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1.0 INTRODUCTION

‘K&The major goal of the Advanced Laser Concepts contract is direc-
ted towards the understanding and development of chemically pumped elec-

tronic transition lasers. The program is divided into two separate tasks

which use two approaches towards achieving the comon goal. The first
task is entitled Chemistry of Excited States. The approach used for this |
task is the investigation of the possibility of producing a chemically
pumped visible or ultraviolet laser by means of chemically producing a
metastable excited species which subsequently transfers its energy to a
lasing species. The second task is entitled Molecular Beam Studies. The
approach used in this task is to explore and screen a number of species as
potential candidates for chemically pumped electronic transition lasers.

The central experimental tool is a pulsed, high flux molecular beam appara-~

tus. ‘7

\

N This report is divided into two sections. Section 2 contains a
description of technical accomplishments of Task I. Section 3 contains a

description of technical accomplishments of Task II.




2.0 TASK I. CHEMISTRY OF EXCITED STATES
2.1 Introduction

The major objective of this program was to perform studies
leading to the development of a chemically pumped electronic transition
laser. The major difficulty posed in meeting this objective is finding
either a specific chemical reaction or series of reactions that will sel-
ectively produce a given electronically excited state which has properties
conducive to laser gain. To date, there has been a notable lack of success
in the scientific community in finding a single chemical reaction that
meets all the requirements for a successful chemically pumped electronic
state laser system. The aim of this program was to avoid being restricted
to a single chemical reaction by using an alternate approach which would
separate the pumping and lasing steps. The approach used involves an
energy transfer scheme. The way in which this scheme works can be illus-

trated by considering the following reaction sequence:

A+B>C*+D 1)
A+B->C+D (2)
C* + X » C + X* 3)
X* + hv > X + 2hv (4)

In this reaction sequence, an electronically excited metastable
species C* is produced in reaction (1). The major requirements for this
species are that it can be produced in large number densities by some
chemical means and that it be long-lived enough to be able to transfer
its energy to another molecule before losing it by radiative processes.
The species C* then transfers its energy to the laser atom or molecule X

via reaction (3). The desirable properties for X are (1) a radiative

8
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lifetime commensurate with laser requirements, (2) an energy level in
near resonance with that of the donor molecule C*, (3) slow collisional
quenching, (4) it has either a 3-level system or a system with displaced
potential energy curves so the lower lasing level is not the ground state
of X and (5) it is a species that is either stable or easily produced so
it can be mixed with the metastable.

The metastable species studied in this program were NF in its
blZ+ and alA states and CO and CS in their a3H states. The b1£+ and
alL states of NF have energies of 2.42 and 1.5 eV and have lifetimes
longer than 0.1 sec. They have been shown to be produced in reasonable
number densities in a combustion system with NF3 and hydrogen-containing
compounds. The most suitable acceptor molecule for the alA state of NF
is the AZH state of CN. Experiments were performed to demonstrate the
transfer from NF(alA) to CN(AZH). In the course of these experiments,
additional methods of forming large number densities of the A2H state
of CN were discovered. Since this state of CN is a promising laser
candidate, this discovery was an added bonus for the program. Acceptor
molecules for the b12+ state of NF are various halogen and interhalogen

species, Cl, and ClF being the most promising. Experiments designed to

2
demonstrate transfer to these acceptors were also performed.

The a3ﬁ state of CO has an energy of 6.02 eV and a radiative
lifetime of 7 msec whereas the a3n state of CS has an energy of 3.42 eV
and a radiative lifetime of the order of a millisecond. Both species
are produced in carbon atom reactions; the a3ﬂ state of CO being produced

from the reaction of carbon atoms with oxygen and the 33H state of CS

being produced from the reaction of carbon atoms with carbonyl sulfide.

e




The most promising acceptor for the a3ﬂ state of CO is the B2H state of
NO. Arc experiments designed to produce large densities of carbon atoms

to allow use of these reactions are described.

For all systems studied, experiments were backed with appropriate
theoretical analysis. Several simple computer codes were developed and

used to aid in this analysis.

The report is organized as follows: Section 2.2 describes
studies of the production of the NF excited states and also study of
transfer from these states to excited states of potential lasing species.
Section 2.3 describes the chemical production of high number densities
of the AZH state of CN which was discovered in the course of the NF system
experiment. Section 2.4 describes the studies involving the excited states
of CO and CS. Finally, section 2.5 summarizes conclusions reached and

discusses the implication of these conclusions for further research.

10




2,2 NF System Experiments §

The following section presents a discussion of experiments ;
involving the blZ+ and al& states of NF. The section is arranged as
follows. First, is a description of experiments in which NF excited species
were formed by purely chemical means. Second, follows a discussion of pos-
sible energy transfer acceptors for the NF excited state energy. Third, i
is a description of flowtube experiments designed to demonstrate energy
transfer. Finally, a general appraisal of prospects for this system is

given.

a2 Chemical Production of NF Excited Species

The experiment that motivated the study of NF excited species as
energy transfer donors was an HF laser experiment in which NF3 was used as
a fuel in place of F2 in the precombustor. Bright chemiluminescent emission
was observed in these experiments which spectral analysis showed to be

due to nitrogen first positive emission and NF(alA - X3Z) and NF(blZ+ - XBZ)

emissions.

The experiments were conducted using a small scale HF/DF chemical ;
laser. A photograph of the apparatus is shown in Figure 1. Two different !
lasers were used in the experiment. The smallest has a 3 cm gain length

which allows operation using relatively low reactant flows. The larger one

O

has a 30 cm gain length and can produce 100 watts of continuous wave, HF/DF
laser power. Figure 2 shows a schematic diagram of the various laser com-
ponents. The precombustor is used to burn fuels to produce atomic or radical !
species. The effluent from the precombustor undergoes a supersonic expansion !

and is then mixed with an additional reactant. A simple side on injector

1
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Figure 2. Schematic diagram of laser device showing various components.
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is used to effect the mixing. The system is pumped by a Root's blower

backed by a mechanical pump. The pumping capacity is 3000 cfm.

For the experiment described above, NF Fz,and H, were burned in

35 2

the precombustor of the 3 cm gainlength laser. They were added at flowrates
of 2 x 10—3 moles/sec, 1.5 x 10-3 moles/sec and 1.2 x lO—3 moles/sec.
Species most likely produced are NF3, NFZ' NF, N, F, and HF. Hydrogen,
deuterium or ethylene were added through the injector at a flowrate of

approximately 0.5 x lO-3 moles/sec. The precombustor pressure in these

experiments was 18 torr whereas the cavity pressure was 3 torr.

A 0.3m McPherson spectrometer with a 1200 lines/mm grating blazed

o
at 7500A was used for the spectral measurements. A Hammamatsu S1 response
phototmultiplier tube was used to detect the radiation. The spectrometer-

photomuliplier tube setup were calibrated with an Epply filament lamp to

allow determination of absolute emission intensities.

By scanning the emission spectrum of the laser and analyzing
the resulting intensities using the calibration, absolute emission intensities
in the various bands present could be determined. Such an analysis combined
with the radiative lifetimes of the emitting species indicated the presence
of "l.5 x 1013 molecules/cm3 of NF(blZ+) and v4.4 x 1011 molecules/cm3 of
NZ(BBH). These results were obtained in the 3 cm path device. However,
equivalent number densities were obtained in the 30 cm device using corres-
pondingly higher flows. When ethylene was added through the nozzle in place
of hydrogen, only green emission due to NF(bl£+) is observed visually.

Spectroscopic analysis shows the presence of NF(aIA) emission also.

14




The emissions can be accounted for using a mechanism proposed by

1)

Herbelin and Cohen for an experiment in which the effluent of an RF

discharge through NF3 was mixed with either H2, D2, or CHA. In order for

the mechanism to apply in combustion system, F atoms and NF2 radicals must

be formed in the precombustor. The mechanism is:

HZ HF& H (la)
F + D2 - L Etaln (1b)
CH, DF CH, (1c)

X + NF, - xr 4 NFCET) (2)
* + T

X + NF2 + XNF, > XF + NF(a™4) (3)

HF (v > 2) + NF(als) » BE(v - 2) + NF(blz+) (4)

H NF(x3:") HF 9 (5a)
+ 1 > +l ¢ N( D) (5b)

D NF(a™ a) DF

N(ZD) + NF(alA) > N2(33w g) EE (6)

: .
In the above, X denotes H, D or CH Note that NF(blZ ) production

3¢

thus eliminating reaction (4 ). NZ(B3n g)

production is suppressed by using a hydrocarbon, eliminating reaction (5 ).

can be suppressed by using D2,

There was some experimental evidence that high densities of
nitrogen atoms were being produced in the system. The endpoint of a nitric

oxide titration came at an NO flow equal to the NF3 flow. Also CN red and

blue emissions similar to those observed in active nitrogen reactions could

15
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be produced by adding organic compounds to the gas stream.

The above experiments illustrated a strictly chemical means for ‘
production of high number densities of excited states. The NF(alA) and
NF(blL+) states are quite long-lived. Consequently, for these species
to be laser candidates themselves, very high number densities and a long
pathlength device would be needed to generate enough gain for lasing. Since
these criteria cannot be achieved with the present experimental arrangement,
it was felt that best use of these species would be as energy transfer
donors. The remainder of this section will address itself to a discussion

of potential energy transfer acceptors and experiments intended to demonstrate

transfer.

2:.2.2 Energy Transfer Acceptors

The preceding subsection described the chemical production of the
alL and blZ+ states of the NF radical. The NF(alA) state is the lowest
lying excited state of NF being 1.42 eV above the ground X3Z+ state. The
NF(b12+) state is next in energy, being 2.41 eV above the ground state.

Criteria for selecting energy transfer acceptors for these states are:

o The chosen acceptor molecule should have an excited state
lying at an energy resonant with or slightly lower than

the chosen NF state.

o The excited state to which energy is transferred should
have a radiative lifetime consistant with properties needed

for a chemical laser species, i.e., T > v 10 usec.

o The acceptor species should present the potential for either

a 3-level laser system or in the case of a diatomic molecule,

16




the energy levels should be displaced so there are high

Franck-Condon factors for transitions into other vibrational

levels than v'" = 0.

® The ground state of the acceptor molecule should be either
a stable species or be capable of easy formation to facilitate

addition into the metastable gas stream.

A scan was made of non-metallic substances for use as energy
transfer acceptors for NF(alL) and NF(blZ+). The most promising acceptor
species for NF(al;) is CN in 1its Azi state. Atomic iodine is also a possi-
bility. For NF(blZ) the most promising acceptor species are ClF and Cl2
in their A3i states. A discussion of why these species are promising
acceptors is presented in the following. A description of flowtube experi-
ments performed to demonstrate the transfer mechanism is presented in

Sectiaon 2.2.3,

cN %)

The AZH state of CN appears a very promising candidate for a

¢ 2)

chemical laser. 1Its radiative lifetime of 7 usec is within the limits

of feasibility for a mixing laser. 1Its potential energy curves are displaced

(r, for x%: 1s 1.1798; r, for A%n is 1.2332¢ %

). This combined with the
relatively wide spacing of vibrational levels allows favorable transitions
to other than the v" = 0 level. Lasing has been achieved in this species
in both flash photolysis and electric discharge lasers. Finally, the CN

radical can be produced relatively easily in chemical reactions as demon-

strated by experiments discussed in Section 2.4,

The transfer scheme is from NF(alA) with To = 11439 cm-l to

17
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CN(Azii, v = 0) with TO = 10021.1 cm-l. Transfer to the CN(AZS, v=1)
state is not energetically possible as Tl = 11808.4 cm-l. Hence, the energy

levels are close to resonant, particularly when rotational levels of the

v = 0 level are considered. The equation for transfer is:
+ +
wr(ala) + one®sh) T wradch) + ena?n ) (7)
i

Such a transfer does obey the Wigner-Witmer spin conservation rules. Spins
of the various species in this scheme are the same as in the Oz(lé) to
I(ZPB/Z) scheme which has been shown to proceed rapidly. Therefore, on

the basis of the near resonance of the transfer and the spin considerations,
this transfer should proceed rapidly to the right hand size in Equation (7).

The most probable lasing transition would be from the v' = 0 level of the

A21 state to the v'" = 2 level of the XZE state.

A kinetic calculation to determine the feasibility of the
NF(ald) to CN(AZi) transfer scheme can be performed. The kinetic steps to

be considered are as follows for lasing on the (0 - 2) transition.

NF* + CN(v = 0) < CN* (v = 0) + NF (8)
CN*(v = 0) » CN(v = 2) + hv (9)
CN*(v = 0) = CN(v # 2) + hv (10)
CN*(v = 0) + Q = CN(v = 2) + Q (11)
CN*(v = 0) + Q ~ CN{v # 0) + Q (12)
NF* + Q - NF + Q {13)
NF* + CN(v = 2) < CN*(v = 1) + NF (14)
CN(v = 2) + Q » CN(v # 2) + Q (15)
18
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In the above equations NF#* refers to the NF(alL) state and

CN* and CN refer to the CN(AZH) and CN(XZI) states respectively. Q is

any quenching species present in the system. The kinetic rates in most

of the above equations are not well known. In order to perform a kinetic
calculation to indicate system feasibility, pertinent rates were estimated.

The transfer rates k8 and k14 were assumed to be of the same order as

%) 16 =

for Oz(la) to I* transfer or 7 X 10~ cm3 molecule—l sec ~. The

reverse rates were assumed to be slow because of the large energy differ-

ence. Thus k—8 and k_l4 were assumed to be of the order of lO_13 cm3

molecule_l sec—l. k9 and klO are just the inverse of the radiative

(2)' 5 =1

lifetime of 7 usec Thus, kg = kj5 = 1.4 X 10" sec . The principal

quenching species expected to be present are R-CN, where R is CN, H or

Cl; and H,; HF and NFn' Quenching rates for the AZH state of CN by these

2;
species were not available when these calculations were performed. How-
ever, reaction rates of CN radicals with hydrogen (< 1 X 10-13 cm3
molecule—1 sec:-1 (5)) and CNCL (2.5 X lO—15 (5)) are slow. Also, unless
quenching rates are very rapid, spontaneous emission is expected to be
the dominant deexcitation mechanism because of the relatively short life-
time. For these studies, quenching rates of kZO = k21 = k22 =1X 10_12
cm3 molecule-—l sec—1 were used. Variation of these rates has little
effect on the result of the calculation. For the present calculation

k24 was assumed zero. This is the worst case since this step depopulates

the lower lasing level.

Initial concentrations used for a model calculation were
1S 3 15 3
[NF*¥] = 1 X 107~ molecules/cm™, [CN] = 1 X 107~ molecules/cm” and [Q] =

- molecules/cm3. The computational results using the above rate

5 x 10
constants and concentrations with a mixing time, tm’ of 20 usec are
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{ plotted in Figure 3. The difference CN*(v' = 0) - CN(V" = 2) is plotted

t as gain. For times shorter than tm the calculated concentrations were

|

|

| multiplied by t/tm to give average concentrations over an arbitrary gain
|

f

length.

! The number densities in the upper and lower states of CN can be

related to the optical gain o by the equation(6):

l 2 A "
BN 1n2 / g' A lf_ <N ST G = SR A (1]
Il 411 Av g' g"

3 where g' and g'" are the degeneracies of the levels, A is the Einstein

coefficient for spontaneous emission at wavelength ) with an effective
line width of Av, and v and J are vibrational and rotational quantum

numbers. Substituting numerical values in the above expression for the

v' = 2, v" = 0 transition in CN gives

o % 6% 1078

-1
(NU -1/2 NL) cm
t This calculation indicates that a concentration difference of only

1.6 X 1012 molecules/cm3 would be required to produce a gain of 10-3 cmnl.

Thus, high number densities are not required for lasing on CN(AZH). The

results of the kinetic calculation above indicate that the transfer mech-
anism could produce a concentration difference sufficient for lasing.

The major problem may be pumping the lasing state rapidly enough to main-

tain an inversion.
P
Transfer from Oz(alA) to atomic iodine has been shown to proceed

(3)

rapidly . In fact, this transfer has been proposed as a promising

mechanism for production of a chemically pumped iodine laser(7). The

alA state of NF is isoelectronic with the alA state of 02 and thus may
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Figure 3. Plots of concentrations of various species versus
time for NF-CN energy transfer.
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also transfer its energy to iodine. The principal argument against this
1

transfer is the large energy difference of 0.48 eV between the a A state

of NF and the 2Pl/2 state of iodine. This is much farther from resonance

than are Oz(alg) and I(2P However, no rules such as have been

/2
established for vibration to vibration energy transfer are known for the
importance of energy resonance in electronic to electronic energy transfer.
This means the transfer could be feasible. 1If the transfer proceeds

rapidly, there may be some advantage to use of NF(alA) instead of 02(a1;)

because of the relative ease of production.

The NF system has the same advantage as the O2 system in that
1 1+
both the a 4 and b"L states are present simultaneously. Thus, the
1+ : , 1
b I state can dissociate 12 into atoms and the a A state can transfer
its energy.

Quenching rates for I(ZP

1/2
s G and 10_13 ) cm3 molecule_l sec_l respectively. The presence

) by HF and H2 are of the order of
10
of vibrationally excited HF could be either a help or hindrance. It

could help by transferring some of its energy to I(zPl/z) but may hinder
lasing because of its high gain. Detailed calculations were not performed
for this system. However, qualitatively the applicable rates are very
similar to those for CN presented in the previous section. Iodine has

the advantage that the ratio of statistical weights of the upper and

lower states is 0.5, which makes an inversion easier to achieve. Study

of this system was not emphasized in the present program. It is presented
in the report as a possible acceptor molecule for energy from the alA

state of NF.
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3 3.
C1F (A ", l)’ ClZ(A “0)

The low lying triplet states of halogens and interhalogens appear
to have lifetimes in a range to make them possible laser candidates. For
: (10, 11) .
example, Broida, et al. have measured collision free lifetimes of
the BBKO states of iodine and bromine to be from 0.28 usec to 1.2 usec
depending on upper vibrational level. The collision-free lifetime of
(12)

to be of the order of 100 usec. CI1F and Cl2 should

IC1 was measured
have longer lifetimes than bromine or iodine since their absorption

bands are weaker indicating smaller transition probabilities.

Quenching rates of halogens have been measured to be exceedingly
rapid. However, this observation was made when vibrational levels above
the dissociation limit of the molecule had been excited, making predissoc-
iation a likely path for quenching. However, if levels below the dissoc-
iation limit are excited, predissociation is no longer a quenching mech-

anism. Thus, quenching of these levels may be considerably slower.

There is a reasonable match between the energies of the
NF(alZ+) state and the A3H states of CLF and C12. For NF(bll), To is
19473.5 cm_l. For C1F, To is 19112 cm_l (10). The dissociation energy
of C1F is 20632 (:m—1 indicating that there is not enough energy available
to decompose the molecule. For Clz, To is 17938.6 cm_1 and the dissoc-
iation energy is 20632 cm-l. Again the energy of NF(blZ+) is sufficient
to populate the A3ﬂ level without dissociating the molecule. Other
halogens and interhalogens could also be of interest although their

dissociation energies are slightly lower than the energy, To, of the

NF(blx) state.
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The above species are the nonmetals that look most promising as

1 T & -
energy transfer acceptors for the a A and the b"Z states of NF based both
on energy and lifetime considerations. Metallic systems were not considered

in these screening because of difficulties in handling metal vapors in the

experimental apparatus used for energy transfer studies.

2.2.3 Experimental Energy Transfer Studies

The majority of the energy transfer studies were conducted in a
flow apparatus. However, one experiment was performed in an HF laser
L = : i 10t -
apparatus. The flowtube methods of production of the a4 and b™L states

of NF were: (1) an electrical or microwave discharge through NF, and

3

(2) the reaction of hydrogen atoms with NF The experimental details of

9

these studies are presented below.

2.2.3.1 Discharge Production of NF Excited Species

Experimental

Two flowtubes were used for discharge experiments. The first was
a flowing hollow cathode discharge system shown in Figure 4. The flowtube
is 32 mm in diameter and is constructed of pyrex. The discharge is of the
hollow cathode type and can be operated at total pressures ranging from
0.2 to 15 torr at voltages ranging from 200 - 500 volts and currents of
from 1 - 200 ma. A right-angle bend with a light trap is placed between
the discharge and interaction region. Three mixing ports are available,

The first is a pinwheel design with holes spaced on each spoke to provide

optimum mixing. The other two are simple injection ports downstream of
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the pinwheel.

The second flowtube shown in Figure 5 utilized a microwave dis-

; charge to generate excited species. The flowtube was 120 cm long and 3.7

cm in diameter. A microwave antenna operated from a 2450 Mc, 125 watt
microwave diatherm generator was used to maintain the discharge. A distance
of approximately 1 foot separated the discharge region and the first mixing

nozzle. There were three injection mixing ports separated by distances of

approximately 7.5 cm. There was a second microwave discharge on the tube

leading to the third injector, allowing production of unstable species.

Both systems were pumped by a 3000 cfm Roots-type blower backed by
a mechanical pump. . Typical flow rates were of the order of 5 x 10_3 moles/

sec.

Spectroscopic studies were conducted using a 0.3 m McPherson

218 VUV spectrometer. For studies of NF excited state quenching and

22, AV >1) emission a 1200 line/mm grating blazed at 7500A was

CN(AZH - X
used. The detector was an RCA C31034A photomultiplier tube. To observe
emission from the (0 - 0) band of CN(A - X) emission, a cooled PbS detector
was used. A lens was used to focus the radiation into the spectrometer at

the proper angle. The spectrometer was mounted on an adjustable milling

table to allow movement along the length of the tube.

The NF3 was manufactured by TRW at the Capistrano site. It was

normally diluted with helium before being added to the discharge. Mixtures
of NF3 in helium ranging from .001% to 5% were used depending on discharge
conditions. The hollow cathode discharge could not be maintained at high

NF3 pressures. Thus, very dilute mixtures were used in this device.
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Initial experiments concentrated on optimizing NF emissions.

&
With NF3 in the discharge, a large amount of green NF(blZ ) emission was

observed. NF(al&) emission was only one tenth of the NF(blZ+) emission.

Nitrogen first positive emission was observed close to the discharge region

but became negligible downstream. Addition of D2 through the first mixing

port resulted in a bright orange glow extending the length of the tube.

1 4

A spectral scan showed N, first positive emission as well as NF(b™ I )

2
emission. The region where NF(alA) is expected to occur was masked by the
N2 first positive emission. Addition of NO through the second mixing port
Quenched the nitrogen first positive emission, allowing observation of

o
the NF(al;) line at 8742A. Both the pure discharge stream and the stream

after addition of D2 and NO were used for transfer experiments. For all

experiments, the pressure in the flowtube was near 1 torr.

Several means were used in an attempt to generate CN radicals.
With this particular experimental configuration the method used was a
secondary microwave discharge through either a cyanogen~helium mixture or a
methane-nitrogen mixture. Because the mixing nozzle consists of a 3 cm
length of 2 mm 0.D. tubing, there is some concern that CN radicals generated
in the discharge recombined before reaching the main flow. Some CN absorp-
tion experiments which will be described in a later section indicate that
this is a valid concern. The major difficulty in these systems was to
produce a relatively concentrated source of CN radicals in their ground
state and to mix them with a second stream. As will be seen in the follow-

ing discussion, this was not fully achieved in these experiments.

For a typical experiment, NF emissions were adjusted to their

optimum values and a mixture expected to produce CN radicals was added
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through the third mixing nozzle, having first passed through the secondary

microwave discharge. Observations are reported below.

Results

3
NF(blZ ) Transfer to CN

Initial experiments were conducted with NF, in the discharge

3

without D2 and NO downstream. These experiments produced some interesting

results which will be described in some detail below.

In the initial experiment, a methane-nitrogen mixture was added
to the main flow through the secondary microwave discharge. A flame that
visually appeared white resulted. Spectral analysis showed the presence of
both CN red and blue band emissions. A slight increase in CN emission
intensity was observed when the secondary microwave discharge was turned
off. This indicated that the emission resulted from interaction of some-

thing produced in the NF_ discharge with methane. Observation of the

3
1 +
NF(b £ ) and NF(alA) emissions showed that these were quenched on the
addition of methane. This observation is different than that of Herbelin
=Y
and Cohen who saw increased NF(blZ ) and NF(alA) emissions when methane

was injected downstream of an RF discharge through NF3. Also, they did

not report observation of CN emissions.

A detciled flow analysis was not conducted. However, qualitatively,
a very definite dependence of CN emissions on methane flow rate was observed.

With a flow of NF. of approximately 14 cc/min and a total flow of 4600 cc/min

3

(i.e., a 0.3%7 mix of NF, in He); the CN emission was optimized at a flow

3
of approximately 6 cc/min of methane. There was a very sharp maximum in

intensity with methane flow at the above flowrate. It should also be
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mentioned that these intensity observations were made at a fixed distance i
from the injector. Visually, the flame changed from relatively diffuse to
very sharp (tight flame conditions) with changing flows. Observation of CN
emissions was reproducible over a wide range of flow and pressure conditions.
The carrier in which the methane was introduced was unimportant. Pure

methane, methane in nitrogen and methane in helium all yielded CN emissions.

Because a large amount of CN emission was produced, it was impossi- i
ble to distinguish that emission which may have been formed by energy trans-
fer from NF from that formed by some other mechanism. Because energy trans-
fer should yield primarily CN(AZH, v' = 0), it should in principle be
possible to observe anomalies in the 0-0 band of 1.1 u. However, this is
very difficult in practice because of the limited detector sensitivity at
1.1 u and also because no single detector had reasonable response to both
the 4v = 0 and Av > 1 bands. These detector limitations combined with the
relatively small signals at 1.1 u made results of these experiments

inconclusive.

Several other substances were substituted for methane. Those
studied were cyanogen, ethane, acetylene, methyl chloride,and Freon 22,

CHCle. Observations are outlined below.

Cyanogen

o °
No emission in the wavelength range from 2000A to 9CO0A was

observed when cyanogen was added to the effluent from the NF, discharge.

3
However, slight quenching of both the NF(blZ+) and NF(alA) states was
observed, with very high flows of (CN)2 required for complete quenching.

An attempt was made to look at the 0-0 band of the A2H state of CN at 1.1 u
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using the cooled PbS detector. There appeared to be some signal when the
discharge through cyanogen was turned on. However, it was so close to the
noise level as to be inconclusive. It is possible that there is a slow

reaction between NF and cyanogen

NFbEZTY + (CN), » CNF + CN, (16)

that would explain the observed quenching.
Ethane

Addition of ethane to the effluent from the NF, discharge resulted

3
in production of CN red and blue band emissions as with methane. However,
in contrast to the methane result, the NF(b12+) emission was enhanced with
ethane addition until some critical ethane flow was reached at which time
the signal decreased. There was a factor of 4 difference in NF(blz+)
emission intensities when methane and ethane were present. Addition of D2
upstream of the ethane nozzle also caused some enhancement of the CN in-

tensity at low flows of D This is again in contrast with the methane

2°

result.

Acetylene

Addition of acetylene to the effluent from the NF3 discharge also
resulted in CN red and blue band emissions. These emissions were approxi-
mately a factor of 4 less bright than those observed upon addition of
methane or ethane. As with methane and ethane the CN emission intensity
was optimum at a relatively low acetylene flows. The NF(blZ+) emission
was quenched with increasing acetylene flow as is shown in Table 1.

Addition of D, upstream of the acetylene decreased CN emission intensity

2
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VARIATION OF NF (blZ+) EMISSION INTENSITY WITH ACETYLENE FLOW

TABLE 1

Acetylene Flow

(cc/min) Intensity

0 8.05

5.6 7.42
8.6 701
15.0 6.45
20.6 6.10
316 5.59
35.8 5.35
51.4 3.02

-
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even though nitrogen first positive emission increased. This was similar

to the result obtained with methane.

Methyl Chloride

Addition of methyl chloride to the discharge effluent resulted in
CN red and blue band emissions that were approximately a factor of 2 higher

-
than with methane. Slight quenching of the NF(blZ ) state was observed.

Methylene Chloride, Chloroform and Freon 22

These substances were added as a check to determine whether active
. . T ,(13)
nitrogen is the species responsible for the CN emission. Broida and other
workers have reported brightest chemiluminescent emissions in active
nitrogen with chlorinated hydrocarbons. In these experiments little or no
CN emission was produced when halogenated hydrocarbons (with the exception

of methyl chloride) were added to the effluent from the NF, discharge. In

3
the best case, that of methylene chloride, the CN emissions were more than a

factor of 10 less intense than with methane. This indicates that the

normal active nitrogen mechanism is not occurring under these conditionms.
Conclusions

The experiments conducted above were not conclusive in showing
that energy transfer from NF(alA) to CN(AZI) was occurring. The major
difficulties were: (1) the production of CN(XZZ) ground state in sufficient
concentrations that definitive results could be obtained and (2) the problem
of detecting the 1.1 u emission emitted by the 0-0 band of the CN(A - X)
transition. However, the experiments did demonstrate the feasibility of
CN excited state production from the interaction of the effluent from an

NF3 discharge with various hydrocarbons. Since similar products appear to
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be formed in the NF3 combustion system, it seems likely that these modes of

CN production should apply equally well to that system. Thus, excited

state CN production has been demonstrated.

It is interesting to speculate on a possible mechanism responsible

for the experimental observations. It is first interesting to consider the

following mechanism proposed for active nitrogen reactions with methane(la).
: 3.+ 1+
I\z(A Z )+ CHA CH3 - NZ(X DI (17)
N + CH, - HCN + 2X (18)
N + CHy -~ HCN + H, (19)
+ -
H CH3 H2 + CH2 (20)
N + CH, > CN + 2H (21)
*
- CN + H2 (22)
- HCN + H (23)
H+ CH, > CH + H, (24)
*
N+CH »>CN +H (25)
Het= CH. = € & H2 (26)

In the above mechanism, reaction (22) and (25) are postulated as
the steps which produce the Azﬂ and BZZ states observed in emission. With
methane, steps (20) and (24) are endothermic, whereas if halogens are
substituted for the hydrogens, the reactions are exothermic. This is used
to explain why halogenated halocarbons produce more CN emission than
saturated hydrocarbons in active nitrogen. If the discharged NF_ is

3

considered, the species present are NF_, NF NF(X3Z), NF(alA), NF(blZ+),

3’ 2’
34
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3
F, and possibly some N and N (A"Z). Note that CHn radicals can now be

formed by fluorine atom reactions such as:

F+ CH, -~ HF + cn3 (27)
F + CH, + HF + CH, (28
F + CH, - HF + CH (29)
F+CH - HF +C (30)

These reactions are not exothermic when H is replaced by halogens. Thus,
methane and methly chloride (which has only one chlorine) should lead to
numerous radicals which could react by reactions (22) and (25). In addition
to F atom reactions, it is also necessary to consider NF radical reactions

of the type:

NF + CH3 > CH3F + N (31)
NF + CH, ~ HF + HCN (32)
-~ HE + CH -+ H (33)
- CHZF + N (34)
NF + CH - CN + HF (35)

which are energetically feasible. Reaction (35) has an exothermicity of
163 kcal/mole which is sufficient to produce both the 82Z and AZH states
of CN. However, most of these reactions are 4-center reactions which

could be kinetically slow., If reactions (31) and (34) proceed at a reason-

able rate, they could provide an additional source of nitrogen atoms.

Finally, reactions of NF with CN other than energy transfer should

be considered. The two reactions are:
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NF + CN > CN, + F (36)

NF + CN -~ CNF + N (37)

Reaction (36) is near the thermoneutral. Since the thermodynamics of NF
and CN2 are not well known, the energy of this reaction cannot be easily
characterized. Reaction (37) is approximately 40 kcal/mole exothermic and
could cause serious competition with the energy transfer. However, because

N atoms are formed, it could lead to CN formation by reaction (25).

Other reactions may also be possible in this system which are not
included here. The mechanism is of interest and is discussed in detail
{ because the species mentioned are likely to be present in any NF3 combus-
tion system. The mechanism shows that CN excited state production can
occur in this system by methods other than energy transfer. Thus, the

system appears to present a good chemical method of CN excited state produc-

tion, regardless of whether the energy transfer mechanism is valid.

NF(blZ+) Transfer to Cl2 or C1F

el D ot s Lol B R b b 4 2 ik Tt e

The flowtube sketched in Figure 5 was used for these studies.
+
The blZ state of NF was generated by passing a mixture of NF3 in helium
through the microwave discharge. Chlorine or chlorine fluoride was

added through the first mixing nozzle downstream of thr discharge. For each

LT W v —

o
experiment, the spectrum was first scanned from 2000 - 8000A with the NF3 - He

e s

mixture in the discharge and no gases added downstream., It was then scanned

with the NF3 - He mixture in the discharge with either chlorine or chlorine

fluoride downstream.

With chlorine added, a small emission peak dependent on both the
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:
NFJ and Cl2 flows was observed centered at 6650A. However, this spectral %
feature was very weak and could not be intensified enough to enable it to
be characterized. Quenching of the XF(bl;+) emission by chlorine was
studied. For these studies the NF3 in He flow was held constant and the
spectrometer was set to observe the 5288; peak of the NF(bli+) emission
at a fixed distance of 8 cm from the mixer. A semilog plot of I/Io versus
chlorine concentration was linear as shown in Figure 6. I is the NF(blI+)
emission intensity at a given chlorine flow whereas Io is the NF(bli+)
intensity with no chlorine flow. Analysis of the slope of this plot gives
a quenching rate of 1.5 x lO_ll cm3 moleculeml sec_l. The experiment did
not conclusively prove that this quenching was due to energy transfer.
With the excess energy in the blZ+ state of NF, a reaction with chlorine

to form C1F and NC1l could be exothermic. However, such a four-center

reaction would not be expected to be as fast as the measured rate constant.

The addition of chlorine fluoride to the effluent of the discharge
produced visible quenching of the NF(bli+) emission. Qualitative spectral
studies showed the quenching rate was of the same order as that observed
with chlorine. Spectral scans showed no emission that was attributable to

the addition of chlorine fluoride.

It should be noted that chlorine fluoride behaves very much
like fluorine and requires passivation of all apparatus through which it
flows. Passage through flowtubes resulted in popping in the vacuum line.
Problems were also encountered upon completion of the experiment after all
chlorine fluoride had been pumped from the lines. Opening the vacuum system
resulted in a chlorine odor that permeated the room and could be detected

for several days afterwards, even though careful steps were taken to seal
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Figure 6. Semilog plot of I/Io versus chlorine concentration
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all vacuum lines carefully and to remove all possible sources of leaks.

This was an unexpected hazard in the handling of CI1F.

2.2+3: 2 H + NF_, Experiments

- - ' - Al e :

I'he main production mechanism of NF(a &) in NP3 - H2 systems is
the reaction of hydrogen atoms with NF7 radicals. Thus, an experiment
where these two reactants are mixed directly should provide a relatively

S
pure source of NF(a 4) and should avoid complicating species which are

produced in a discharge.
Experimental

The apparatus used for this study is shown in Figure 7. Hydrogen
atoms are produced by a microwave discharge through hydrogen. A platinum

wire probe can be inserted into the flow to measure the hydrogen atom

(15)

concentration by the method of Tollefson and LeRoy, The probe is removed

before addition of NZF4 to avoid a reaction on the surface of the wire

which changes the characteristics of the probe. The NF, radicals needed

2
for the study are generated by heating tetrafluorohydrazine, NvFg’ which
PR (16) -
has a FZN - NF, bond strength of 20 kcal/mole. Studies have reported

that a temperature of 150°C will cause almost total dissociation of NZFA

into NF2 radicals. The tube through which N2F4 enters is heated by a set
of cylindrical heaters. Heating tape is wrapped around the flow tube up

to the hydrogen nozzle to insure dissociation of NZFA up to the mixing
region. Temperature is controlled using variacs and is measured at several
points along the tube with thermocouples. The hydrogen atom and NFZ

streams are mixed using a concentric tube arrangement as sketched. A

secondary injector downstream allows addition of possible energy transfer
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acceptors. Emission is observed with the McPherson spectrometer mounted

on a milling table to allow intensity versus distance measurements,

Availability of N F4 proved to be a major problem in conducting

2

this experiment. The only manufacturer who produces NZFA at present is

Hercules, Inc. in Magna, Utah. The problem in obtaining NZFA from them was
lack of a permit to ship more than very small samples. This situation has
since changed and a purchase order for a 1/4 1b bottle has been sent.

However, during the duration of the contract, only a 3 gram and later a

10 gram sample could be obtained. There was also a time interval between
obtaining the first and second samples. Both as a safety measure and to
conserve N9F4 a 5% mixture of N2F4 in helium was prepared for use in these

experiments.

Hydrogen and the 5% mix of N2F in helium were added through

4
Matheson 600 flowtubes. There was some concern in using these flowtubes
with N2F4 because of its strong oxidizing nature. In practice, however,
no problems were encountered with the exception of some etching of the
inside of the flowtube. This made periodic recalibration of the flowtube

necessary. A calibrated orifice would be preferable to the flowtube for

use with pure NZFA' In later experiments, it was found that a lower flow

of hydrogen than could be conveniently measured with the 600 flowmeter was
needed. For these experiments a calibrated oil manometer flowmeter was

used to measure hydrogen flow.

A series of tests were conducted to optimize hydrogen atom pro-
duction and to perfect the hydrogen atom measurement technique. These tests

illustrated the necessity of coating the tubing near the discharge region

41
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with orthophosphoric acid to enhance hydrogen atom production. This

coating is thought to work by preventing hydrogen atom recombination on

(18)

the walls. The measurement technique worked very well with no modifica-

tions to the method of Tollefson and LeRoy. Thus, these experiments will
not be described here. Under a typical run condition with several torr

of hydrogen in the discharge region, 1% of the hydrogen was measured to be
dissociated into atoms at the detector. Addition of helium through the
side tube did not affect the measurement. The orthophosphoric acid coating
tended to degrade with time, hydrogen atom concentration being optimum
when the tube was first coated and then decreasing slowly with time. Thus,
the coating had to be renewed periodically. Judgement of when to renew

the coating was made on the basis of emission intensities observed in the

H + NF2 experiment.

Results

Initial experiments concentrated on production of NF(alA)- For

these experiments, H, was flowed through the discharge region and the 5%

2

mixture of N,F, in helium flowed through the tube heated to 120°C. In the

first experimgnts, no visible emission was seen in the mixing region.
However, spectral analysis showed the presence of NF(alA) emission at 8742;.
Clyne and White had reported the presence of nitrogen first positive
emission and green NF(blL+) emission in a similar experiment, Thus, it

was somewhat surprising that NF(blz+ - X3Z) and nitrogen first positive
emissions were not observed in the mixing region. When the flowtube was
carefully observed in the dark, a yellow-orange glow due to nitrogen first
positive emission was seen in the heated tube through which the NZFA
entered the flowtube. This indicated backstreaming of the hydrogen into
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this region,By decreasing the hydrogen flow, the colored emissions moved

into the interaction region where spectral analysis showed they were
NF(bl:+ - X3L) and nitrogen first positive emissions. The intensity of the
NF(al; - X2;) emission was also higher than observed previously. These
spectral observations are consistent with those of Clyne and White.(lg)
All emissions increased with NZFQ flow over the range of flows available

with the 600 flowmeter. Totfal pressures in the flowtube in these experi-

ments ranged from 0.5 to 1 torr.

By choosing proper flow conditions, the NF(al;) emission could
be made dominant over the nitrogen first positive emission. Under some
conditions, only NF(al;) and NF(blK+) emissions were observed. Under these
conditions: hydrogen flow = 23.1 cc/min; tetrafluorohydrazene in helium
flow = 33.4 cc/min; pressure = 1 torr; a study of NF(ali - XBI) emission
intensity versus distance was conducted. A semilog plot of intensity
versus distance was linear as shown in Figure 8. The slope of the plot is
0.15 <:m-l which with the velocity in the tube of 60 cm/sec gives a slope
of 9 sec_l. Because of the limited amount of N_F, available, a detailed

2 04

study of intensity versus distance at various N concentrations could

24
not be conducted. This type of study with extrapolation to zero pressure

of NZFA would be necessary to obtain a realistic estimate of the NF(ala)

lifetime.

NF(ali) Transfer to CN(AZH) 1

Two methods were used in an attempt to introduce ground state CN
radicals in this system. The first was a microwave discharge through either

a cyanogen-helium mixture or a methane-nitrogen-helium mixture. The other
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was by passing cyanogen over a platinum filament heated to a white glow.

- : : IR | e

o determine whethei the discharge had an effect, the NF(a”.) emission was
first monitored to determine if any quenching occurred. The emission in-

; TS 185 : .
tensity of the NF(a"2.) line remained constant whether or not the discharge
2 2

was on. With the methane-nitrogen-helium mixture the CN(A II) and CN(B"I)
emissions were seen as with the discharge experiments. Because of the it
ineffectiveness of the discharge, an experiment was designed to determine

if CN radicals were indeed being produced in any reasonable concentrations.

This experiment is described in the next section.

Detection of CN Radicals

An absorption experiment was designed ‘> detect whether CN
radicals were entering the flowtube. The experimental apparatus is shown
schematically in Figure 9. The cyanogen or methane-nitrogen-cyanogen mix
was passed either through a microwave discharge or over a heated wire.

They then entered the cylindrical absorption cell either through 8 mm
tubing or through a nozzle as used in the experiments. The absorption cell
was 85 mm in diameter and 120 mm long. In experiments where there was
emission, this emission tended to appear uniform in the cell indicating
approximately constant concentrations. The vessel had two symmetrical
pumping outlets and the residence time of radicals in the cell was approxi-
mately 0.1 sec. A microwave discharge through a slowly flowing mixture of
30 parts argon, 1 part nitrogen and 5 parts methane at 1 mm pressure pro-
vided the source of CN(BZL - XZZ) violet band emission. The radiation was
passed through a White's cell(zo) set to pass the radiation four times

through the reaction vessel to give an effective path of 48 cm. An EMI

6256S photomultiplier at the exit of a spectrometer was used to monitor
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the radiation., Phase sensitive detection was used to correct for emissions

from the absorption cell.

Only very small (<17%) absorptions were seen even under optimum
conditions where intense CN violet emission was produced in the absorption
e ey ==t ;s 10 3
cell. This indicated CN concentrations of about 10" molecules/cm” under

the most favorable conditions. This appeared to decrease even more upon

passage through a nozzle.

These experiments aid in explaining why as much difficulty was
encountered in studying NF(blZ+) to CN energy transfer. With such low
concentrations of CN being produced, it would be surprising if quenching
or emission had been seen. It appears that a chemical method of producing
CN like in FZ/HZ/(CN)Z flames described in the next section would be needed

to generate enough CN radicals to allow a flowtube study to be conducted.

NF(alL) Transfer to Atotiic Iodine

In a preliminary study of this system, molecular iodine was
added to the H + NF2 stream through the secondary nozzle. This resulted
in quenching of the nitrogen first positive and NF(alA) emissions.
However, an unexplained five-fold increase in NF(blZ+) emission inten-
sity was observed. Some emission was observed at 1.315 u where the
I(2P1/2) state emits. The dependence of this emission on iodine flow

indicates iodine rather than HF overtone emission. Limitations in

NZFA cupply and time did not permit more detailed studies.

2.2.4 Transfer Experiments in Laser Device

As a test to determine whether emission could be observed,

cyanogen was added to the cavity of the combustion driven laser after

flows had been adjusted to optimize NF emission intensities. Flows are
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NFJ = 2 x lU—3 moles/sec, H, = 4.2 x l()-3 moles/sec, F2 = 2 x 10-3 moles/sec,

02 =1 x 10_3 moles/sec and (CN)2 =1 x lO_.3 moles/sec. Upon addition of
cyanogen the color of emission in the cavity changed from yellow to white.
Spectral scans showed the presence of both CN red and violet band emissions.
Vibrational levels up to v' = 9 were observed inthe CN red band emission.
Substitution of methane or ethylene for cyanogen resulted in even brighter
emission. A scan with a calibrated spectrometer and integration of the
resulting emission spectrum showed the presence of greater than 1 x 1014
molecules/cm3 of the AZH state of CN. The spectral distinction indicated

that the CN emission was probably produced by a mechanism other than energy
transfer. It can be postulated that active nitrogen reactions are responsible
for the emission. A possible mechanism is the same as presented for the
flowtube observations in Section 2.2.3.1, These experiments were signifi-
cant in that they proved that CN red band emissions could be produced in

high intensities in a purely chemical system. Implications for further
research are that active nitrogen reactions could possibly be studied in a

purely chemical system that would allow direct assessment of chemical laser

potential.

263 CN(AZH) Studies in Flames

The experiments which will be described in this section are a
side result of the NF excited species studies described in Section 2.2,
As described in that section, NF3 and H2 were burned in the precombustor
of a chemical laser device with H2 or D2 being added through the cavity
injector. When hydrocarbons or cyanogen were added through the cavity
injector with the hydrogen, a white emission appeared. Spectral analysis

showed this emission to be due to the BZE - XZZ and AZH - XZE bands of
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2 =
CN. The study had been aimed at studying the NF(al;) to CN(A"Nl) transfer

mechanism as described in Section 2.2, Thus, when CN emission was observed

on addition of cyanogen, it was felt that a mechanism of the type
2 (CN)2 -+ FCN + CN (38)
MYl : B 1%
NF(a~A) + CN - CN(A“T) + NF(X L) (39)

may have been contributing to the emission. Consequently, the spectrometer
was set to observe the 0 - 0O band of the CN(AZI - XZZ) transition at 1.1 u
since the v' = 0 should be prodomenantly populated by the transfer mechanism.
Flows were then adjusted to optimize the emission in this band. Suprisingly,

the emission became optimum when the NF, flow was stopped and only Fluorine

3
flowed through the precombustor and hydrogen and cyanogen in the cavity.

Under these conditions the visible emission was red in color and blindingly
intense. A scan of the spectrum showed emission only from the Azi - XZZ
transition of CN. The combined observation of only one electronic transition
and high emission intensities indicated the presence of high number densities
of the Azi state of CN. At the very least, this observation showed that
chemical production of CN radicals for use in the transfer scheme would be

no problem, However, the high chemiluminescent emission intensities indicated
that the system could be interesting itself as a potential chemical laser
system. To investigate this possibility, several experimental diagnostic
measurements of the laser cavity were made to determine excited state

number densities, temperature, ground state populations and gain. The

experimental measurements and results are described below.
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2.3, Experimental Techniques and Analysis

Chemiluminscence Measurements

Chemiluminescent emission spectroscopy is a straightforward
method for measuring kinetic temperatures and concentrations of excited
state species. Details of the experiment are diagrammed in Figure 10,
The spectrometer is a 0.3 m McPherson. This was used in conjunction with
different gratings and detectors depending on the wavelength region of
interest. For studies of the Av = 0 and Av = -1 bands of the Azﬁ - XZZ
system of CN, a 600 line/mm grating blazed at 1.6 u was used in the
spectrometer. The detector for this region was cooled lead sulfide, PbS.
For studies of the Av > 1 bands of the AZX - XZZ system of CN, a 1200
line/mm grating balzed at 7500; was used in the spectrometer. The detector
was a Hammamatsu S-1 response, side-on photomultiplier. Some studies of the
BZZ - XZI emission of CN used a 1200 line/mm grating blazed at 30002. The
detector for this spectral region was an EMI 6256S photomultiplier. Measure-

; : 5 ; 2 : 3
ment of absolute intensities in units of watts/cm” ster is obtained by

calibration against an Eppley standard filament lamp.

2 2
Temperatures were determined both from HF/DF and CN(A"Il + X"L)
chemiluminescence measurements. For the HF/DF measurements, the following
analysis is used. This analysis assumes an optically thin medium. Line

intensities for transitions between levels v'j' + v"j" are given by i

Iine Vit > vidY) (watt om - ster-l)
(2]
3 s -7 dy
b e ' et 2 ﬁ' g Y
e R R LR O I R R -
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The squared expression above is the dipole moment matrix element and m is
equal to (j' + 1) or j' for the P and R branches, respectively. The state
number density integral ./gv'j" dy, normalized by the rotation degeneracy
term 2j’ + 1, has units of molecules/cm2 and corresponds to the integration

along a line of sight defined by the optics of the experiments.

For a medium in which rotational energy level populations are

|
|

in Boltzmann equilibrium at a rotational temperature Tr’ one obtains

ﬁ 151 dy 7-:1 ﬁ 1o dy
v'j _ <BC i sat 3 ¥l
2j e exp k Tr Jd (J +1) BV' Qrot (Tr) [3]

where Qr is the rotational partition function and Bv' is the rotational
constant for the upper vibrational state. On a semilogarthic plot of

23"+ 1)_l u/kv'j' dy vs j'(j' + 1), points representing spectral lines
originating from a given vibrational upper level follow a straight line
whose slope is inversely proportional to the rotational temperature.
Boltzmann distribution of rotational sublevels has alwasy been found

to exist in chemical lasers investigated thus far, and the rotational energy
indicated is equal to the kinetic (translational) energy of the medium.
Vibrational populations ? ,,&V'j' dy, are also obtainable from the

chemiluminescence data.

In principle, a similar analysis could be conducted to obtain
the CN rotational temperature. However, because there are 12 branches in
4
each band of the AZH - Xzi transition, there is much overlapping of

rotational lines which makes isolation of enough pure rotational lines

for a temperature determination difficult. Thus, CN rotational temperatures




T

were approximated by comparing chemiluminescence data with synthetic
spectra. The construction of these synthetic spectra is discussed in
Appendix B. This measurement is not as precise as the HF/DF deter-
mination. Thus, this comparison was performed mainly to check that

the HF/DF and CN rotational temperatures were equal. This was found

to be the case in all cases tested. Thus, in general, the temperature
from HF/DF was used. However, some qualification should be made about

the HF/DF measurement. It has been found that a change of slope can occur
in the semilog plot of (2j' + l)—l./;v'j' dy versus j'(j' + 1) at high j
values., Higher j values than normally used were required for the measure-
ment in these experiments because of the high temperatures involved. It
has not been ascertained whether the slope effect observed in HF experi-

ments still occurs at these higher temperatures.

Absorption/Gain Measurements

It was very desirable to know how much of the XZZ state of CN is
being produced in the flame experiments and also to determine if gain is
present. Two different experimental configurations were used for these
measurements.

In the first set of experiments, absorption of the (0,0) band

+ 2+ .
+«— X I ) was used to measure concentrations

of the CN violet system (BZE
of ground state CN tadicals., The experimental arrangement to achieve this
is shown in Figure 11. The CN violet radiation used for the measurement
was emitted from a microwave discharge through a slowly flowing 30:1:5

(21)

mixture of argon:nitrogen:methane at 1 torr pressure, The discharge

region was viewed side on through a 1 cm length rather than end-on to
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minimize problems due to self-reversal. The lamp signal was monitored with

the McPherson spectrometer. Changes in lamp signal with an without gas
flowing in the laser cavity was used to measure absorption. A correction
was made for CN violet emission from the cavity. An active length of 30 cm
was used in these experiments.

For analysis of the data, the overall extinction coefficient

) q : = =
(21) of V1 x 10) cmj mole : cm 1 was used.

calculated by Boden and Thrush
This gives only an estimate of the ground state. However, relative measure-

ments under different experimental conditions are valid.

The second experimental arrangement is sketched in Figure 12 and
a photograph is shown in Figure 13. This experiment is designed to give
a direct measure of the absorption or gain in the CN(AZH - X2;+) red system.
The source in this experiment is a cyanogen-deuterium-fluorine flame run
under conditions where emission from the O - 1 and 0 - 2 bands of the CN
red system was optimum and also where emission was most stable. The spectro-
meter was set so as to isolate individual rotational lines of the CN red
system. A description of how the spectral lines were identified is presented
in Appendixes A and B. The reference signal is chopped before passing
through the active medium. Phase sensitive detection of this signal is
then used to eliminate interference from the chemiluminescence signal from
the active medium. The amount of absorption that can be detected by this
technique is limited by the stability of the reference. It was possible
to stabilize this so there were at most 27 fluctuations from the mean

signal. This did not present a problem in the measurements since strong

effects were observed.
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The analysis of an absorption experiment becomes greatly simplified

if the probing source is a continuum and the absorbing lines of the medium
being probed are optically thin; since in this case the amount of absorption
or "effective width" of the absorbing line is linearly related to the lower
level number density integral along the line of sight. 1In practice, it is
difficult to establish ground state molecular concentration using a continuum
source because of the conflicting requirements that all molecular lines
within the chosen spectral bandpass be optically thin (or have a well-
established curve of growth) and that the amount of absorption be measureably
large (at least 1%). To increase the measurement sensitivity, one therefore
wishes to reduce the spectral bandpass until it is of the same order as

the width of the absorbing line, or to use a narrow line source centered

at the appropriate wavelength as the probing source. Since the Doppler
widths of the absorbing lines were generally 0.05 to 0.10 cm_1 for the CN

red system (at 2000°K) and the limiting resolution of grating spectrometers
of convenient size is about 1 cm_l, highest measurement sensitivity is
obtained by using a CN red line emitter as the probing source. Measure-
ment sensitivity is thereby greatly improved and the spectrometer slit
widths can then be opened to a degree sufficient to separate individual
spectral lines. Therefore, this method was chosen to determine the CN (X)

(22)

ground state concentration. Mitchell and Zemansky give the formula

for absorption by a given isolated rotational line as

k ()
Ay * "'O‘LK_zT/z' (4]
(14+0.7)

The above expression assumes both small absorption and Doppler broadening

in both the source and absorption medium. In the above, ¢ is the path
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length and « is the ratio of Doppler widths in the source and in the

absorbing CN and equals the square root of the ratio of corresponding

translational temperatures. k is the absorption coefficient for the line

0,K
and is equal to(lg)

w22 mE o By K(K + 1)
kL= = — —exp = T (53
o,K Il 411 ta i - QR

\

Where N is the total lower state number density, Ay v is the Franck-
’
condon factor for the vibrational transition, SK is the rotational line

strength, Q_ and QV are rotational and vibrational partition functions at

R
the medium temperature, T is the lifetime of the electronic transition and
v is the Doppler width of the absorbing lines. Numerical evaluation of
Equation (5] for K = 15 of the Qll branch CN(A - X) system gives

k  1s=1x 107 ¢ N (6]
Equations [4] and [6] can be combined tc allow computation of the number

density from the measured absorption.

To compute a UN ground state concentration from Equations [4] -
(6] several requirements need to be fulfilled. First, of course, is an

accurate measurement of absorption, A for a particular spectral line.

K
Considerable effort was spent identifying individual lines of the CN red

band AV = ~1 and AV = -2 sequences at 1.4 and 2.0 microns in the CN burner
light source. Rotational lines in the Qll branch of the particular vibra-
1

tional band which were separated from the nearest line by at least 0.5 cm

were used as the probing lines. A discussion of the lines used is presented

in Appendix C. A second requirement is that both the source and absorbing




- e

medium be truly Doppler-broadened, and that the corresponding width

ratio a be known.

Considerations of Doppler width and pressure broadening coeff-
icients lead to the conclusion that Doppler half-widths should exceed the
collision broadening half-width by about one order of magnitude at

T = 2000 K° and pressures of 10 to 100 torr.

The Doppler width (full width at half-maximum) is given by 3

AWy ayRIm2 [T -6
— = =X==° /=4 6.10 (7] ]
WO c M

while collision width is given by the classical Lorentz expression

ELb sy L )
o= 2o N\/anT N, % M2> (8]

where Ml and M2 are molecular weights of CN and its principal collision

partner, N the total number density, and o is an "optical" collision

cross section which generally is about 5.10_15 cmz. Typical values for

i

L

at 6900 A

(V' = V" = 3). The value of AWL is therefore about 1.7.10_3 cm—1 at

10 torr and 8.5.10_3 cm_l at 50 torr. The assumption of Doppler broadening

AW, are 5,10 on @t 1.6 (V' = V"' = ~1) and 9.10°% e

is therefore justified at the burner and absorber pressures and low optical
depths encountered in the absorption experiment. However, it is still
important to establish that the burner emission lines are not self-reversed

due to a cool absorbing layer near the window.

To obtain increased confidence in the validity of the Doppler
broadening assumption, an attempt was made to spectrally resolve the true
width of an isolated spectral line, using a scanning Fabray-Perot inter-

ferometer. Available interferometer plates necessitated that the
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measurement be made using visible lines in the wavelength region 6000 -

7000 R. A spectrum of the burner in this region is shown in Figure 14.

At these wavelengths, the finesse F (ratio of free spectral range to spec-
tral resclution) was only about 7. The available interferometer plates
had peak reflectivity (98%) and finesse (*~ 30) in the region 4500 - 5500 Z.
A plate spacing of t = 2.5 cm was initially chosen to provide a free

spectral range of

2 -1
= e—= 9
Fw 7% 0.2 cm [9]
Fw -1
and a spectral resolution of T v .03 cm ~, somewhat less than the

expected Doppler width. When this was done using a 4, 0 spectral line

at 6293 ;, no fringe pattern was observed. (The 6293 Z line had been
isolated by a grating spectrometer with ~ 2 cm_l resolution placed in

front of the Fabray-Perot). At that point it appeared that a pure spectral
line had not been chosen and that there was more than one component to

the chosen "line'". The 'washing out" of the fringe pattern when the
interferometer plates were scanned at high resolution was attributed to

the presence of these two components. To confirm this interpretation,

the interferometer plate separation was reduced to 2 mm, resulting in a
free spectral range of 2.5 c:m—l and a spectral resolution of about 0.5 cm_l.
This was insufficient to resolve Doppler profiles but sufficient to resolve
narrowly spaced lines. A resulting interferogram obtained with this plate
spacing is shown in Figure 15. The separation of the two components in
this case is indicated to be about 0.8 cm_l. The unequal heights of the

two components tends to confirm that two separate spectral lines were

present.

For the reasons stated above, the interferometric measurements
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were unsuccessful in permitting a quantitative measurement of source

Doppler width and verification that harmful self-reversal are not present

in the CN burner. The problem was that the line selected from the high

resolution spectrum in Figure 14 was not spectrally pure. If the present ‘%
line were used, interferometer plates with a finesse of at least 50 would

be required to resolve both the spectral lines and Doppler widths. Such

plates were not available. Time and funds were depleted before additional

measurements using either a different line or interferometer plates with

a higher finesse could be attempted. k:

L Results

General Chemiluminescence Observations

a) Cyanogen-hydrogen-fluorine flames. The initial observations
were made in the 3 cm gain length HF laser device with fluorine in the i
precombustor and hydrogen and cyanogen being added through the cavity
injector. The spectrometer was initially scanned over the Av = 0 bands
using the cooled PbS detector. Integration over the total intensity in
these bands combined with use of the radiative lifetime of the AZE state i
of CN of 7 usec combined to yield a number density greater than 10lS
molecules/cm3 in these bands alone. The flow conditions under which
these number densities were obtained were flow ratios of F2:H2:(CN)2
of 9:4:1, a total flow of 10 mmoles/sec and a total pressure of 30 torr.
The experiment was also run in the 30 cm device where similar number
densities were achieved with an appropriate scaling of flow. It was
found that if all flows of reagents were increased proportionally the
intensity tended to scale proportionate to the flow. This indicates

that the experiment is easily scalable.
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b) Cyanogen-deuterium-fluorine flames. Substitution of deuter-
ium for hydrogen was attempted to aid in clarifying the mechanism by which
the CN emission was being produced. If an excited state of a hydrogen
compound were responsible for the excited state production, substitution
of deuterium should result i} lower emission intensities. It was found
that identical flows of deuterium produced identical CN (Azi) state emiss-
ions. In other experiments, D2 was sometimes substituted for H2 to elimin-
ate HF lst overtone emissions.

c¢) Cyanogen chloride-hydrogen/deuterium-fluorine flames. It
was found that cyanogen chloride could be substituted for cyanogen.
However, a somewhat higher flow of CNCl in proportion to hydrogen and
fluorine was required to produce optimum emission intensities. With
cyanogen chloride, optimum intensity was obtained at much lower pressures
than with cyanogen. Figure 16 shows a plot of emission intensity versus
total cavity pressure. Pressure was varied by reducing the pumping speed
through use of a valve. This plot showed a dramatic increase in intensity
at * 6 torr total pressure, reaching a maximum at 8 torr and then dropping
again at 10 torr. Under conditions where less cyanogen chloride was used,
an increase in intensity with pressure up to 50 torr was observed. Thus,
the ratio of reactant flows has a pronounced effect on how intensity varies

with total pressure.

Under certain conditions the cyanogen-fluorine flame could be
maintained with no hydrogen. However, under these conditions, emission
intensities dropped dramatically. These flows were also critical as
evidenced by the fact that the emission could be turned on and off by

turning the hydrogen on and off. The cyanogen-hydrogen flame was almost
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impossible to maintain under the flow conditions used without some fluorine.

d) Hydrogen cyanide-hydrogen/deuterium-fluorine flames. One
experiment was run in which hydrogen cyanide was substituted for cyanogen.
The hydrogen cyanide used was synthesized by dropping sulfuric acid on
sodium cyanide. Consequently, only a small quantity of HCN was available
for experimentation. A commercial supplier for HCN has recently been
found and additional HCN ordered. However, the gas wasn't obtained in
time to allow further data to be obtained for this program. The fluorine-
deuterium-hydrogen cyanide flame visually resembled the flames obtained
with fluorine, deuterium and cyanogen or cyanogen chloride. That is, the
same blinding red chemiluminescence was observed. No quantitative spectral
measurements were made since the amount of hydrogen cyanide available did

not allow sufficient run time.

e) Effect of diluent. Helium diluent was added to the flow
to determine its effect on chemiluminescence intensities. When it was
added with either the fluorine or with the CNCl, it caused the emission
intensity in the (0-0) band to decrease. However, when it was added as
a window purge the intensity initially increased with helium flow.
However, an optimum diluent flow was reached after which the intensity
decreased with helium flow. The initial increase may have been due to
elimination of CN ground state in the window vicinity. No studies of
the dependence of modium temperature on diluent flow were conducted.
However, a definite temperature decrease with increased diluent flow is
expected. Further experiments would be needed to determine whether the
observed intensity decrease with diluent flow was due to kinetics or to

strictly equilibrium thermal effects. For this study the variation of
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emission intensity with temperature as well as a corresponding equilibrium

analysis is needed.

Temperature Measurements

Temperatures were determined from HF/DF chemiluminescence data
as described in section 2.3.1. A typical plot of vibrational state number
density versus J(J + 1) is shown in Figure 17 for DF chemiluminescence in
a FZ/DZ/CNCl flame situation. Spectra were taken under conditions where
emission from the A-X band of CN was maximum. The flows were 8 X 10_3
moles/sec fluorine, 4 X 10—3 moles/sec deuterium and 2 X 10'-3 moles/sec
cyanogen chloride with a cavity pressure of 8.5 torr. Plots were made
for both the (1-0) and (2-1) vibrational transitions. Analysis of the
slopes of these plots gives rotational temperatures of 2920°K in the
(1-0) band and 3070°K in the (2-1). Thus, this measurement indicates
that the kinetic temperature in the medium is near 3000°K. Temperature
measurements in FZ/HZ/(CN)Z flames were also made. One set of data gave
a temperature of 4000 + 600°K. This data was obtained using a tape
drive data acquisition system and had more scatter than normally encountered
in HF chemiluminescent data. However, these temperatures are higher than
any that had been measured in HF chemical lasers so a direct comparison is
difficult to make. It was found that the temperature did vary with
pressure. At a cavity pressure of 2 torr an HF rotational temperature

of 1800°K was obtained.

It was difficult to obtain CN and HF/DF chemiluminescence data
simultaneously since the two spectrometers required for this measurement
were not readily available. However, qualitative estimates indicate an

increase in temperature with CN(A-X) chemiluminescent intensity.
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Figure 17. Plot of DF vibrational staie number density versus J (J + 1).
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CN rotational temperatures were estimated by comparison with

computer generated synthetic spectra (see Appendix B) of CN (A2H - XZZ)

emission. Computed spectra for the Av = 1 band at several temperatures

are shown in Figure 18 while an experimental spectrum corrected for detector
response is shown in Figure 19. Best fit of these two spectra gives a
temperature between 2700°K and 3000°K for the F2/D2/CNCl flame. Other
spectra run under similar experimental conditions as those where HF/DF
chemiluminescence data were obtained gave temperatures which agree within

error limits with the HF/DF rotational temperatures.

CN vibrational temperatures were determined by plotting
Nv' 3 1 e v")/v4 - g', v'") versus v' where I(v', v'") is the measured
emission intensity of a given vibrational transition between levels
v' and v", v is the frequency of the transition and g(v', v'") is the
Franck-Condon factor. Such a plot is shown in Figure 20 for the optimized
F2/D2/CNCl flame. The anharmonicity terms were not included in this plot.
Plots were made for both the Av = 3 and Av = 4 sequences. They are offset
on the plot by a constant factor. Analysis of the slopes of these plots

gave a vibrational temperature of 4180°K which is somewhat higher than the

DF rotational temperature.

Absorption of CN(BZ.‘]+ i X22+) Radiation

Very strong absorptions of CN(BZZ+ = X22+) by the medium in
the laser cavity were observed. With the F2/D2/(CN)2 system optimized
to maximum CN red band emission intensity, almost 95% of the lamp signal
was observed. This amount of absorption is obviously in a non-linear
absorption region. Thus, the extinction coefficient discussed in 2.3.1

cannot be used to estimate number densities. However, a lower limit of
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CN(le) concentration of 1014 molecules/cm3 can be estimated. For the

F2/D2/CNC1 system optimized to maximum CN red band emission, only 5% of
the lamp signal was absorbed. Using the extinction coefficient in section
y 13 5 s DAL ) - <

2.3.1 an estimate of 107" molecules/cm™ of CN(X"I) state is obtained.

No quantitative emission measurements of the CN red band emission inten-
sities were taken simultaneously with the absorption measurements. Thus,
an estimate of ratio of excited state to ground state number densities

was not obtained. Qualitatively, these experiments indicate that less

ground state CN is formed in flames with CNCl than with (CN),.

) )
Absorption/Gain Experiments with CN(A“7 - X"I) Radiation

Only a limited number gain measurements were performed. Those
measurements were restricted to the F2/D2/(CN)2 system because of dwind-
ling supplies of CNCl. Before the gain measurement was made, flows to
the active medium were adjusted to produce maximum intensity in lines of
the Qll branch of tiie 0-1 band. Q branch lines were chosen since lasing
in flash photolysis lasers occurred only on Q11 and P11 lines. Gain would
be most likely in the 0-2 or 0-1 bands. The 0-1 band was chosen for
initial experiments because there was more emission from the source in
this band which made choosing a particular line easier. Also, more
detailed spectroscopic information on this band was available in the

literature(lg).

An experiment was conducted in which a given vibrational line
from the flame source was monitored. The emission from the active medium
was modulated by turning the hydrogen flow on and off. A 5% decrease in
the flame signal was observed when the hydrogen was on and the medium

emitting over when the hydrogen was off, i.e. absorption rather than gain
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was observed. This shows the presence of more ground state than excited

state for the particular transition monitored. Several other rotational
lines were monitored with equivalent absorptions being observed. Several
different flow conditions were tried. Under some conditions a smaller
amount of absorption was observed. However, emission intensities had
also decreased. A similar effect was observed on addition of helium
diluent to the cavity. Decreases in absorption corresponded to decreases
in emission intensity. The experimental arrangement did not permit
simultaneous acquisition of quantitative emission and absorption data.
Consequently, absolute densities of upper and lower state densities could
not be determined. These measurements would allow absolute determination
of upper and lower state number densities and allow determination of the
ratio of these densities. This would indicate by how large a factor the
lower state number densities would have to be decreased for the upper

state number densities increased to reach a condition of positive gain.
2393 Discussion

The intense chemiluminescence observed in the FZ/HZ(Dz)/R—CN
(R = CN, Cl or H) experiments described previously was totally unexpected
on the basis of kinetic and thermodynamic analysis. To illustrate this,
it is profitable to write down a series of possible reactions to determine
if they could be responsible for the observed emission. Some possible

reactions are:

F+H, > HF (v) + H (40) |
H+F, > HF(v) + F (41)
F + RCN +~ RF + CN (42)
F + RCN » FCN + R (43)
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H+ RCN > HR + CN (44)

H + RCN » HCN + R (45)
H + FCN > HF + CN (46)
H + FCN ~ HCN + F (47)
F + HCN - HF + CN (48)
F + HCN » FCN + H (49)
HF(v > 3) + CN ~ HF (v - 3) + CN* (50)
H+H+CN > H, + CN* (51)
F+F+CN~>F,+ CN* (52)
H+ F + CN -~ HF + CN* (53)

The above list does not include reactions of CN radicals. To analyze the

above list it is useful to compare the dissociation energies of the various

(24)

cyanogen-containing compounds. Most recent measurements

following values, all in units of kcal mole—l: D(H - CN) = 120,

give the

D(C1L - CN) = 97, D(NC - CN) = 128, D(F - CN) < 111 and D(C - N) = 184.
Reactions (40) and (41) are inherent in all systems and may liberate the
necessary energy or atoms that lead to eventual production of the CN red
band emission. Reactions (46) - (49) are possible in the system for all
R's. Reactions (46) and (48) are exothermic by * 19 kcal/mole and

10 kcal/mole respectively. These reactions could produce CN radicals in
their ground state but are not energetic enough to form a CN excited state.
An experiment in which F-atoms were produced in the precombustor and HCN
added downstream showed no CN red band emission, confirming this conclusion.
Reaction (49) is not allowed by energy considerations but reaction (47)
could occur, contributing to a possible chain reaction. The occurrence

of reaction (50) tends to be discounted by the fact that substitution of
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D, for H2 still results in production of CN red band emission. Reaction

(51) has been shown to be responsible for CN emission in reactions of

hydrogen atoms with cyanogen chloride(zs).

However, the intensity produced
and spectral distributions do not match the present experimental results.
Equations (52) and (53) are similar when R = H. Reactions (42) and (43)

are the same as (48) and (49). The reaction to form H, and CN, reaction

2
(44) is not energetically allowed. When R = CN, the situation becomes
even worse since none of the reactions from (42) - (45) are energetically
allowed. With R = Cl, reactions (43) and (45) are energetically allowed.
They form HCN and FCN which could produce CN radicals by reactions (46)

and (48).

At best, the above mechanism can explain some formation of CN
radicals in their ground state but does not suffice to explain the large
number densities of AZI state observed experimentally. The possibility
that a completely thermal mechanism was responsible for the emission
occurs. Equilibrium calculations using the NEST computer code(26) were
performed to determine what could occur thermally. These calculations
predicted less than 37 of the R-CN would be converted to CN radicals at
3000°K. This number combined with populations predicted from Boltzmann
statistics indicates that this mechanism will not explain the observed

excited state number densities. A much higher temperature than determined

experimentally would be needed to account for the observations.

No feasible mechanism for the CN excited state production could
be deduced from the above discussion. Possibly, some non-equilibrium

process which is not understood at present is responsible.

Because of the large number densities of excited state of CN
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produced chemically, the system appears to be one of the most promising

yet considered. The AZK state of CN meets the requirements for a lasing
species and the overall system meets requirements of pure chemical product-
ion and scalability. Although the initial gain measurements were not
encouraging, insufficient data was obtained to completely evaluate the
system. Because of the potential of this system for CW chemical laser

production, it should be investigated further.
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2.4 Transfer Studies UtilizingﬁCU(aBi) and CS(aBi) As Energy

Transfer Donors

lhe initial metastable species suggested for use as energy transfer
3 e - ;
donors were CO(a"1I) and CS(a"l). These species should be formed by reactions

of the type

cCp) +0,0°) - co@n) + 03p) (54)
c(p) + xzo(l:) . COCa ) + Nz(xl;) (55)
C(3P) + OCS(l:) > CS(an) + Cu(Xll) (56)

These reactions are expected to proceed on the basis of spin
correlation rules. Since the atoms involved are relatively light, spin
conservation rules should be obeyed for these reactions. The CO(a3I)
state has a radiative lifetime of 7 msec and is 6eV above the ground
state. The kinetics of the reaction of carbon atoms with oxygen have been
studied and the reaction is known to proceed rapidly. However, no study
of the resulting state of CO has been conducted. There is some agreement in

the literature as to whether the above reaction proceeds as indicated.

(27) 3

Johnson and Fontijn proposed the above reaction to account for CO(a™Il)

(28)

emission observed in flames. However, Ogryzlo et al observed no

3o 4 . : ’ .
CO(a”l) emission from reaction (54) in their experiments. There are no
literature reports of studies of reaction (55). Spin and energy consid-

erations indicate that N2 could be formed in several excited triplet states

including A3I:, B3Hg, and BBE; if CO is formed in its ground electronic

state. The a3ﬂ state of CS was shown to be formed by reaction (56) in a

(29)

previous program. This state has an energy 3.42 eV above the ground

state. The lifetime is not well known although some measurements indicate

it is of the order of 1 msec.(zg)
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The most promising energy transfer acceptor for the CO(a™ll)
)
state is nitric oxide in its B™!l stace. Comparison of energy levels of
e 2
CO and NO shows that the A L and Bl states of NO are accessible for
. £ ; X ;

transfer from the CO(a”ll) state. In fact, there is experimental evidence

(30) producing the NO(A2:+) and NO(Bzﬁ) states,

that this transfer does occur
i.e., the vy and 8 bands of NO in a ratio of from 1.5 to 2.0. The relative
vibrational populations resulting from this transfer for NO(A,v' = 0,1,2)
were 1.0:0.2,0.1 and for NO(B,v' = 0,1) were 1.0:0.2. Thus, the v' = 0
level is selectively populated by the transfer. The overall quenchirg rate
of the CO Cameron band emission by NO was found to be very rapid with a

Ll cm3 molecule—l sec-l. There is some evidence

rate constant of 2 x 10
that only 15% of this quenching goes into the NO A and B states although
the method by which this was estimated was open to error. Hence, a range
of rates for the transfer should be considered. The Bzi state is the most
interesting state for consideration as a laser candidate. Its radiative

(31)

lifetime of 3 usec puts it barely in the range of possibility as a
chemical laser candidate. It also has the advantage that the most probable
emission is from the v' = 0 level to the v" = 6 level, creating a favorable
population inversion for lasing. The V~RT rate for NO (v = 1) self-
relaxation in the ground electronic state is 7.7 x 10-14 cm3 molecule-l

% cm2 molec:ule_1 sec-l (32).

sec—l whereas the v-v rate is 3.85 x 10-l
No rates have been measured for the relaxation of the v = 6 rates. However,
V-RT rates generally increase with increasing v'. Hence, the relaxation

of the lower lasing level may be slow in comparison with the radiative

lifetime in NO. This means that the lower state may not be depieted as

rapidly as it is filled. This would reduce the lasing zone but would not

{0




prevent lasing. The ahove initial considerations indicate that the

CO(a}”) - NU(BZL) may be a viable lasing system,

The kinetics of the CO-NO transfer system can be considered to
determine theoretical feasibility. The important reactions to be considered

are listed below.

C + o2 - (,‘O(a3.".) + 0 (57)
c+02» EO(X"'E) + 0 (58)
3
Co(a’m) + 0, - CO, + O (59)
2 2

CO(a3::) + M > CO + M (60)
. g : 2

CO(a™ll) + NO ~ CO + NO(A'IT) (61)
c0(a3r:) + NO - CO + NO(BZ.".) (62)
CO(aBZ'.) + NO -+ other products (63)
NO (AZ::) + NO + hv (64)
NO(BZ.'L) -+ NO + hv (65)

The sum of rates of reactions (57) and (58) has been measured to be 3 x 10_11

'm3 mol c:ule_l ec:—l e
% € = For a first order calculation, it will be assumed

that this is the rate of reaction (57). The rate of reaction (59) has

L cm3 molecule_1 sec-.l (34) whereas the rate

of reaction (60) for M = Ar is 4 x 10_16 cm3 molecule_l sec_l.(34)

been measured to be 1.4 x 10

The
=10 3

sum of rates (61), (62) and (63) has been measured to be 2 x 10 cm

rnolea::ule-l sec-l. For a first order calcualtion, values of k, .= 1.3 x 10_lO

61
cm3 molecule-l sec:_l and k62= 6.7 % lO_ll cm3 molecule—l sec-l are used.

The rates of kﬁh and k65 correspond to the inverse of the radiative

lifetime and are 5 x 106 sec_l and 3.3 x 105 sec_1 respectively.
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The rate equations corresponding to the above set of reactions
were solved numerically using a Runge-Kutta integration scheme. Initial
concentrations of C, 0, and NO of 1 1016 16 16

» 0, o X » 1 x 107" and 2 x 107" molecules/

3
cm” were used. The results of the calculation are plotted in Figure 21.

- /,
This plot shows that a number density of NO(Bzﬁ) of 7 x 1014 molecules/cc

can be obtained at these initial concentrations.

The number densities in the upper and lower states can be related

to the optical gain o by the following gain equation:

‘Al ALl
_ (in2 = B A ;E . AP ; bR [10]
& i 411 Av g' g"

where g' and g" are the degeneracies of the levels, A is the Einstein coeffi-

cient for spontaneous emission at the wavelength » with an effective line

width of 4v, and v and J are the vibrational and rotational quantum

numbers.

A single prime designates the excited electronic state and a
double prime the lower electronic state. The above expression can be
approximately evaluated for the v' = 0 to v" = 6 transition in the NO(B-X)
system at 2892.6;. To do this, a Doppler line-width is assumed, all
vibration in the upper state is assumed to be in the v' = 0 state and a
Boltzmann distribution of rotational levels is assumed. This evaluation

gives:

17

aqy 1.5 x 10 (N,v = 1/2N u) e [11]

The above expression indicates that for a 10-3 v:m—1 gain, the quantity
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Figure 21. Plot of concentrations of important species versus
time for CO(a”ll) to NO energy transfer.
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in parenthesis should be 6.9 x lO1J molecules/cc. This is higher than

the number density calculated above for the initial concentrations.assumed.

Thus this system could be feasible if sufficient carbon can be
produced. A discussion of experiments to do this is presented in the follow-

ing section.

24,1 Atomic Carbon Production

A necessary requirement for using CO(aBI) as donor molecules is
the ability to produce high number densities (v 1015 atoms/cc) of atomic
carbon. The method proposed for achieving these number densities is lieating
carbon containing compounds in an arc. Two configurations were used for
these experiments. The first used a powder feeder to feed graphite powder
into the arc. The second involved injecting a gaseous carbon containing

compound directly into the arc.

2alea ol Theoretical Prediction of Carbon Production in Arc

Prior to performing experimental arc tests, potential carbon
atom donors were screened using the NEST (N-Element-System) computer code.
The calculations were performed assuming a total pressure of one atmos-
phere in the arc-plenum and a molar mixture of 0.9 diluent (either NZ or
Ar) with 0.1 carbon donor. All possible products were considered with the
code predicting concentrations of each product. For example, using C2N2,

(o C

and Ar as input gases, the product gases are Ar, C2N2, CN; C, C2’ 30 G4

CS’ N, and NZ' NEST code predictions for condensed carbon, allene, tetra-
fluoroethylene, carbonyl sulfide and cyanogen are shown in Table II for
argon diluent. Table III shows calculations for ethylene and acetylene

with both Ar and N2 diluents. Note in this table that 2 x lO_8 mole/cm3
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corresponds to lO16 carbon atoms/Cm3 for comparison with Table I1. For

both tables, expansion through a supersonic nozzle will decrease concentra-
tions by a factor of approximately 30. Study of the tables indicates that
condensed carbon is perhaps the most desirable carbon donor both because

of high number densities produced and because it is '"clean', yielding a
smaller number and quantity of product gases. Carbonyl sulfide and cyanogen
both produced high concentrations of carbon atoms but also produced side
products that are quenchers of metastable species. Acetylene and ethylene
were both good donors with acetylene being somewhat better. Also, the CHn
side products should not interfere with metastable formation and quenching.
The calculations also showed that nitrogen diluent is undesirable because of
formation of nitrogen compounds at the expense of atomic carbon. These
calculations indicate that number densities of carbon produced in experi-
ments with nitrogen can be expected to be more than an order of magnitude
lowver than those with argon. In some experiments reported in the next

section, nitrogen was used with a resulting decrease in concentrations.

2.2.1.2 Description of the Arc Experiments

An arc-driven HF laser facility which was slightly modified for
this program was used for experiments. Figure 225 shows the basic experi-
mental configuration and Figure 22b shows an expanded view of the mixing

region.

Two different arc jet configurations were used in these experi-
ments. The first was the BAl0O7 configuration of the Thermal Dynamics

Corporation F-80 arc jet head. Both nitrogen and argon diluents were

tested with this configuration. With nitrogen, an equilibrium injector-~
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throat stagnation temperature of 3800°K was achieved. With argon, the
5 P g s

maximum temperature achieved was 2000°K. Modifications in design of

cooling passages could increase this. The CA-1218 configuration of the ,
F-80 arc head was also tested. Similar temperatures to those with the

BA1007 configuration were achieved.

For some tests an Aerospace Corporation Mesa III arc jet head
was used. This arc had the advantage that the particulate could be in-
jected with the diluent directly into the arc jet head. An equilibrium

injector-throat stagnation temperature of 2300°K was achieved with this

1 arc using argon diluent.

A commercial powder-feeder (Thermal Dynamic model #PI-2001) was
used for testing graphite powder as a carbon atom source. Other carbon 4

donors were gaseous and could be directly injected into the arc plenum.

Four nozzle arrays were used for mixing the appropriate oxidizer

with the arc effluent. There were:

° a 1" x 7" CL-II (15:1 expansion ratio, 36 mixing zones)

° a 1/2" x 7" CL-II (15:1 expansion ratio, 36 mixing zones)
° a 1/2" x 7" HCl-1 (7:1 expansion ratio, 72 mixing zones)
(] a showerhead nozzle (axisymmetric sonic orifices, 36

mixing zones

° a 1/2" x 7" slot injector (12:1 expansion ratio, 72 mixing
J p

holes)
Several of these nozzle arrays are shown in Figure 23.

2.4.,1.3 Carbon Atom Diagnostics

The primary technique for monitoring carbon atoms was atomic
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resonance absorption. An atomic carbon lamp was used as the source for
these studies with the attenuation of the carbon line at 16562 being
monitored. A 0.3m McPherson spectrometer with a 2400 line/mm grating
blazed at 15002 was used to monitor the carbon lamp emission. The interior
of the spectrometer was evacuated to less than .0l torr pressure to avoid
air absorption of the carbon line. Ultraviolet grade sapphire windows and
optics were used throughout to transmit the 1656; wavelength. A photo-
graph of the resonance lamp setup is shown in Figure 24 and a photograph

of the spectrometer setup is shown in Figure 25. In Figure 25, the arc

i is located to the right whereas the cavity is located to the left. The

lamp could be aligned in positions 3 cm and 20 cm downstream from the injec-

tor nozzle.

For some experiments, enough carbon was produced to completely
absorb the resonance lamp emission. Under these circumstances, a titra-
: ’ ; S 3 3
tion with O2 or COS was used. Either emission of CO(a"lI) or CS(a"il) or

change in absorption of the carbon resonance line was used as the detection

technique. These experiments will be discussed later.

2.4.1.4 Powdered Graphite as Carbon Atom Donor

Puratek G-1059, 325 mesh, 99.9% pure graphite was added to the
arc effluent through a powder feeder for these tests. Initial tests were
performed using a nitrogen diluent with the F-80 arc. When the graphite
was turned on, intense white luminescence was observed in the flow. Care-
ful observation indicated that a high flux of white hot particles was
responsible for the observed luminescence. Observation of the ini¢

mixer after the test revealed a black deposit. The deposit «
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under a 50 power microscope. The particles in the deposit were more

rounded than in the original graphite sample,indicating partial melting.

The next tests were run using the Mesa arc with argon diluent.
Again, a large flux of white particles was observed when graphite powder
was injected. Emission spectra were recorded which showed the emission
was due to blackbody radiation from the hot carbon particles. Addition
of oxygen to the carbon stream changed the peak of the blackbody curve
indicating a temperature drop. The carbon resonance lamp emission at
1656; was then monitored. Absorption was observed when the graphite was
injected. However, increasing arc power resulted in emission at 16562
in the arc, making the carbon lamp diagnostic useless. A bromine lamp
with a line at 16332 was monitored to verify that absorption of the car-
bon line was due to carbon atoms. No absorption of the bromine line was
observed. It should be noted that there were impurity lines in the carbon
lamp which overlap with the 1656;—resonance line. This means that 100%
absorption of the resonance line does not correspond to I/Io = 0 but rather
to I/Io = 0.45. Measurements were made which optimized carbon absorption.
A point was reached where complete absorption of the carboan line occurred.
It is estimated that this corresponds to a carbon atom concentration greater

than 1013 atoms/cm3.

Because of the intense visible emission from particulate matter,
it was felt that study of chemiluminescent reactions in the near ultra-
violet and visible spectral ranges would be impossible. Because of this,
it was decided that a gaseous carbon donor would be preferable for spectros-
copic studies. Thus, the powder feeder was abandoned at this point in
favor of a gaseous carbon donor.
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Gaseous Carbon Donors

Ethylene was chosen as the first gaseous carbon donor for study.
It was selected because of its high vapor pressure, availability and the

NEST code predictions. The first tests were conducted using the Mesa III

e

arc with an argon diluent. Addition of ethylene caused complete absorp-

tion of the carbon resonance line. Also the arc effluent appeared blue

upon addition of ethylene. A scan of the spectrum showed a weak continum

N

beginning at 2750A and extending to longer wavelengths. Swan band lines

of C2 could be recognized as sitting on top of the continuum.

TR

Several tests were conducted using different nozzles. Initial
; tests were performed with the showerhead nozzle. With this nozzle the

color coming from the arc was not uniform,and the intensity decreased j

rapidly with distance from the nozzle. The CL-II and HCL-I nozzles were

next tested. More intense and uniform luminescence was observed with these
nozzles. However, carbon deposited in the slits between the injector ports
causing a rapid decrease in the amount of carbon entering the cavity with
time. Spectroscopic measurements showed emission intensities decreased by
more than a factor of 2 in one minute, making reproducibility difficult to
obtain. The nozzles could be cleaned by running oxygen through the arc for
several minutes between runs. This allowed several sets of data to be t

taken before it was necessary to dismantle the system for cleaning.

Because the conventional nozzles clogged with carbon so rapidly,
a nozzle designed to avoid this problem was built on TRW IR&D funds. This
nozzle contained a single slot with the hole injectors along the slot to

allow addition of oxidizer. The nozzle is pictured in Figure 26. It has
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a 12:1 expansion ratio with 72 injector holes. When this nozzle was used

a new problem arose. The nozzle is watei-cooled to prevent it from melting
in the hot arc effluent. However, because of the facility design, a cooled
surface area of 1" x 7" of the nozzle was exposed to the flow from the arc.
The slot area open to the flow was only 27 of the total nozzle area. Thus,
a large part of the flow from the arc contacted a cold surface and deposited
much of its carbon on the surface. Only a small fraction of the flow passed
through the nozzle without first hitting a cold surface meaning only a small
fraction of the carbon produced in the arc entered the cavity. Emissions
observed with this nozzle were much less intense than those observed with

either the CL-II or HCL-I nozzles.

Emission spectra were observed under several conditions. With
only argon in the arc, the gas stream appeared purple and numerous atomic
argon lines were observahle. Upon addition of ethylene, the argon lines
were suppressed and a continuum beginning at 2750; was observed. When
oxygen was added through the mixing nozzle CO Cameron bands were observed
between 2000 and 2500&. However, the blue color still persisted. Carbonyl
sulfide was then added through the mixer. CS(Ali) and CS(a3?) emissions
were observed under these circumstances. No quantitative measurements
were made because of the rapid clogging of the nozzle with carbon. Acetylene
and methane were also used as carbon atom donors. Theoretical calculations
indicated that acetylene should be superior to ethylene. However, experi-
mental tests using CS(a3Z) emission intensity from the C + OCS reaction as
an indicator (see next section for discussion of this technique) showed no

significant improvement in carbon atom production over that observed with

acetylene. Experiments with methane showed slightly lower carbon atom
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production than with ethylene. However, this decrease was at most a

factor of 2. Carbon depositing on the nozzle was a problem with both these
carbon donors. The fact that there was little change in experimental
observations on changing carbon donors indicated that the limiting factor
in the experiment is carbon deposition from the arc effluent before it

reaches the cavity.

2.4.2 Observations of CS(a3i) and CO(aBK) Emissions

Quantitative spectral studies were performed with nitrogen in
the arc and ethylene as the carbon donor. The HCl-I mixing nozzle was
used. No clogging of the nozzle occurred with nitrogen because of lower
carbon production. Hence, measurements reported here are lower limits to

what should be obtainable using argon diluent.

Studies were made of the variation of CS(a3H) emission intensity
as a function of carbonyl sulfide flowrate at several ethylene flowrates
and at a fixed distance of 3 cm from the mixing nozzle. The resulting
plots are shown in Figure 27. Note that except at the lowest ethylene

flowrates the plots peak at the same COS concentrations.

The experiment was next set up to look at emission from the
carbon resonance line. The observation point was set up as far down
stream as possible (v 10 inches) to allow maximum contact time between
reactants. The intensity of the lamp emission at 1656; was monitored as
a function of COS flowrates for a fixed ethylene flowrate of 0.015 g/sec.
A plot of lamp intensity versus COS concentration is shown in Figure 28.

This plot is not as exact as the preceding ones because fewer data points

were taken. The reason for the observed increase in intensity with in-
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creasing COS flowrate is that the COS is reacting with carbon atoms,
resulting in less resonance absorption. The decrease at high flowrates
is due to absorption of the carbon line by COS. It can be noted that the
maximum in this plot is near the maximum observed in Figure 27 showing
agreement in techniques. It should also be pointed out that the maxima

I in plots in both Figures 27 and 28 correspond to a molar flow of carbonyl

\ sulfide five to ten times greater than that of ethylene. Even taking into

account that there are two atoms of carbon per mole of ethylene, the flow-

rate of COS is still two to five times greater than the flowrate of carbon.

This may be accounted for by a consideration of kinetics and the flow vel-
ocity. For an example, assume the rate constant for reaction between

: =F0- 3 = =il
carbon and carbonyl sulfide to be 1 x 10 cm” molecule ~ sec . Also
assume a contact distance of 3 cm and a flow velocity of 105 cm/sec. The
carbon concentration is assumed to be 1 x 1014 molecules/cc while that for
carbonyl sulfide is 5 x 1014 molecules/cc. Under these conditions it can

be shown that only 75% of the carbon would have reacted at a distance 3 cm

from the mixer. Thus the peak of the plot does not necessarily correspond

to equal flows of carbon and carbonyl sulfide.

The spectrometer and photomultiplier combination was calibrated

at the 0-0 band of the CS(a3E) emission. This was to determine approxi-

mately how much excited state was produced. At flowrates of 1.4 x 10-3

moles/sec ethylene and 4 x 10" moles/sec carbonyl sulfide the line of

sight emission intenisty was 1.9 x 1017 photons/sec/cm2 integrated over

the 0-0 band. The lifetime of the CS(a3H) state is not well known. Esti-
mates range from 10_4 to 10_2 second. Thus, depending on the lifetime,

concentrations could be between 2 x 1013 to & % 1015 molecules/cc.
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Figure 29. Plot of Carbon Lamp 1656A Emission as a Function of Oxygen
Concentration.
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Further tests were performed with the F-80, BA-1007 arc jet with
argon as a diluent. This eliminates interference from CN species. With
argon and the same HCL I nozzle, the nozzle clogged with carbon in 1
minute run time. No carbon deposition was observed with nitrogen diluent,
This indicates that more carbon is produced with argon diluent as predicted
by the NEST calculations. However, quantitative data as in Figures 27, 28
and 29 were impossible to obtain in this configuration because of rapid
intensity changes due to less flow getting through the obstructed nozzle.
However, the initial CS(aBI) emission intensity was higher than in tests
with nitrogen. A nozzle designed to avoid clogging would be needed to

truly optimize this system.

Further tests were made adding O, to the ethylene and nitrogen

2
flow. The carbon resonance lamp intensity was monitored as a function of
0, flow. A representative plot is shown in Figure 29 . The intensity

seemed to continue to increase up to the maximum flows used. It was
=]
: = 2
found that some emission at 1656A, probably due to the CO(A™Il) band,
occurred at high oxygen flow rates. Even correcting for this emission,

the plots did not show as sharp a maximum for the titration as that with

COS presented in Figure 28 .

An attempt was made to calibrate the spectrometer at the CO(a3“)
emission wavelengths. However, the calibration of the standard lamp which
was available extended to only 25002 and hence had to be extrapolated to
shorter wavelengths. Flowrates of 7 x 10-4 mole /sec ethylene and
T lO_3 mole /sec oxygen were used with no attempt being made to optimize

the CO(a3i) emission intensity. An estimated photon density of between

J X lO14 and 1 x 1015 photon cm—3 sec-1 was observed. Since the CO life-
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time is 7 msec, this corresponds to a number density of from 2 to 7 x 1012

molecules/cc. Again it should be emphasized that these measurements were

made at far from ideal conditions.

2.4.3 Conclusions on Carbon Atom Production

The tests described above indicated that carbon atom number
densities of the order of from lO13 to lO14 atoms/cc could be produced.
This was disappointingly low based on theoretical calculations of the
number densities which should be produced in the arc. The deposition of
carbon in the apparatus indicates that this is the limiting factor in the
arc experiments rather than the actual carbon atom production. Thus, a
superior mixing scheme in which surface contact of the arc affluent with
the mixer is minimized is required. This requirement of thorough mixing
in a supersonic flow with minimum surface contact presents a serious
design problem. Therefore, unless an adequate mixing scheme can be devised
that minimizes carbon deposition, the use of the otherwise interesting

carbon atom reactions will be limited by the number of carbon atoms that

can be made to survive the journey to the reaction zone.

2.4.4 Transfer Experiments Involving CO(a3ﬁ)

The work statement for the first phase of the program restricted
experimental study of acceptor species to iodine chloride and chlorine. As
mentioned in the introduction to this section, transfer from CO(a3i) to NO
has already been characterized. One study was performed in which NO was
added with O, to the effluent of the arc. The expected NO emissions were

2

observed. This test was used to verify that CO(a3i) was present.

An investigation of excited state products resulting from the
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interaction of CO(a3 ) with ICl and Cl2 was performed using a low pressure
discharge flow tube described in Section 2.2 and shown in Figure 4 . The
method of production of CO(aBL) is by the interaction of metastable argon
atoms produced in the discharge with carbon dioxide. Either ICl or Cl2
are mixed into the flow through the secondary nozzle downstream of the
pinwiheel. Emission was scanned from 20003 to 1. using a 0.3m McPherson
spectrometer. For the shorter wavelengths, a 1200 line grating blazed

o ° °
at 7500A was used. For the spectral region from 2000A to ~5500A, an EMI
6256S photomultiplier was used to monitor emission. For longer wavelengths,
an Hamamatsu type R200, GA2338, photomultiplier tube with an S1 spectral
response was used to monitor the emission. The complete spectrum was first
scanned with only argon and CO2 flows. Then either ICl or Cl2 was added
and the spectrum again scanned. In neither case was any emission in the
spectral region scanned observed. This indicates that excited state
products which emit in the spectral region from ZOOOR to lu are not pro-
duced as a result of this interaction. No observation were made at wave-

lengths longer than 1. leaving open the possibilities of production of

I(zPl/Z) from interaction with IC1.

- 3 ; .
The quenching of CO(a”ll) emission by chlorine was studied to
determine if any interaction between the two species had occurred. For

these experiments, the CO2 and Ar flows were held constant. The spectro-

meter was set to look 14 cm downstream of the chlorine injection nozzle.

°
The CO(a3i) line at 2060A was monitored with changing flowrate of chlorine.

Then the ratio of the intensity with chlorine to that with no chlorine
was plotted versus chlorine concentration on a seimilog plot shown in

Figure 30. Such a plot is linear with a slope equal to 3.53 x 10-13 <:m—3
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Figure 30. Plot of intensity of CO* emission versus chlorine concentration
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molecule-l. From the flow distance of 14 cm and the velocity of 2.3 x lO3

cm/sec,a rate constant of 2.85 x 10_ll cm'5 molecule-l sec—l was calculated.
This is a reasonably fast rate,indicating some interaction between CO(a3K)
and Clz. Similar results are expected from ICl,based on observed decrease

of the CO(a3l) signal upon adding this species to the flow.

The above results indicate that the A3i states of ICl and C12

are not formed from the interaction of CO(aBI) with ICl or CI1 However,

9
they do indicate that some interaction, most likely dissociation of the
halogens, is occurring. The experiments did not preclude the possibility

of electronically excited halogen atoms which would radiate in the infra-

red spectral region being formed.

2.5 General Conclusions for Task I

The major technical achievement in this task was the demonstration
that large number densities of the Azi state of CN could be produced in a
combustion system. This state of CN has molecular properties required for
a chemical laser species so the systems studied have the potential for
lasing directly. The advantage of these systems is that they involve
strictly chemical production so no external energy sources are needed to
promote excited state production. They also have the potential for scala-
bility to larger systems as increased flows of reactants lead to production

of higher number densities.

There is much potential for further study. In the NF3 - H2
combustion system, experiments indicate that atomic nitrogen may be pro-

duced. This presents the potential for studying a wide range of reactions

including those producing the AZH state of CN. The preliminary experiments

107




also indicated that the transfer scheme from NF(alA) produced in this
experiment to atomic iodine may be efficient,and this deserved further
study. Definitive conclusions on the laser potential of FZ/HZ(DZ)/R—CN
combustion systems were not reiched, and this system deserves further study

because of the high number density of excited state produced.

The only systems studied which have limitations are those that
involve carbon atoms. The problems of producing high number densities of
carbon and efficiently mixing them with a second gas stream are not at all
easy to solve. The feasibility of these systems depends on development

of an improved technology for carbon atom handling.
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3.0 TASK II. MOLECULAR BEAM STUDIES
3.1 Introduction

The principal objective of this phase of the program is to iden-
tify, by a series of experimental measurements, chemical reactions which
may possess characteristics compatible with lasing in the visible region
of the spectrum. The investigation is limited to reactions with sufficient
exothermicity to directly populate electronic excited states of the product
molecules resulting from reactions of the type

A + BC - AB* + C
where BC may be either diatomic or polyatomic and A represents metal atoms.
The '"New Gas Lasers Committee Report on Electronic Transition Chemical

s3] has identified reactions of this type,

and Electrical Excited Lasers"
where the end product may be either a metal oxide or metal halide, as
potential laser candidates. Further, it has been recommended that reactions
of this type be subjected to a systematic study since relatively little
information is currently available. Criteria for judging the applica-
bility of a given reaction are established with the conclusion that exper-

imental measurements must be an integral part of an orderly development

program.

Reference 35 contained a first order screening of possible reac-
tions involving metal atoms and eliminated certain reactions from further
consideration either because of potential metal atom source problems,
insufficient chemical energy release, or published data showing that the
properties of some reactions were unsatisfactory. Even after this first
order screening the list of potential reactions remains long. However,

the number of reactions that may ultimately lead to practical lasing
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systems is most likely small because of either practical or fundamental
limitations. The intent of this program is to narrow at least part of

the list of candidate reactions to manageable proportions by applying a
series of simple, but increasingly stringent, experimental tests to a
number of potentially interesting reactions. The hoped for result of
these screening tests is a list of reactions with characteristics compati-
ble with lasing applications. It is quite likely that these remaining
reactions would require in-depth investigation and analysis before the

decision to use them in a laser would be made.

In order to most efficiently match experimental capability with
stated requirements, the investigation is limited to reactions yielding
the aforementioned metal oxides and halides. The experiments are conducted
in a crossed beam configuration where the metal atom beam is produced by

(36) of laser beam bombardment of thin metal

the TRW-developed technique
foils deposited on transparent substrates. The metal vapor thus produced
expands into vacuum from the irradiation site. The initially high density
vapor dilutes as it expands until, at some distance from the irradiation
site, the flow becomes laminar and individual atoms become collisionless.
The process appears to be entirely thermal with thg consequence that the
expanding atom cloud contains a range of atom velocities characteristic

of the temperature of the vapor cloud at the time it becomes collision-

less.* A portion of the expanding vapor cloud can be collimated into a

*A detailed analysis of the velocity spectrum suggests that the observed
velocity distribution derives from a Maxwellian distribution superimposed
on a center-of-mass velocity component. The operative mechanism is not yet
fully understood; however, this is unimportant since the velocity of atoms
in the cloud is specified by their time of arrival at a remote detector.
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slightly diverging atom beam and interacted with a crossed beam of target
gas obtained from a room temperature nozzle source. An obvious constraint
is that BC must be either gaseous or highly volatile so as to be compat-
ible with the nozzle source. The laser bombardment technique of producing
atomic beam pulses is compatible with many materials, but the most consis-
tent results have been obtained with metal atom beams. If conditions

are chosen properly, some fraction of the incident beam atoms react with
the target gas molecules forming the product molecules. 'Proper" condi-
tions within this context mean that the reactions take place on a binary
collision basis and that the reaction products flow from the reaction
volume with only a small probability of suffering additional collisions.
The trajectories of the product molecules are governed only by the conser-
vation of energy and momentum applied to reactant pairs. Several types

of measurements may be performed to determine the internal energy state

of the product molecules and subsequent de-excitation characteristics.

Selected reactions are subjected to a series of tests of
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