -It

is necessary to recycle the excited laser molecules many times ; this

requires that the collisional quenching of the vibrati onal excitation

• of the lower electronic state must occur at a rate kvib that exceeds

the sum of the collisional quenching rate, kei~ 
plus the (spontaneous)

radiative decay rate, Aei~ 
of the upper electronic state. This require-

ment is expressed by:

• N1 kvib,i > 
~ 

Nikel ,i + Aei

In order to achieve a collisional decay time of the lower laser

level that is shorter than the radiative decay time of the upper laser

l evel , the required minimum product of the collision probabil ity times -

~~~~~~~~~~~~ - • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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the density of the quenching mol ec ule is shown as the upper curve of

• Figure 2. Note that the actual required density is inversely propor-

• tional to the quenching probability.

The upper curve of Figure 2 also represents a maximum density—

probabil ity product for a gas component that causes collisional quenching

of the upper electronic state . It shoul d be noted, however, that the

upper laser level may have a shorter total radiative lifetime than that

due only to spontaneous emission corresponding to the laser transition.

In this case the upper state quenching limi t is increased by the ratio of

the two radiative lifetimes .

- It is seen from Figure 2 that the useful range of molecular elec—

- - 

- tronic state radiati ve lifetimes l ies between 0.01 and 10 psec. It is al so

seen that the gas density requi rements -for collisiona l quenching are reason-

able, provided favorable lower level vibrational quenching cross sections,

ranging from 10 2 tol times gas kinetic, can be found.

A review of the presently availabl e kinetic data on excited states

• of N2 and CO was carr ied out in a search for favorable collisional quenching

rates among the laser levels of these mol ecules. The results of this survey

are summarized in Table I. It is seen that favorable possibilities exist

for N2(B 311g~ V = 3) quenching by N2 and for CO(A111, V = 1) quenching by He.

It -appears that the use of Ar wi th CO wo uld yield poor resul ts because of

* 

- the high collisional quenching rate of the B E state of CO by Ar. On the

other hand, Ar is a good diluent for N2, since it causes very littl e -

quenching of either the upper or the lower state. An addi tional candidate

molecule for quenching the N2(B’IIg) state is C2H6 which has been observed

_ _ _ _ _ _ _ _ _  ~--- ~~~~~~~ -- -~~~~ - ----- -- ~ - - - -~~ - •- - - ~~ - - - - ---.--~~~~~~~~ - -~~~~~~-- 
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to cause rapid vibrational quenching of the N2(A’E~) state (Ref. 2). This

effect , together with the potential curve coincidence between the A’E

state and the v a 3 level of the 8311
9 

state of N2 may lead to a rapid col-

lisional quenching rate of the v = 3 level of the B’11~ state . However,

- the collisional quenching rate of the C~J1~J state of N2 by C2H6 is not yet

known, and it may be quite large . The effect of adding C2H6 to N2 in

e-beam stabilized electric discha rge experiments is discussed in Section 3.2.

.
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V
SECTION III

TIME RESOLVED FLUORESCENCE STUDIES OF
-
. ELECTRONICALLY EXCITED STATES •

3.1. Experimental Facility

The laser concepts described in the previous section have been

studied using the 5—tube plasma diode electron-beam—stabilized electric

discharge facility developed at MSNW in connection with VV transfer

lasers (Ref. 1). A schematic diagram of this device is shown In

FIgure 3. The e-beam current density was approximately 50 mA/cm2 and

provided a stable discharge current density of 10 to 20 A/cm2 at an

E/N of 1 to 3 x 10_16 V— cm2. The duration of the applied discharge

could be varied from approximately 2 to 20 psec and was normally

appl ied at the peak of the e-beam current pulse . The N2 or CO mole

fracti ons varied from a few percent to as much as 25 percent for these

gas mixtures. Total gas pressures ranged from as low as 20 torr to as

high as 700 torr , al though most of the work was done at approximately

200 ton’.

Wavelength selection for the fluorescence studies was obtained

L by using a Jarrel-Ash 0.25 m Ebert Spectrometer equipped with gratings

blazed at 600 nm and 2.1 pm. The ultraviolet and visible emission

were detected with an RCA 1P28 photomultiplier tube (S-5 spectral
- 

response) , while the near infrared emi ssion was monitored with an

RCA 7102 photomultipller (S-i spectral response) . Both tubes were

operated with a 5O~2 signal cable terminated at the oscilloscope to

provide fast time response.

_________________ ~~- -~~-—- -- - -—-,— -5 -;:-•—~
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3.2. Summary of ResultLof Previous Fl uorescence Studies

Previous studies (Ref. 1) of the fl uorescence from the B~fl~
and C~1!~J sta tes of N2 utilizing a l ong duration (15 psec) electric

discharge pul se, showed both direct exc itation processes (excitation

• transfer from Ar* and electron Impac t on ground state N2) and a second-

ary indirect exc itation process. The latter process resulted In a

non-linear inc rea se in the N2 fl uorescence emi ssion during the dis-

charge and a non-exponential decay of the fl uorescence after the

discharge is terminated . This has been interpreted as due to energy

pooling of two A~E~ state molecules to form the C’11~ state .

Effect of Addition of

In the earlier studies (Ref . 1) it was also found that the

addition of small concentrations of SF6 ( 0.1%) to the gas mixture

increases the ratio of the second positi ve emission to the fi rst

positive emission by an order of magnitude even though the discharge

current decreases substantially. Wi th no SF6, the onset of arc forma-

tion limited the maximum obtainable E/N to a value of 1.3 x 10” V-cm2

-for an 85/ 15 Ar+N2 gas mi xture at 200 torr total pressure. However,

the addition of approximately 0.1% SF6 to the gas mixture resulted in

an E/N of 2.1 x 1O ”V-cm’ before arc -formation occurred.

The effect of SF6 addition on the discharge voltage, discharge

current, and 3370 A emission is shown In Figure 4. The discharge E/N

in Figure 4(b) is approximate ly double that wi thout SF6 shown In

Figure 4(a) , while the discharge current is about an order of magnitude *

less In the SF6 case. However, the ratio of the Intensity of the 3370

~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~

- --
~~~~~:: 

~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~
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emission produced by the discharge to that produced by the e-beam has

increased substantially. 
V 

-

The abrupt increase of the C B1emission when the discharge voltage

is turned on is due to direct electron impact excitation of the C state.

The emission then increases non-linearly during the discharge, most likely

because of the in rease in the A state density which populates the C state

via the energy pooling reacti on . When the discharge is terminated, the

second positive emission drops abruptly due to the cessation of electron

Impact excitation. However , there is still a slowly decaying component to

the C state emission after the discharge is turned off, which is probably

produced by self collisions of the slowly decaying A state popul ation.

Effect of Addition of C~~
In previous attempts to obtain a long pulse N

2
(C -‘ B) laser, a

collisional decay mechanism was suggested for the N2(B) state utilizing

ethane (C2H6) (Ref. 1). This mechanism involves an intersystem potential

curve crossing from the lower vibrational levels of the B state to the

upper vibrational levels of the A state. 
-

N2(B 311g) + N
2 ~~ 

N
2
(A3 E )

~~~~7 
+ N

2 
+ t~E

The rate constant for the formation of N2(A)v 
= 7 reported by Dreyer

and Perner (Ref. 2) is — 1 x l0 h1 cm3/sec. The N2(A)v = 7 then decays
- 

somewhat more slowly down its own vibrational ladder until a bottleneck •

at the v = 3 and 4 levels is reached. The addition of small concentra-

tions of C2H6 -i ncreases the rate of decay down the A state vibrational

_  

J
— --- ~~~. ~ T IZJT J ~1T~ T~T ~
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ladder and removes the bottleneck a t  the v = 3 and 4 levels without

having a significant effect on the A state population in lower vibra-

tional levels (see Ref. 2).

These Ideas were tested by observing the 3371 A and 1 pm fl uores—

cense with varying concentrations of C2H6 as a function of discharge

ElM. However, the addi tion of C2H6 did not alter the ratio of second

positive to first positive emission. The only observable effect due to

the addition of C2H6 was the disa ppearance of the long time decay of

both the 3371 A and 1 pm emission. A typical trace is shown in Figure 5.

The apparent implica tion of this observation is that C2H6 removes the

A state; however, for the C2H6 concentrations used here, this would be
inconsistent with the rate constant for electronic quenching of N2(A)

reported by Dreyer and Perner (Ref. 2). One explanation for this in-

consistency is that the long time decay component of the first and

second positive emission may be formed primarily by energy pooling of

A state molecules in higher vibrational levels, which are quenched

rapidly by C2H6. This hypothesis could also help explain the disagree-

ment In the reported val ues for the rate coefficient of the N2(A) state

energy pooling reaction (see Ref. 8). A second explanation Is the

formation of other species from C2H6 In the discharge, which have a

high N2(A) state quenching rate. This question can be resolved by

making direct measurements of the populations of the individual vibra-

tional levels of~ the N2(A) state.

.

~~ ~~~~~ ~iii II~ T T:TT~ ~~~~~~~~~~~~~~~~ ~
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3.3. Time Resolved Fl uorescence from Specifi.ç.
Vibrationa l Level s of the N2(C~II ) and

States 
i.

• 
-

• To gain further understanding of the kinetic processes occurring

• in high current discharges in Ar+N2 and He+N2 mixtures , we observed the

• - time resolved fluorescence from individual vibrational levels of the

nitrogen C3II~ and B
311
9 
states. The gas mixtures consisted of 15 to 20

percent N2 in either He or Ar diluent at a total pressure of 200 torr.

The fluorescence was produced in the e-beam stabilize d electric discharge

facility described in Section 3.1. The discharge vol tage was appl ied near

the peak of the e-beam current pulse and was terminated after 5 to 10 psec.

The electric discharge energy storage circuit was modified to reduce the

inductance and provide a short (2 psec ) rise time of the current. The —

~~~~• values of E/N were 1.2 x lO 16V-cm2 and 1.7 x 10 ’6V-cm 2 while the discharge

currents were 18 A/cm2 and 6.6 A/cm2 for the Ar+N2 and He+N2 mixtures,

respectively. The applied vol tage was slightly below the value that would

cause an arc near the end of the discharge pulse.

Nitrogen C3JI~ + B3]1
1 

Fluorescence

Fluorescence emission from the v= 0 level of the N2(C
3ll
~
) state

is shown in Figure 6. The upper trace shows the emission produced by the

e-beam, while the lower trace shows the effects of the discharge on this

emission. The C state emission due to the e-beam is probably produced

- by energy transfer from excited argon atoms which resul t from disso-

ciative recombination of A4 ions. From Figure 6 it is apparent that

the V = 0 fluorescence of the nitrogen C state decreases abruptly when

the discharge voltage is applied . As the discharge current increases,

.5—----- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ - . ~~~ - — —  ~-~~•~~r ~~~ ~~~ ~~~~~~~~~~~~~~~~~ .~~
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the C state emission increases slightly and then falls during the next

3 or 4 psec. The emission then increases non-linearly unti l the discharge
- ‘ is termi nated after whi ch the fl uorescence decays with a time constant

much longer than the C state radiative lifetime .

The abrupt drop in the C state emission is most likely due to a

*decrease in the Ar population density caused by a decrea se in the dis-

sociative recombination rate when the electron temperature is increased

by the application of - the discharge vol tage. The more gradual decrease

in the C state emi ssion during the -.~ar1y part of the discharge may be

due to the production of some species whi ch is an efficient deactivator

of excited argon atoms or it may be due to a further reduction in the

rate of producing excited argon atoms. This premise is supported by the

observation that the C state emission due to the e-beam remains quenched

even after the discharge has been terminated and the el ectrons have had

• a chance to cool. Further work would be necessary in order to identify

the speci es and the process responsible for this interference in the

nitrogen C state production channels.

In wavelength scanning experi ments we have observed that the

relative intensities of the emission from the v = 0 level of the nitrogen

C3R~ state produced by the e-beam and by the electric discharge vary

wi th wa velength w ithin an emi ssion band. The emission produced by the

e-beam is peaked at longer wavelengths, while that produced by the

electric discharge is peaked at shorter wavelengths. This suggests that

two distinct processes are responsible for this emission and that they

result in different rotational distributions for the C state. Since

______________________________________________________________________________________________ — .5--- -~-~~~~ --~~ - —.5-—- 
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individual rotational lines were not resolved , no quant itative Information

about these distributions was obtained.

In Figure 7, fluorescence emission from the v = 0 and v 1 levels

of the nitrogen C3fl~ state is compared. The difference is striking.

• Although the v 1 emission produced by the e-beam drops abruptly when the

discharge voltage is applied , It quickly recovers as the discharge current

rises and then Increases non-linearly until the discharge Is terminated.

The electric discharge Is evidently more effective than the high energy

electron beam at produc ing the v = 1 level of the C state, although the

e-beam produces the V = 0 level more strongly than the electric discharge

does.

In the preceding section it was indicated that the non-l inear

• increase and long time decay of the C state fluorescence were attr~butable

to the energy pool ing reaction •.

• N2(A~E )  + N2(A’E~) + N2(C31t
~
) + N2(x lE;)

Since N2(A~E) self collisions produce the v = 1 and v = 0 levels of the

t12(C) state with roughly equal probability (Ref. 9), excitation transfer

from Ar* must favor the v 0 level of the C state. These observations

are consistent with the results of Setser , Stedman, and Coxon (Ref. 10),

who report that excitation transfer from Ar(3P0,2) to N2 favors the pro-

duction of N2(C 3R
9
) v 0 with a non-equilibr i um rotational distri bution.

When He+N2 mixtures are excited, the behavior of the v — 0 and

V • 1 levels Is similar . Fluorescence arising from the same transitions

shown in Figure 7 for Ar+N2 mixtures is shown In Figuv e 8 for 5:1 He+N2

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -
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mixtu res. It is apparent that there is very littl e C state emission

produced by the e-beam. During the discharge , the C sta te fluorescence

increases non-linearly until the discharge is terminated, after which the

emission decays with a time constant much l onger than the C state radiative
* -

lifetime. As in the case of Ar+N2 mixtures, the electric discharge pro-

duces substantial excitation of the v = 1 level of the C state.

In Figure 8, an abrupt d~op in C state emission is seen at the

time of termination of the discharge vol tage . However , there was no

abrupt rise in C state emission at the onset of the discharge voltage.

This suggests that direct electron impact excitation of the C state

• increases during the pulse. This may be due to a shift in the electron

distribution function to higher energies, as vibration of N2 becomes

• excited, or it may be due to the buildup of the A state popula~tion,

• permitting electron impact~wi th th’e .A state to produce the C state. Both

• - 
of these explanations illustrate ho~ the energy deposition in the gas may

have an Important effect on the rate of excitation (and ioni zation) of the

gas at low or moderate val ues of E/N. Th~~~ l ume rate of ionization in turn

plays a major role in arc breakdown of these discharges.

Nitrogen ~~~~~~~~ Fluorescence 
a.

We have observed fluorescence from the v = 0, 1, and 2 levels of

the nitrogen B sta te and fin d that it is essential ly the same in both
- He+N2 and Ar+N2 mixtures . There Is very littl e emission produced by the

e—beam for any of these levels. Duri ng the discharge , the fl uorescence

from the v = 0, 1, and 2 levels increases linearly until the discharge
~: ‘~~ - -• c - - - ’ . •

Is terminated, after which it decays. Oscilloscope traces showing the 

— r - - - -~~~~ -

- - -~~~~~~~~~-- - —- .5----- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _______________________
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time history of the fl uorescence from the v = 0 and v = 1 levels of

the N2(B 311
9
) sta te are shown in Figure 9 for 5:1 Ar+N2 mixtures. The

B state emission shows no resemblance to the emission from the C state

(FIg. 7), nor to the integral of the C state emission , indicating that

radiative cascade from C to B is not the only production mechan ism for the

B state. Evidently, the most important production process for the B state

is direct exc itation by electron impact wi th the ground state of N2.
Several important observations have resul ted from this work which

bear on the production of a long pulse laser based on the second positi ve

system of N2. From our observations of the fluorescence from various

vibrational l evels of the N (C and B) states, It Is evident that
electric discharge exci tation from below produces significant vibra -

tional excitation of the excited electronic states for the conditions

of the present investigation . Significant vibrational exci tation is

undesirable both from the standpoint of efficiency and because we are trying

to achieve an inversion based on a high electronic temperature and a low

vibrational temperature. Thus it appears that excitation from above (e.g.,

recombinatlon of ions produced by a high energy electron beam) may be a more

effective means of producing a large population in relatively high lying

electronic states wi thout obtaining significant vibrationa excitation .

However, It should be pointed out that the vi brational fluorescence measure-
ments were carried out with gas mixtures having a large fraction of N2
(approxImately 16 to 20 percent). The applied electric fIeld was limi ted •

to a low value by arc breakdown for the pulse duration used, and led to a
I -a

low electron temperature. By reducing the N2 fraction, decreasing the pul se

-.5 .5- ~~~~~~~~~~~~~
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‘duration , and raising the applied voltage, it should be pos
~
sible to put

a much larger fraction of the electric discharge energy into electronic
• excitation. 

-

In light of the large production rate of the N2(C
~
JI
~

) v = 1 level
observed in the case of electric discharge excitation, the (1,3) band of

the nitrogen second positive system becomes an attractive candidate for a

long pulse visible laser. In a 97:3 Ar+N2 mixture at atmospheric pressure,

the v = 3 level of the N2(B 311
9
) state would be collislonally deactivated

much more rapidly than the (1,3) and (0,3) radiative l ifetimes for the

C + B transition. In addition , the transition probability for the (1,3)

band of the second positive system Is approximately 0.4 of the transition

probability for the (0,0) band and thus the population Inversion density 
- •

for the (1 ,3) band only needs to be a factor of 2.5 greater than for the

(0,0) band in order to have the same gain.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
• I
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SECTION IV

- 

. 

ABSOLUTE POPULATION MEASUREMENTS

• In order to assess quanti tatively the exc itation efficiency of

specific electronic states, or to eval uate the kinetic mechanisms taking

place In electrically excited gas laser mixtures, it Is necessary to

determine the absolute population densities of the excited states of

Interest as a function of time during and after the discharge. It was

decided to use probe laser absorption whenever possible, and to supple—

ment this technique with absolute emission spectroscopy on those states

for which a convenient probe laser is not ava ilable. For the nitrogen

• system, the population densities of the lower vibrational level s of the

metastable N2(A~E~) state were probed by a laser operating on the N2
first positive system (B3119 

-. A~s~). In addition , a general technique

for the determination of the population densities of electronically

excited sta tes using a narrow bandwidth, tunable , dye laser has been

designed and Is under devel opment. This technique and the results

obtained for the N2(A) state are described in the following sections.

4.1. ~~(A)~~~ Population Density Measurement

Population densities for the v = 0 and v = 1 level s of the me ta -

stable N2(A’E )  state have been determined as a function of time during

and after an e-beam stabilized electric discharge pul se. This was

accomplished by measuring the absorption of a beam from a probe laser
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operating on the (1,0) and (2,1) bands of the nitrogen B8]lg + A~~~E

transition at 888.8 nm and 870.0 mi, respectively. The probe laser
consisted of a resistor loaded pin discharge having an active length

of 1.4 m. The electrical energy was obtained from a charged capacitor

switched by a triggered spark gap. This combi nation resulted in a

discharge current rise time of about 0.1 psec and a pulse duration of

approximately 0.5 jisec. The gas mixture for the probe laser consisted

of 10 torr nitrogen and 40 torr helium and was continuously flowed

through the laser tube. The semi—confocal optical cavity was formed

by a flat reflector and a 3 m radius of curvature, hole coupled mirror,

both of which were gold coated.

The optical arrangement for the absorption measurements is shown
schematically in Figure 10. Two optical detectors were employed, one

to monitor the laser output on each pulse and the other to record the

signal transmi tted through the e-beam stabilized electric discharge

chamber. The reference detector was an RCA 7102 photomultiplier tube

(S—i spectral response) and the signal detector was an RCA C31034

photomultiplier tube with a spectral response extending out to 930 nm.

The anode signals from both tubes were transmitted to the oscilloscope

via 50 ~2 coaxial cable terminated at the receiving end. The reference

signal was obtained by splitting off a porti on of the incident probe

laser emission with a partial ly reflecting mirror and then using a
- grating for selecting the same wavelength that the monochromator was

viewing . Nylon scatterers were pl aced in front of the monochromator

slit and the iri s diaphram in front of the referenc& detect%r in order s

.5 ~~~~
j— — ~~~~~~~~~~ 

.5 -~~~~~
-- -— — -- .5 

~~~~~~~~~~~~~~ - - - .5 ,•
~~~~~~~~ 

— 
~~~~~~~~~~~~~~~~~ 

—.5— ~~~~— .5 — -.5- —- -~~~~~~~~ —

-.5.5 ------- - -  .5 - -—-- ——-—-— —--—
~~
-—--—-

~~~
--

~~~~~~~~ 

-

~~~



- -.-.
~~~~~~ .- ——- .5—— 

-.5—,— —-- - -‘---.5— .5—-- —.5 —.5.--.-- ---
~~

---- — -.5 —•-‘--‘-—--— ,— -.5 — 
~~~~~~~~~~~~~ 

—.5 •— .5— .5—— — -.5-— — —-I,

_  _ _  
_  --

7.

. • PIN LASER

~~~~

—LIJ”i 
PHOTO-
MUL T IPLIER

MONOCHROMATO R

. - 
‘ DISCHARGE

-
. CHAI~BER 0 GRATING

- PHOTO- /MULTIPLIER

BEAM
SPLITTER\/ /

.4

• Figure 10. Optical A~rangement for Probe Laser Absorption Determination
of N2(A 3E

~
) Population

• . 5 -  - ‘ .  • - .5
• - . i ,  - j • -~~ I - 

---~~~ 



~

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .- 
‘-

~~~~~~~

32

to minimi ze effects due to deflection of the probe laser beam that might

be caused by gas motion during long exc itation pulses.

The results obtained with this technique are shown in Figure 11

for an Ar + 17% N2 mixture at 200 torr total pressure. The electric

discharge was applied for 8 psec with a power input rate of 13 kW/cm3

at an E/N of 1.2 x 10 1 V-cm2. This represents an energy input of

0.1 eV/molecule. Al though there is considerable scatter in the data,

it is clear that the populations of the v = 0 and v = 1 level s of the

P12(A) state increase steadily until the discharge is terminated, after

which they decay.

Interpretation of the absorption measurements has been carried

out on the assumpti on that only a single rotational line is emitted by

the probe laser. While this is certainl y not correct, this simpli -fica—

tion seems to be justified on the basis of the following discussion .

The most Intense rotational line for each band reported in the detailed

study of the molecular nitrogen pulsed laser by Kasuye and Lide (Ref. 11)

was Q~1 
(9) for the (1,0) band and Q11 (7) for the (2,1) band. Further-

more, Kasuye and Lide were able to fit their experimentally observed

Intensity distribution of rotational lines for the pul sed nitrogen laser

with a rotational temperature of 325 °K (Ref. 11). The lack of signifi-

cant rotational heating suggests that this will not be a problem in the

probe laser. The results suggest that the probe laser may be characterized

by a room temperature distribution of rotational states, and, if the

absorbing gas is also characterized by a room temperature rotational

distribution , the principal absorption will ~e on the same level s that

are emitted most strongly by the probe laser . For this reason, the

-
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analysis was based on a single rotational line corresponding to the maximum

Intensity line observed by Kasuye and Lide . -

The potential effect of rotational heating in the electric discharge

cell was assessed by repeating the analysis with the assumption that the

rotational and translati onal temperature of the N2(A) state in the absorption

cell was 400 °K. This assumption Increases the Inferred total vibrationa l

state population by about 20 percent.

The peak populations for the v 0 and v = 1 levels of the N2(A)
state were estimated from the relationship

• 1tr 10 exp(_czJIsJsNvIlKssJ.It)

where 10 is the incident intensity of the probe laser beam, 1tr is the

intensity of the probe laser beam transmitted through the electric

discharge cell , aji ji is the absorptior cross section for an individual

rotational transition v ’K’J’ .- v”K 3”, N
V SI KI.Js. Is the population density

- 

- 

‘
of the lower rotational level of this transition, and £ = 50 cm is the

active length of the discharge region. In evaluating this expression it

was ass umed that the rotati onal lines are Doppler broadened and that there

Is no overlapping of lines wi thin the absorption cell. The contribution

of stimulate d emission due to a large N2(B 311g) state population was

neglected; an underestimate of the N2(A’E~) population would result if

this assumption were not correct. The absorption cross section for the

peak of the Doppler profile was then calculated using the following

express ion 
- .
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where = Doppler width of rotational transition

= wavelength of the rotational transition

= wavelength of the V ~ V ’ band origin

A , ,, = transition probability for the v ’ + v’ band
V V of the electronic transition

- 
S~~ 

= rotational line strength of the J’ + 3” tran sI tion

Val ues of the transition probability for the (1,0) and (2,1) bands of

the nitrogen first positi ve system were take n from Shemansky and Broad-foot

(Ref. 12) and are A10 = 8.72 x 1O~ sec ” and A21 6.17 x l0~ sec
3 . The

rotational line strength S~ was calculated from the formula tabulated by

Schadee (Ref. 13), using the coupling constant V 25.8 reported by Budb

(Ref . 14). The population of the Individual rotational state NvlK IJ s can
— 

- be related to the total population of the vibrational level N
~
. according to

Nv .Ks .j uI = 2$ (2J+l ) exp (-hcF(K)/ kT) N
~

./(2S+l) 
~rot

where S is the electronic spi n angul ar momentum , 
~rot 

is the rotational

partition function, F(K) = B
~
K(K+l)

~ 
and • is the nuclear spin statistical

weight factor , which for N2 has the value 2/3 for s,~nmnetric rotational

levels and 1/3 for antisymmetric rotational levels. Relating the two

populations in this manner assumes that the N2(A) state molecules In the

. discharge cell are In rotational equilibrium at the temperature T.

The peak population of the v 0 and v = 1 level s of the

N

2
(A ’E

~~~~~ 
state estimated as outli ned above are both appro x imately

lO1~ molecules/cm 3 . This suggests that electric discharge excitation

I
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produces substantial vibrational excitation of the exci ted electroni c

state, In agreement wi th the res ults of the fl uorescence studies on

the C’JIU and B’119 
states.

The decay of the N2(A) state after the di scharge has been

terminated can be represented-by the equation

I 

- = k~A + A
q

A where A
q 

= TA
’1 

+ 
~~ kqj  Q

j

Here k~ is the rate coefficient for N2(A) deactivation due to self

collisions , TA is the A state radiative lifetime , and kqi and are,

respectively the A state quenching rate coefficient and the concentra-
• tion of the 1th component of the mixture. If It Is assumed that the

A state decay Is due to the energy pooling reaction , then the above

equation has the approximate solution

A — 
(A;

1 +k t) ’

where A0 Is the N2(A) population at t = 0. Thus a plot of A 1  as a

function of t should give a straight line whose slope is k~. The value

of k~ determined from the data of Figure il ls about 3 x i0-~ cm3/mole—

cule-sec , which Is In approximate agreement wi th the value of 1.4 x 10 ’

cm’/molecule-sec reported by Hays and Oskam (Ref. 15).

From the measured population densities it is possible to estimate

the excitation efficiency of the N2(A) state due to the electric dis—

charge . By putti ng together measurements for different gas mixtures and

pulse durations , it was possible to plot the N2~A) state excitation

efficiency as a function of E/N. These data ard presented in Figure 12.
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Al though no absorption measurements were made for the Ar + 15% N2 +

0.1% SF6 mixture , the N 2 (A) state population was estimated by comparing

the N2(c) state decay with that obtained for the experiments in which the

A state population was measured. The efficiencies are disappointingly

• smal l , but the dependence on E/N suggests that they can be Improved

significantly by Increasing the applied vol tage. The princ ipal experi-

mental difficulty In doing this Is the onset of the glow to arc transition .

Data from the fluorescence decay studies are combined with those

from the probe laser absorption measurements in Figure 13 to show the

decay of the nitrogen C3T[UI B’1Ig~ and A’E~ states after the electric

discharge has been termi nated. Al though the earl ier C and B state

fluorescence decay studies were obtained with a much lower energy input

rate, the similari ty of the A, B , and C state decay Is evident. Al so

shown in the figure are data for the C state decay taken under the same

conditions as the A state absorption measurements. The square root of

this decay curve is plotted as the sol id line in Figure 13 (c) for

comparison with the A state decay. It shoifid be recalled that If the

C state is formed by A state energy pooling , Its concentration will be

proportional to the square of the A state population.

4.2. Tunable~~ye Laser Diagnostic TechniQue

The tunable dye laser is a very convenient and general l ight

source for determining populations of excited electronic states that

are non-radiating or that are otherw1~e difficul t to measure. In .
.

addition to tunability the coherence, high spectral brightnes s, di rec—
I S

tionality, and narrow bandwidth of the dye, laser offer significant

advantages over conventional light sources )?or abs~~ption spectroscopy.
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A block diagram of the experimental a rrangement for the dye laser

absorption technique for measuring excited state populations is shown
In Figure 14. The narrow band , tunable dye laser is the same as that

repor ted by H~nsch (Ref. 16). Coarse tuning of the nitrogen laser

pumped dye laser Is accomplished by incorporating an echelle diffraction

grating and a beam expanding telescope in the dye laser cavity. Fine

tuning and further narrowing of the bandwidth are accompl ished by a

tilted Fabry-Perot etalon placed between the telesco pe and the diffrac-

tion grating. The absolute wavelength will be determined by using a

spectrometer, and the bandwidths will be obtained by using a high finesse

• interferometer (spectrum analyzer). Bandwidths as smal l as 0.004 A have

been reported by H~nsch (Ref. 16) when an etalon is placed in the dye

laser cavi ty described above . For compari son , the room tempet’ature
.5 

.5 Doppler width of an Ind iv idua l  rotational line in the CO angstrom bands
0 0 

-

at 5198 A is 0.012 A.

Collins and co-workers have used a tunabl e dye laser wi th a few

angstrom bandwidth to m~asure the attenuation or amplUlcation for

several bands of the N2~ first negative system~ (Ref. 
‘17). However,

with the much smaller bandwidth reported by H~nsch, It wIll be possible

to measure the absorption of individual rotational lines . This will provide

accurate data on the number density of excited states, and will yield a

larger change for a given set of experimental cond i tions. Measurement of

the absorption for several different rotational lines will permit deter— . 

*

mination of the rotational temperature, which will yield a much more
I - -  •

~~:

accurate estimate of the total population of çhe vibrational level of
I

a specific electronic state . I
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Although the cO(A’JI) state is not metastable, it would be Incon-

venient to determine its population using absolute emission spectroscopy

because the fluorescence emission waveleng ths are In the vacuum ultra-

violet. However, the population of the lower vibrational levels of the

CO(A’fl) state can be determi ned by absorption spectroscopy for the

appropriate transitions of the angstrom bands in the visi ble. Using

absorption of the C0(B’i’~ ~~- A’Il) (0,2) band at 5198 ~~, the minimum
detectable population density of the v = 2 level of the A’II state for

two passes through the 50-cm long electric discharge cell availabl e at

MSNW Is approximately 1011 molecules/cm9. The minimum detectable popula-

• tion densities for the v = 0 and v = 1 levels woul d be approximately the

same. These minimum detectable population densities are lower than the

values typical of visible and UV lasers produced by e-beam excitation or

• high-voltage electric discharge excitation. Thus the method will be

directly applicable to the study of the kinetics of these lasers.

Nitrogen Pump Laser

It was decided to pump the dye laser with a nitiogen laser at

3371 A rather than with the second harmonic of a ruby ’Yaser. The nltro-

gen laser has the advantage that it will be availabl e for gain and

absorption studies on the nitrogen second posi tive system In addition

to its use as a pimip for the dye laser. The nitrogen laser design is
- similar to that reported by Cubeddu and Curry (Ref. 18). A water

capacitor connected directly to the electrodes of the gas discharge tube *

provides rapid transfer of the electrical enerqy to the gas without -
.

resorting to a ‘large number of coaxial cabl es.j The e~~ tr1cal energy is
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-1

stored In a 0.1 pf capacItor charged to 30 kV and is transferred to the

water capacitor through a parallel plate transmission line utilizing a

r triggered spa rk gap as a switch.

At a nitrogen pressure of 20 torr, the laser output energy with

no mirrors was roughly 5 rn). The output energy could be increased by

adding a flat mirror to one end of the cavity . Because of severe noise

problems when the spark gap is triggered, the pulse duration has not

been measured. The entire device is being enclosed in an al uminum box

in an effort to reduce this noise problem.

Laser action has also been observed for the (0,0), (1,0), and

. (2,1) bands of the nitrogen first positi ve system when a cavity formed

frcm gold coated mi rrors is employed. Thus this laser can also be

utilized as a probe for the N2(A~E~) state.

All of the components for the ’dye laser have been specified except

the etalon, and all have been received. However, the dye laser has not

been assembled or tested. -
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SECTION V 
-

- .5 LASER CAVITY STUDIES

5.1. Nitrogen Second Positive System

A high-Q optical cavity was used with the 50-cm path, 5—tube

plasma diode e-beam stabilized electric discharge facility to investi-

gate the possibility of long pul se laser emission from the ni trogen

C~1I~J 
B311g transition . The optical cavity consisted of dielectric

coated mirrors having a 2—meter radius of curvature and spaced 1 meter

apart. The mirrors were mounted internally in order to reduce the

transmission losses associated with Brewster angle windows. The mirror

coating has maximum reflectivity at 337 nm and provides a reflectivity

greater than 99 percent over the range from 315 nm to 355 nm. This

range includes the (0,0) and (0 ,1) bands of the nitrogen second posi-

tive system, which have wavelengths of 337.0 and 357.6 nm, respecti vely.

However, the reflectivity at 357 .6 nm has fallen to approxima tely 99 per-

cent so that the mirror coating has about 1 percent transmissioh at this

wavelength. -

In addition to searching for lasing on the C -. B (00) and (0,1)

bands, we monitored the fluorescence from the (0,2) and (0,3) bands at

380.4 and 405.8 nm, respectively. Both 5:1 and 10:1 Ar+N2 mixtures at
• 4

400 torr total pressure were investigated . Discharge currents of 22 A/cm2 
•

and val ues of E/N equal to 1.5 and 0.9 x 10~~~V-cm2 , respectively, were

achieved for time durations of 2 to 3 lisec for the 5:1 and 10:1 Ar+N2
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mixtures. These values of E/N represent the maximum discharge vol tage

that could be applied to the gas without incurring an arc during the

pumping phase . However , littl e or no contri bution to the C state

emission was produced by the discharge .

I n order fo r the discharge to contribute to the nitrogen C state

fl uorescence it was neces sary to either reduce the N2 concentrat ion or

add small amounts of SF6. When the N2 concentration was reduced to

approximately 3 percent , the ni trogen se cond posi tive emission produced

by the discharge became more intense than that produced by the e-beam.

This effect was observed at 400 torr total pressure with a discharge

current density of 22 A/ cm2 and an E/N = 0.6 x lO 1GV_cm 2. The addition

of approximately 0.1 percent SF6 to the 5: 1 Ar+N 2 mixture permitted a

higher value of E/N, 2 x 10 16V-cm 2, to be applied , which appreciably

enhanced the C state emission produced by the discharge, even though the

discharge current decreased by an order of magni tude . The enhancement

of the nitrogen second positive emission when small concentrations of

SF6 are added to the gas mixture was discus sed in the previous section

for long duration pulses (10 llsec). The fl uorescence emission pulse

shape observed under the present conditions (2 jisec discharge pulse length

and low N
2 
concentration or addition of small concentrations of SF6)

fol lowed the discharge current quite closely wi th no apparent contribution

from the N2(A) state pooling reaction and is most likely produced by direct

electron impact with ground state N2 or by excitation transfer from excited

Ar. The short pulse behavior Is In contrast to that previously observed with

longer discharge pulses and higher N2 concentrations , where self collisIons
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of nietastable N2(A) to produce N2 (C) contributed significantly to the
observed emission (as noted previously).

Cavity tests were also conducted at a total pressure of 700 torr

for both Ar+N2 and Ar+N2+SF6 mixtures. It was thought that at this
- pressure, the N2(B) state is collisionally deactivated by Ar in a time

that is less than the N2(C) state radiative lifetime (Ref. 3), thus

sat isfying one of the conditions for a long pulse laser. However, the

time history of the fl uorescence emi ssion was similar to that observed

at 400 torr total pressure and no l aser emission was observed . Subse-

quent studies by other groups (Ref. 8) indicate that the rate coefficient

• reported in Reference 3 appl Ies only to higher vibrational levels of the
— N2(B’119) state. If the slower rate coefficients reported by the SRI

group are correct, the N2(B) state would not have been collis-ionally

deact ivated more rapidly than the N2(C) state radiative lifetime under

the conditions of our experiu~ent .

5.2. Carbon Monoxide Angstrom Bands

A similar set of experiments was carried out for the CO(B E+ -. A ’f l)

transition for quite an extensive range of conditions . ~The internal

mirrors were dielectric coated for maximum reflectivity at 558 nm One

was coated to have a broad band reflectivity greater than 99 percent from
485 rim to 620 nm while the other was coated to have 1 percent Lrans-

m ission and at least 98 percent refectivity from 520 nm to 610 nm.

This wavelength range includes the (0,2), (0,3), and (0,4) bands of the

CO (B + A) transition with wavelengths of 519.8 nm, 561.0 nm, and

608.0 nm, respectively.
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Gas mixtures containIng 1 percent to 10 percent CO wi th He as

a buffer gas were Investigated at total pressures from 50 torr to 700

torr. A peak discharge current of 6 A/cm2 at an E/N of 2.5 x 1O’ 1 6V-cm 2

was achieved for He + 10 percent CO mixtures at total pressures of

100 and 200 torr. Initially it was thought that l aser emission was

observed at 519.8 nm and 561.0 nm because the output signals at these

wavelengths were observed to increase by a factor of 10 when the optical

cavIty was aligned . Typical oscilloscope traces showing this effect are

presented in Figure 15. Subsequently, It was discovered that this enhance-

merit was due to ordinary fluorescence being enhanced by multipl e reflec-

tions wi thin the cavity at the specific wavelengths for which the cavity

was high-Q and low output coupling . This was demonstrated by adding Ar

to the gas mixture and obtaining the same enchancement for an Ar line at

549.6 nm.

.5 In addition to searching for laser action on the (0,2), (0,3), and

(0,4) transItions of the CO angstrom bands , we monitored the fluorescence

emIssion for these transItion s as well as for the (0,0) and (0,1) bands.

Di rect exci tation was predomInant , with no indication of any secondary
- I .5

exc itation process. Fl uorescence emission from the (0 ,2) band of the

CO(B ’E4 
+ A sh ) transition for a He + 10 percent CO mixture at 200 torr

Is shown In FIgure 16. The di scharge current Is approximately 5 A/cm2

at an E/N — 2.5 x 1O~~’V-cm
2. The time history of the fluorescence

emission essentially fo llows the di scharge current, whi ch Impl ies that

the CO(B’E~) state is lost as rapidly as It is produced. Therefore, in

order to pr oduce a larger population in this state, the pumping rate , not

H- - :-  
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the pumping time, will have to be increased substantially. This can be

accomplished by increasing the electron density, or probably more

efficiently by increasi ng the average electron energy.

5.3. Nitrogen First Positi ve System

The principal barrier to the attainment of a higher electron

energy in these experiments has been the onset of arc formation if

.5 hIgher discharge voltages are applied . The rise time of the discharge

current is of the order of 1 to 2 iisec and the total discharge pulse

length was from 3 to 5 jisec. Recently, Newman, De Temple, and Coleman

(Ref. 19) have reported laser action in the N2 first positive system

using a short duration, fast rise time, el ectron seam controlled

- . di scharge. Since previous work on the N2 firs t positive system laser 
- .5

and the CO angstrom band laser indicates that these lasers operate under

similar conditions (Ref. 20) , it was decided to instal l a fast rise time,

short duration, electric discharge power supply on the 5—tube pl asma diode

device. If CO could be lased in this device , the,1 it be possible

to test some of the collisional mechanisms for achieving a long pul se -

laser that were described previously in this report.

The new electric discharge power supply consists of a 0.1 iif

capacito r switched by a triggered spark gap . The capacito r and spark

gap were connected directly to the electric discharge anode by ten pieces

of RG-8/U cable that were each 3 feet long . This combination supplied

a discharge current pulse with a rise time of approximately 0.1 ~isec 
- .

and a duration of about 1 psec. The charging power supply l imited the

capacitor voltage to 25 kV corresponding to a stored energy of about 30J.

.5 —7 7 _ .5—— .5 - -.~~~~ S~~~~~~~ 
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Using this p~~er supply, laser action was observed in the N2 first

positive system at 1.05 u rn (0,0) and at 888 nm (1,0). The gas mixture

• was pure N2 at 70 torr total pressure. The discharge chamber was fitted

wi th CaF2 windows at Brewster’s angle and the cavity was formed by two

gold coated mirrors having a 2 meter radius of curvature and spaced

1.3 meters apart. Al though severe noi se generated by the triggered

spark gap prevented a measurement of the discharge voltage and current,

laser action was observed when the capacitor was charged to 15 kV, but

not when it was charged to 10 kV. The effect of blocking the mirror

farthest away from the detector on the (0,0) laser signal -is shown in

Figure 17. Laser action was also observed for 5:1 Ar+N2 and He+N2 gas

mixtures at 250 torr total pressure and a capacitor voltage of 25 kV.

Adding small amounts of SF6 to the Ar + 17% N2 mixture at 250 torr did

not prevent the laser action on the (0,0) band until the SF6 concentra-

tion approached 0.1 percent. When the SF6 fraction reached this value,

laser action no longer occurred. A sumary of the gas mixtures and

corresponding bands fOr which laser action was observed is presented

in Table I I .

A similar search was made for laser action on the CO angstrom

bands in the visibl e and the nitrogen second positive system in the

near ultraviolet. Using the appropriate mirrors that were described

earl ier, tests were carried out for a wide range of gas mixtures,

total pressures, and applied voltages with cavities having both external

and internal mirrors. No laser emission was observed in any of these

experiments. This Is probably due to the fact that the pumping rate

is not yet high enough for these systems. Since for constant gain the

.5 
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Table II
N2(B311

9 -‘ A ’E~~) Electronic States Laser Transitions
• Produced with E-Beam Stabilized Di scharge

Wave length Band Gas Mixture Pressure

1 .047 (0,0) P12 70

Ar + 16% N2 250

He + 16% N
2 

250
Ar + 16% N2 

+ 0.1% SF
6 

250
0.888 (1,0) N2 70

He + 16% P12 250

• -r

(

~~~~~~

I

. 

_ _  

~~~~~~~~ . - 

ii

- —.5— ——. .———-— -—-—.—~~~ .5~
-
~~;~

—- 
~-S —.5——---

I —~~--- - ~~~~~~~~~~ - --- --.---- ---- ~~~ -- •—-- —------ - — -- - - -—  - - -



-.5

• 54 
.5

molecul ar pumping rate scal es as A ’ (Ref. 21), the CO angstrom bands

would require approximately an 8 times higher pump ing rate and the N2
second positive system approximately a 30 times higher pumping rate

than is necessary for the N2 first positive system . However , In order
to assess with certainty why laser action was not observed in these

systems, it Is necessary to measure the populations of the electronic

states of interest. The development of techniques to measure these

populations and preliminary results of absorption measurements on

the N2(A~E )  state are described in the previous section .
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SECTION VI

CONCLUSIONS AND RECOMMENDATIONS

A feasible collisional mechanism has been formulated as a basis

for efficient, long pul se visible lasers operating on excited electronic

states of diatonic molecules . Experimen tal studies of electron-beam-

stabilized electric discharge excitation of N2 and CO showed two major

difficulties: Considerable vibrati onal excitation along with electronic

excitation, and arc breakdown restrictions on the E/N that could be

sustained. By utilizing a short duration , high vol tage e-beam stabilized

electri c discharge , laser action has been observed in the N2 first

positive system in the near infrared. However , similar experiments did

not produce lasing in the CO angstrom bands or the N2 second positive

system. It is concluded that visible lasers to be operated on high
.5 lying electronic states will require high E/N , high power density

excltatjpn with accompanying arc breakdown restrictions. These lasers

may be more amenable to excitation from above (e.g., by electron-ion- 1
recombination during e-beam ionization) rather than from bel ow by electron

impact excitation. In order to develop efficient collisional lasers on

molecular electronic states excited by e-beam stabilized electric dis-

charges, it will be advantageous to utilize molecules with sui table low- 
p -

lying electronic states.

A knowledge of the population of specific excited electronic

1’ states is necessary in order to evaluate the kinetic processes taking

place in electrical ly excited gas laser mixtures. A probe laser

— ‘
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absorption technique has, been applied to Ar+N2 gas mixtures to deter-

mine the populations of the v = 0 and v = 1 levels of the N2(A~E)
state. A more general absorption technique utilizing a narrow bandwidth,

tunable dye laser has been devi sed for appl ication to the C0(A’II) state

or to other molecules having transi tions in the visible. Absolute

spectra l emission techniques should be combined with the absorption

techniques in order to provide direct measurements of the populations

of the vibrational l evels of the electronically excited states of

candidate laser molecules.

.5 - - - - - - - 
~~

- • • 
-, _ 1 . — — - - 

- 
-

.5- - “ __ _ _ _ _ _ _  ‘~~~~~~ - ‘~~ L 4.. b _

- .5--. .5 .5-~.5  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ——.5



- 
• -‘W~~~r-—---~~~~ 

‘ ‘ 
-~~~ .~~ -

57

.7

REFERENCES
S

• 1. S. R. Byron, 1. Y. Nelson, C. H. Fisher , G. J. Mullaney, and
• A. 1. Pindroh, Final Report, Molecular Lasers in E-Beam Stabilized

Discharges, MSNW Report No. 75-105-4, February 1975 .

2. J. W. Dreyer and 0. Perner, J. Chem. Phys. 58, 1195 (1973).

3. R. A. Young, G. Black, and 1. G. Sl anger, J. Chem. Phys. 50,
303 (1969).

4. P. Millet, Y. Salame ro, H. Brunet, J. Galy, D. Blanc, and
J. 1. Teyssier, J. Chem. Phys. 58, 5839 (1973).

5. J. W. Dreyer and 0. Perner, Chem. Phys. lett. 16, 169 (1972). 
.5

6. F. J. Comes and E. H. Fink , Z. Naturforsch. 28a, 717 (1973).

• 7. E. H. Fink and F. J. Comes, Chem. Phys. lett. 25, 190 (1974).

8. R. M. Hill , R. A. Gutcheck , D. L. Huestis, D. Mukherjee, and
-
‘ D. C. lorents, Technical Report No. 3 Studies of E—Beam Pumped

Molecular Lasers, SRI Report No. MP 74-39, July 1974.
9. G. N. Hays and H. J. Oskam, J. Chem. Phys. 59, 6088 (1973).

10. 0. W. Setser, 0. H. Stedman, and J. A. Coxon, J. Chem. Phys. 53,
1004 (1970).

.5 

11. T. Kasuya and D. R. Lide, Jr., Appi . Opt. 6, 69 (1967).*
.5 

.5

12. D. E. Shemansky and A. 1. Broadfoot, J. Quant. Spectrosc.
Radiat . Transfer 11, 1385 (1971).

13. A. Schadee , Bull. Astr . Inst. Neth. 17, 311 ( 1964).

- 14. A. Bud6, Z. Physik 96, 219 (1935) .

15. G. N. Hays and H. J. Oskam, J. Chem. Phys. 59, 1507 (1973) .

16. 1. W. H~nsch, AppI. Opt. 11, 895 (1972 ).

17. C. B. Collins, A. J. Cunningham, S. M. Curry, B. W . Johnson, and

.5 

H. Stockton, Appl. Phys. Lett. ~j , 245 (1974).

18. R. Cubeddu and S. N . Curry, IEEE J. Quant. Electron. QE-9,
499 (1973).

- 
_ _ _ _



-.5 -~~~

.5  
- ..5

~~~~~~~~~
-- -
~~~

—

- 

58

19. 1. Newman, 1. A. De Temple and P. D. Coleman, paper MM, “N Infra-
red Laser Operation in an Electron Bean~ Controlled Discharg~”presented at the 4th Conference on Chemical and Molecular Lasers ,
St. Louis, Missouri , October 21-22, 1974.

20. P. K. Cheo and H. G. Cooper, Appl . Phys. Lett. 5, 42 (1964).

- 
21. C. K. Rhodes, IEEE 3. Quant. Electron. ~E-1O, 153 (1974).

.5.

. 

- 
I
.

.5 - .5 , ; , . -, ~-. • .. ,, .~~ . ,~~~~ • P -~~~
-

~~~~~~ .5 

p -

~~

.5
,

-.5-- - — -  - ‘ - -——— ---— — — — ~I_~~ _- ——-_r- ,. .._ -_ -.-~ .5—

F - 

-.5--.-- --

_____


