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I
1.0 INTRODUCTION

f
~~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 coir~on 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 chem ically

pumped v isible 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 exp lore 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.

~~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.

7
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2.0 TASK 1. 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-

ect ively produce a given elec tronically exc iced state wh ich has prop er ties

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 thi’~ program was to avoid being restricted

to a sing le chemical reac tion 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* + h-~ -*  X ÷ 2hv (4)

In this reac tion sequence , an elec tronically excited metas table

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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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 chemicall y pumped electronic transition

List~r .  The major difficulty posed in meeting this objective is finding

eithe r d specific chemical reaction or series of reactions that will sel— 
j

ectivel y produce a given elec tronically 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 sing le chemical reac tion that

meets all the requirements for a successful chemically pumped elec tronic

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* + h- .~ -* X + 2 h ~ (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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l i f e t i m e  commensurate  w i t h  laser requi rements , (2) an energy level in

ti.. . .j r resonance w i t h  t ha t  of the donor mo lecule C* , (3) slow coll is ional

quench ing , (4)  it has e i t he r  a 3—level system or a system wi th  displaced

p o t e n t i a l  energy curves so the lower lasing level is not the ground s ta te

of X and (5) it is a species that  is either stable or easily produced so

it can be mixed wi th  the  met~is table.

The metas tab le  species s tudied in this program were NF in i ts

b 1 . + and a’~ s ta tes  and CO and CS in the i r  a3~ states. The b1~~ and

a~ 1. s ta tes  of NF have energies of 2 . 4 2  and 1.5 eV and have l i fe t imes

longer than 0.1 sec. They have been shown to be produced in reasonable

number densi t ies  in a combustion system wi th  NF
3 

and hydrogen—conta ining

compounds.  The most  sui table  acceptor molecule fo r  the a1A s t a te  of NF

is the A2
~ s t a te  of CN. Exper iments were performed to demonstra te  the

t r a n s f e r  f rom NF(a 1ii) to CN (A2 11) .  In the course of these experiments ,

add i t i ona l  methods of fo rming  large number densi t ies  of the A 2 I s ta te

of CN were discovered . Since this  s t a te  of CN is a promising laser

candidate , th i s  discovery was an added bonus fo r  the program . Acceptor

molecules fo r  the b~~~ s ta te  of NF are various halogen and interhalogen

species , Cl 2 and C1F being the most promising . Experiments  designed to

demonstrate  t r a n s f e r  to these acceptors were also p e r f o r m e d .

3The a F~ state of CO has an energy of 6.02 eV and a radiative

lifetime of 7 msec whereas the a3fl 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 a3i state of CO being produced

f rom the reaction of carbon atoms with oxygen and the a3 fl s ta te  of CS

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

9 
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The most promising acceptor for the a3~ state of CO is the B2 11 state of

NO. Arc experiments designed to produce large densities of carbon atoms

to allow use of these reactions are described.

For all sys tems studied , exper iments were backed with appropriate

theoretical analysis. Several simp le computer codes wer e 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 produc tion of high number densit ies

of the A2E 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 
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2.2 NF System Experiments

The following section presents a discussion of experiments

involving the b
1
~~ and a~~ states of NF . The section is arranged as

follows . First, is a description of experiments in which NP excited species

were fo r med by purely chemical means . Second , follows a disc uss ion of pos-

sible energy transfer accep tors for the N’~’ excited state energy. Third ,

is a description of flowtube experiments designed to demonstrate energy

transfer. Finally, a general appraisal of prospects for this system is

given.

2.2.1 Chemical Production of NP Excited Species

The experiment that motivated the study of NF excited species as

energy transfer donors was an HF laser experiment in which NF
3 

was used as

a fuel in place of F
2 

in the precombustor. Bright chemilum inescent em ission

was observed in these exper iments which spec tral analysis showed to be

due to nitrogen first positive emission and NF(a 1L~ — X
3
~ ) and NF (b l

E + 
— X

3E)

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

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 injec tor

11
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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 , NI 3, F2, and 11 ) were burned in

the precombustor of the 3 cm gainlength laser. They were added at flowrates

- )  —3 —3 —3of ~. x 10 moles/sec , 1.5 x 10 moles/sec and 1.2 x 10 moles/sec.

Species most likely produced are NF3, NF ,, NF , N , F, and I-IF . Hydrogen ,

deuterium or ethylene were added through the injector at a flowrate of

approximately 0.5 x 10 moles/sec. The precombustor pressure in these

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

A O .3m McPherson spectrometer with a 1200 lines/mm grating blazed
0

at 7500A was used for the spectral measurements . A Hammamatsu Sl response

phototmulti plier tube was used to detect the radiation. The spectrometer—

photomuliplier tube setup were calibrated with an Epp lv filament lamp to

allow determination of absolute emission intensities .

By scann ing the emission spectrum of the laser and analyz ing

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

13 3 l, + 11 3
of ~1.5 x 10 molecules/cm of NF(b . ) and ‘~4.4 x 10 molecules/cm of

3 . -N
2
(B I.). 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 em iss ion due to NF(b l + ) is observed visually.

Spec troscop ic analysis shows the presence of NF(a~7\) emission also.

14
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The emiss ions ca n he ac counted for using a mechanism proposed by

Herbelin and Cohen~ ~~ for an exper iment in which the e f f l uent of an RF

discharge through •~I- 3 
was mixed with either H2, U2, or CU4. In order for

the mechanism to apply in combustion system , F atoms and NF
2 
radicals must

be formed in the precombustor. The mechanism is:

H2 HF H ( l a )

F +  0
2 

- + D (Ib)

CH
4 

DF CU
3 

( i c )

X + NF
2 

- XF + N F ( X 3
~1 )  (2)

* 
4.

X + N F
2 

- XNF 2 
— XF + N F ( a ,) (3)

HF (v 2) + N P ( a11) HF (v — 2) + NF(b 1
I~~) (4)

3 —H N F ( X  ) HF 2 (5a)
+ 1 

-+ + N ( D) (Sb)
D N F ( a  ~

) DF

N ( 2D )  + NF(a 1
~~) -

~ N 2
(B 3- 

g
) + F (6)

In the above , X denotes H , D or CU 3. Note that NP (b 1
~~~) production

can be suppressed by using D
2 , thus eliminating reac tion (4 ). N

2
(B 3ir g)

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

There was some experimental evidence that high densit ies of

nitrogen atoms were being produced in the system. The endpoint of a nitric

oxide titration came at an NO flow equal to the NF
3 
flow. Also CN red and

blue emissions similar to those observed in active nitrogen reactions could

15
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be prod uced 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(a~~ ) and

NF(b~~~ ) states are quite long—lived. Conseq uently, for these species

to be laser candidates themselves, very high number densities and a long

pathleng th device would be needed to generate enough gain for lasing. Since

these criteria cannot be achieved with the present experimental arrangemen t,

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 Accep tors

The preceding subsec tion des cribed the chemical production of the

a~~. and b
1
~~ states of the NP radical. The NF(a~~) state is the lowest

ly ing exc ited state of NF being 1.42 eV above the ground X3~~ state. The

NF(blE+) 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 proper ties needed

for a chemical laser species , i.e., t ~ 10 ~sec .

o The acceptor species should present the potential for either

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

16
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the energy levels should be disp laced so there  are hi gh

Fran ek—Condon f a c t o r s  f o r  t r ans i t i ons  into other v ib ra t i ona l

levels than  v” 0.

• The ground s t a t e  of the acceptor molecule should be either

a s t ab l e  species or be capable of easy format ion  to f a c i l i t a t e

add i t ion  into the metas tab le  gas stream .

A scan was made of non—meta l l i c  substances  fo r  use as energy

t r a n s f e r  acceptors  fo r  N F (a 11) and NF (b l + ) .  The most promising accep tor

species fo r  N T ( a1~~) is CN in its A 2:: s ta te .  Atomic iodine is also a possi—

1b i l it y .  For N F (b  ) the most p romis ing  acceptor  species are C1F and Cl
2

in the i r  A 311 states . A discussion of why these species are promising

acceptors  is presented in the fo l lowing.  A descrip t ion  of flowtube  experi-

ments performed to demonstrate the transfer mechanism is presented in —

Section 2.2.3.

C N ( A
2 ::)

The A 2~ state of CN appears a very promis ing candidate fo r  a

chemical laser. I ts  radiat ive l i f e t ime  of 7 ~sec~ 
2) is wi th in  the l imits

of f eas ib i l i ty  fo r  a mixing laser . Its potent ia l  energy curves are disp laced

(r for  X 2
:+ is 1.1798; r for  A 2

~ is l .2332~ 
3)
)~ This combined wi th  the

relat ively wide spacing of vibrational levels allows favorable  t rans i t ions

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.

1 . —lThe t r a n s f e r  scheme is f rom NF (a  ~
) with T 11439 cm to

0

17
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v = 0) with T = 10021.1 cm 1
. Transf er to the CN(A 2

, ‘.~ 
= 1)

s ta te  is not  e n e r g e t i c a l l y  possible as T
1 = 11808.4 cm 

1 
Hence , the energy

levels a re  close to resonant , p a r t i c u l a r ly when ro t a t iona l  levels of the

v = 0 level are cons idered .  The equat ion  fo r  t r a n s f e r  is:

N F ( a ~~~) + CN ( X 2
~~ ) NF (X 3

~~~) + C N ( A
2
~~~) (7)

Such a t r a n s f e r  does obey the W igner —Witmer  spin conservat ion rules . Sp ins

of the  var ious  species in th is  scheme are the same as in the O 2
( .

~
) to

I (  P
312

) scheme which has been shown to proceed rapidly .  The re fo re , on

the basis of the near resonance of the  t r a n s f e r  and the sp in considerat ions ,

th i s  t r ans fe r  should proceed rap idly to the ri ght  hand size in Equa t ion  ( 7 ) .

The most probable lasing t r a n s i t i o n  would be f r o m  the v ’ = 0 level of the

2A~ :: s t a te  to the v ” — 2 level of the X Z s t a t e .

A k ine t ic  calculation to determine  the f e a s i b i l i t y  of the

N F(a 1~ ) t o CN ( A
2 ) t ransfe r  schem e can be pe r fo rmed .  The kinet ic  steps to

be considered are as follows fo r  lasiri g on the (0 — 2) transition.

NP * + C N ( v = 0 ) .- CN* ( v = 0 ) + N F  (8)

CN* (v = 0) -* CN (v = 2) + h 4  (9)

CN* (v = 0) —
~ CN (v ~ 2) + h~ (10)

CN* ( v = O ) + Q — ~~CN(v = 2 ) + Q  (11)

CN*(v 0) + Q CN~ v ~ 0) + Q (12)

N F * + Q - ~~N P + 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 equa t i ons  NF* r e f e r s  to the NF(a ~1.) s ta te  and

CN* and CN r e f e r  to the  CN (A2 fl )  and CN (X 2 :.) s t a tes  respec t ive ly. Q is

any quenching species present in the system . The k ine t i c  rates in most

of the above equations are not well known . In order to perform a kinetic

calculation to ii~dicate system feasibility, pertinent rates were estimated.

The transfer rates k
8 

and k14 were assumed to be of the same order as

for 0
2
(..) to 1* transfer~

4
~
’ or 7 X 10

_li 
cm 3 molecule 1 see ’. The

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

—13 3ence. Thu s k 8 and k 14 were assumed to be of the order of 10 cm

mo1ecu1e~~ sec~~ . k9 and k10 are just the inverse of the radiative

lifetime of 7 ~sec~
2
~ . Thus, k9 = k10 = 1.4 X 10~ sec

1. The principal

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

Cl; and H2; HF and NFn~ 
Quenching rates for the A2JT state of CN by these

species were not available when these calculations were performed. How—

ever , reaction rates of CN radicals with hydrogen (< 1 X 10 13 cm3

—l —l (5) —15 (5)
molecule sec ) and CNC1 (2.5 X 10 ) are slow. Also , unless

quenching rates are very rapid , spontaneous emission is expected to be

the dominant deexci tation mechanism because of the relatively short h f  e—

—12time . For these studies , quenching rates of k20 = k21 = k22 = 1 X 10

cm3 molecule 1 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 depopula tes

the lowe r lasing level.

Initial concentrations used for a model calculation were

[NF *J = i x iolS 
molecules/cm3, [CN] = 1 x io15 

molecules/cm3 and (QI =

5 X 1015 molecules/cm3. The computational results using the above rate

constants and concentrations with a mixing time, t , of 20 usec are

19
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p lo t t ed  in Figure 3. The d i f f e r e n c e  CN*(v ’ = 0) — CN (V ” = 2)  is p lotted

is gain . For times shor te r  than t the calculated concent ra t ions  werem

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

length.

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

related to the optical gain -
~ by the equation~

6
~~:

/ \ 1/2 , 2 /N’ , , N”g A  ( v , J 
— 

v , J 
[1

~ 
:: / 4~ .

~~~ \ g ’ g”

where g ’ and g ” are the degeneracies of the levels , A is the Einstein

c o e f f i c i e n t  fo r  spontaneous emission at wavelength A w i th  an e f f e c t i v e

line wid th  of ~v , and v and J are v ibra t ional  and ro ta t ional  quantum

numbers.  Substituting numerical values in the above expression for the

v ’ = 2 , v” = 0 t r ans i t ion  in CN gives

~ 6 X 10 16 (N
~ 

- 1/2 N L) cm 1

This calculat ion indicates tha t  a concen tra tion difference of only
12 3 - —3 —l1.6 X 10 molecules/cm would be require - to produce a gain of 10 cm

Thus , hig h number densit ies are not required fo r  lasing on CN (A 2
~~) .  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 las ing state rapidly enough to main-

tain an inversion .

I (2P
1/2)

Transfer from 02(a~~
) to atomic iodine has been shown to proceed

rapidly~
3
~
’. In fact , this transfer has been proposed as a promising

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

a~~ s tate of NF is isoelec tronic with the a1~ s tate of 0
2 

and thus may

20 
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WITH ~-i IX I~~
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CN ( L) .:: :11. 1 I .~~ 
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CN flJ )

ci ~~~~~~~~ _ _

-

C N ( U ) - CN( L~)
10  —

10 
____________ _____________________________ ______________________1 0 —  r

0.0 20.0 iO. O 60.0 80.0 100.0

TIME,MICROS ECONOS
Figure 3. Plots of concentrations of various species versus

time for NF—CN energy transfer.
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also t r a n s f e r  i t s  energy to iodine . The p r i n c i p a l  a rgument  aga ins t  t h i s

t r a n s f e r  is the large energy d i f f e r e n c e  of 0 .48 eV be ’ ween the a~ .. s ta te

of NF and t h e  2P 1/2 s t a t e  of iodine.  This is much f a r t h e r  f rom resonance

than :~re 02 (a ~
) and I (  P1/2 ) .  However , no rules such as have been

es tab l i shed  fo r  v i b r a t i o n  to v i b r a t i o n  energy t r a n s f e r  are known fo r  the

importance of energy  resonance in electronic to electronic energy transfer.

This means the t r ans fe r  could be feas ib le . If the t r a n s f e r  proceeds

rapidly ,  t he re  may be some advantage to use of NF(a ~1~) ins tead  of 02 (a 1 .)

because of the re lat ive ease of p roduc t ion .

The NP system has the same advantage as the 02 system in tha t

both  the  a11. and b h i. + s ta tes  are present  simu l t aneous ly.  Thus , the

b
l
:
+ s ta te  can dissociate 12 into atoms and the s t a t e  can transfer

i ts  et lergv.

Qu enching rates fo r  I ( 2P1/2 ) 
by HF and H2 are of the order of

10 12 (8) and io~~
3 (9) cm3 molecule ’ sec 1 respectively. The presence

of v ibra t iona l ly excited HF could be ei ther  a help or hindrance.  It

could hel p by t r a n s f e r r i n g  some of i ts  ent - rgy  to I( 2P
1/2 ) bu t may hinder

lasing because of i ts  high gain . Detailed calculat ions were not pe r fo rmed

fo r  this  system . However , qual i ta t ively the app licable rates  are very

similar to those fo r  CN presented in the previous section. Iodine has

the advantage t ha t  the ra t io  of s t a t i s t i c a l  weigh t s  of the upper and

lower s ta tes  is 0.5 , which makes an inversion easier to achieve . Study

of th is  system was not emp hasized in the present program . It is presented

in the report as a possible acceptor molecule f or energy from the

s ta te  of NF .

22
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CI F ( A 3 ::0 ~ ). Cl
2

(A
3
~~0)

The low lying t r ip le t  s t a tes  of halogens and in te rhalogens  appear

to have l i f e t i m e s  in a range to make them possible laser cand ida t e s .  For
(10 , 11)

exam p le , Bro ida , et a l .  have measured collision f r e e  l i f e t i m e s  of

the B3::
0 s t a t e s  of iodine and bromine to be f r o m  0 .28 ~sec to 1.2

depending  on upper  v i b r a t i o n a l  level. The c o l l i s i o n — f r e e  l i f e t i m e  of

id w as  measured~~~
2
~ to be of the  order  of 100 sec .  C1F and Cl 2 should

have longer l i f e t i m e s  than bromine or iodine since the i r  absorp t ion

band s are weaker i nd ica t ing  smaller t r a n s i t i o n  p robab i l i t i e s .

Quenching rates of halogens have been measured to be exceeding ly

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 cons iderabl y slower.

There is a reasonable match between the energ ies of the

NF (a~~
+
) state and the A3~ states of C1F and Cl2

. For NF(b~~ ), T is

19473.5 cm 1
. For C1F , T is 19112 cm~~ 

~~~0)~~ The dissociation energy

of CIF is 20632 cm
1 

indicating that there is not enough energy avai lable

to decompose the molecule. For Cl2, T is 17938.6 cm 1 
and the dissoc-

iation energy is 20632 cm ’. Again the energy of NF(b~~~ ) is sufficient

to populate the A3r1 level without dissociating the molecule. Other

halogens and interhalogens could also be of interest althoug h their

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

N F ( b 1 ) state.
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The above species are t h e  nonmeta l s  that  look most promis ing as

energy t r a n s f e r  accep tors  f o r  t he  a 1
~. and the b

1

~~~~ states of ~F based both

on energy and l i f e t i m e  c o n si d er at i o n s . M e t a l l i c  systems were not cons idered

in these s c reen i u ~ because of d i f f i c u l t i e s  in hand l ing  metal  vapors in the

exper imenta l  a p p a r a t u s  used f u r  energy ~r a n s f e r  s t u d i e s .

2. .3 1.:-~je ri::iental i ner .y .  r a r i s fe r  St u d i e s

1’hie m a j o r i t y  of t h e  ene rgy  t r a n s f e r  s t ud i e s  were conducted in a

f l ow  appa ratus . However , one exper iment  was per formed in an HF laser

a p p a r a t u s . he f l o w t u b e  m e thods  of p roduc t ion  of the  a~~ and b 1
~~ s ta tes

of N! - we re :  ( 1) an e l e c t r i c a l  or microwave d i scha rge  th roug h NF
3 

and

( 2 )  the  r e a c t i o n  of hydrogen atoms w i t h  N P
2
. The exper imenta l  deta i ls  of

these  s t u d i e s  are presented  below.

2 .2 .3 . 1  Di scha rge  Produc t ion  of NF Exc i t ed  Species

L:-.2crimental

Two f l o w t u b e s  were used fo r  d ischarge  exper iments .  The f i rs t  was

a f l o w in c  hollow c at h o d e  discharge system shown in Figure 4. The f l owt ube

is 32 mm in d iamete r  and is cons t ruc ted  of pyrex . The discharge is of the

hollow ca thode  type  and can be operated at to ta l  pressures rang ing from

0.2  to 15 t o r —  at voltages ra nging from 200 — 500 volts and currents of

f rom 1 — 2U () ma.  A r ig h t — a n g le bend wi th  a light  t rap is p laced between

the dischnr~~- and interaction region. Three mixing ports are available.

The f i r s t is a p inwheel  desi gn wi th  holes spaced on each spoke to provide

opt imum mixing . The other two are simple injection ports downstream of

24 
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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 diatherrn generator was used to maintain the discharge. A distance

of approx ima tely 1 foot separated the discharge region and the first mixing

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

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

lead ing to the third injec tor , allowing production of unstable species .

Both systems were pumped by a 3000 cfm Roots—type blower backed by

a mechanical pump . Typ ical flow rates were of the order of 5 x l0~~ moles /

sec.

Spec troscop ic studies were conducted using a 0.3 m McPherson

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

2CN(A — X 1 , ~.V >1) emission a 1200 line/mm grating blazed at 7500A was

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 ang le. The spectrometer was mounted on an adjustable milling

table to allow movement along the length of the tube.

The NT
3 

was manufac tured by TRW at the Capistrano site. It was

normally diluted with helium before being added to the discharge. Mixtures

of NF
3 

in hel ium ranging from .001% to 5% were used depending on discharge

conditions. The hollow cathode discharge could not be maintained at high

NT
3 
pressures . Thus , very dilute mixtures were used in this device.

26

LA -—.~~—- -- —--~~----- -~~~~~~~~~~~ .- -“—-- --- - - - - —~~~~~~~~~~~~
--

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



-
~~

LU

>

UI

1J
S

S
0.
0.
S

0
-4
~1-~

S

U>
— <

27

L _________ _ _



- — -  - 
— --- --- - —-- r- - -

Initial experiments concentrated on optimizing Nh- emissions .

~\ith NP
3 

in the discharge , a large amount of green N F ( h 1c
4
) emission was

observed. N1-’(a
1-~) emiss ion was only one ten th of the NF (b~1

+
) emission .

~.itrogen first positive emission was observed close to the discharge reg ion

but became neg ligible downstream . Addition of D
2 

through the first mixing

por t resul ted in a bright orange glow extending the length of the tube .

A spectral scan showed a
2 

first positive emission as well as NF(b
l

:.
+
)

emission. The region where NI- (a t~) is expected to occur was masked by the

N , first positive emission . Addition of NO through the second mixing port

quenched the nitrogen first positive emission , allowing observation of

1
the NF(a ~.) line at 8742A . Both the pure discharge stream and the stream

af ter addition of D
2 
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.

W i t h  this pa r t i cu la r  experimental confi gura t ion  the method used was a

secondary microwave discharge through either a cyanogen—helium mix ture 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 discus sion , this was not fully achieved in these experiments .

For a typical exper iment, NT emissions were adjusted to their

optimum values and a mixture expected to produce CN radicals was added

28
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thro ug h the t h i r d  m ix in g  nozz le , having f i r s t  passed through the secondary

microwave discharge. Observations are reported below .

Res ul ts

NF (b)~~~~ T r a n s f e r  to CN

Initial experiments were couduc ted wi th NF
3 

in the discharge

without D
2 
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 NP
3 
discharge with methane . Observation of the

1+  1N F ( b  = ) and NF~ a ~
) emissions showed that these were quenched on the

addition of methane . This observation is different than that of Herbelin

and Cohen who saw increased NF (b~~
+) and NF (a 1L) emissions when methane

was injected downstream of an RF discharge through NP
3
. Also , they did

not report observation of CN emissions.

A det.;iled 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 3 
of approximately 14 cc/mm and a to ta l  flow of 4600 c c / m m

(i.e., a 0.3% mix of NP
3 

in He); the CN emission was optimized at a flow

of approximately 6 cc/mm 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

f rom the in j ec to r .  Visually ,  the flame changed from relatively diffuse to

very sharp ( t i ght  f l ame  condit ions)  wi th  changing f lows . Observation of CN

emiss ions 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-

ble to dis tinguish that emiss ion which may have been formed by energy trans—

fer from NP from that formed by some other mechanism . Because energy trans-

f er should yield primarily CN(A 2
, v’ = 0), it should in principle be

possible to observe anomalies in the 0—0 band of 1.1 ~~ . However , this is

very dif f icult in prac t ice because of the limi ted de tec tor sensitivity at

1.1 ~ and also because no single de tec tor had reasonable response to bo th

the .v = 0 and :v > 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 , ace ty lene, methyl chloride,and Freon 22 ,

CHC1F
2
. Observations are outlined below.

Cyanogen

No emission in the wavelength range f r o m  2000A to 9000A was

observed when cyanogen was added to the effluent from the NF3 discharge.

1+ 1However, slight quenching of both the NF (b ~ 
) arid NF(a  

~
) 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 A
2
fl state of CN at 1.1 ~.
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using the cooled PbS d e t e c t o r .  There appeared to be some si gnal when the

discharge th roug h 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

reac t ion  between N P and cyanogen

N F ( b 1:~~) + (CN) , -. CNF + (16)

tha t  would exp lain the observed quenching .

Ethane

Addit ion of e thane to the e f f luen t  from the NP
3 

discharge resul ted

in product ion  of CN red and blue band emissions as wi th  methane . However ,

in contras t to the methane resul t , the N F(b ~~~~) emission was enhanced wi th

ethane addi t ion  un t i l  some cr i t ical  ethane flow ‘~ias reached at which time

the signal decreased.  There was a f ac to r  of 4 d i f f e r e n c e  in NF (b~~ +)

emission intensi t ies  when methane and ethane were present .  Addi t ion of D 2

upst ream of the ethane nozzle  also caused some enhancement of the CN in—

t e n s i t y  at low flows of D 2 . This is again in contras t wi th the methane

resu l t .

Acety lene

Add ition of acetylene to the effluent from the NF
3 
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 ace tylene flows . The NF(b
l+ ) emission

was quenched with increasing acetylene flow as is shown in Table 1.

Addition of D
2 

upstream of the acetylene decreased CN emission intensity

31 
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TABLE 1

VARIATION OF NF (blE+) EMISSION INTENSITY WITH ACETYLENE FLOW

Acety lene Flow
(cc/mm ) In tens i ty

0 8.05

5.6 7 . 4 2

8.6 7.01

15.0 6.45

20.6 6.10

31.6 5.59

35.8 5.35

51.4 5.02
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even though nitrogen f i r s t  pos i t ive  emission increased . This was s i m i l a r

to the result obtained with methane .

Methy l Chl or ide

A d d i t i o n  of meth y l chlor ide  to the d ischarge  e f f l u e n t  resu l ted  in

CS red and blue band emissions that  were approx imate ly a f a c t o r  of 2 hig her

1 ±than  w i t h  methane.  Slig ht  quenching of the  N F ( b  ~ 
) s t a t e  was observed.

Meth y lene Chlor ide,  Ch lo ro fo rm and Freon 22

These substances were added as a check to determine  whether act ive

n i t rogen  is the  species responsible fo r  the CS emiss ion.  Broida and o the r

w o r k e r s  have repor ted  br ig h tes t  chemi luminescen t  emissions in ac t ive

n i t r o g e n  w i t h  c h l o r i n a t e d  hy drocarbons . In these experiments l i t t l e  or no

CS emission was produced when ha logenated  hy drocarbons (with the exception

of meth y l c h l o r i d e )  were added to the e f f l u e n t  f rom the SF
3 

discharge.  In

the best  case , t ha t  of neth y lene chloride , the CX emissions were more than a

f a c t o r  of 10 less intense than w i t h  methane . This indicates that  the

normal ac t ive  n i t rogen  mechanism is not occurr ing under these conditions .

Conclusions

The experiments  conducted above were not conclusive in showing

tha t  energy t r a n s f e r  f r o m  N F(a 11~) to CN(A 2 TT ) was occurring . The major

difficul ties were : (1) the production of CN(X ) ground s t a te  in s u f f i c i e n t

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 tile feasibility of

CN excited state production from the interaction of the effluent from an

NP
3 
discharge with various hydrocarbons . Since similar products appear to

33
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be formed in the SF
3 

combustio n system , it seems likely that these modes of

CS prod uction should app ly equally well to that system. Thus , exci ted

s t a t e  CX p r o d u c t i o n  has been d e m o n s t r a te d .

I t  is i n t e r e s t i n g  to specula te  on a possible mechanism respons ible

f o r  the expe r imen ta l  observat ions . I t  is f i r s t  in te res t ing  to consider the

fol lowing mechanism proposed f o r  active nitrogen reactions with methane~~~~~.

+ CH
4 

- CH
3 

+ N
2

(X1E~ ) + H (17)

S + CR~ 
-

~ HCN + 25 (18)

N + C H
3

-~ HCN+ }5 ‘19)

H + CH
3 

H
2 

+ CR
2 (20 )

N + CH
2 

-
~~ CN + 2H (21)

-. CN + (22)

-~~H C N+ H  (23)

H + C H
2

-~~C H + H
2 

(24)

*N + C H  ~~CN + H  (25)

H + C H  -~~C + H 2 (26)

In the above mechanism, reaction (22) and (25) are postulated as

the steps which produce the A
2 

and B2: 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 exp lain why halogenated halocarbons produce more CN emission than

saturated hydrocarbons in active nitrogen. If the discharged NP
3 
is

considered , the species present are NF3, NT2, NP(X3~), NT(a~~), NF (blE+),

34
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F , and possibl y some S and 5 2 (A 3
). Note that Cli radicals can now Ce

form ed by Iluonine atom react one such as:

F -
~

- HF + CH
3 

( 27)

F -
~ CH 3 

- HF + (:0 (28

F + CR 2 
- HF + Cli (29)

F + C R  - -  H F + C  ( 3 0 )

These r e a c t i o n s  are not exothermic  when H is r ep la ced by halogens . Thus ,

methane  and meth l y ch lor ide  (which has only one c h l o r i n e)  should lead to

numerous  r ad ica l s  which could react  by react ions ( 2 2 )  and ( 2 5 ) .  In add i t ion

to F a t o m  reac t ions , it is also necessary to consider NT radical  react ions

of t u e  t y p e :

~F + CH
3 

-. CH 3F + 5 (31)

YF + CH
2

—~~HF + HCX (32)

-~~HF + C H + H  (33)

-, CH
2

F + N (34)

SF + CH -. CX + 1ff (35)

which are energet ical ly f e a s ib l e .  React ion (35) has an exothermicitv  of

2163 kcal / mole which is su f f icien t to prod uce bo th the B~~ and A states

of CS. However , most of these reactions are 4—center reactions which

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

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

Finally ,  reac tions of NT with CN other than energy transfer should

be considered. The two reactions are:

35
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NT + CX - ‘ CS
2 

+ F (36)

SF + CS - CNF + N (37 )

React ion (36) is near the thermoneutral. Since the thermodynamics of SF

and CS are not well  known , the energy of this reac t ion  cannot be easi ly

c h a r a c t e r i z e d .  React ion  (37)  is approximate ly 40 kca l/mole  exothermic and

could cause ser ious  compet i t ion  wi th  the energy t r a n s f e r .  However , because

S atoms are formed , it could lead to CS f o r m a t i o n  by react ion ( 2 5 ) .

Other  react ions  may also be possible in this  system which are not

inc luded he re .  The mechanism is of i n t e res t  and is discussed in detai l

because the species mentio ned are likely to be present  in any SF 3 combus-

t ion sys tem.  The mechanism shows t h a t  CX excited s t a te  product ion  can

occur in th is  systcm by methods other  than energy t r a n s f e r .  Thus , the

system appears to present a good chemical method of CN exci ted s t a t e  produc-

t ion , regardless of whether  the energy t r a n s f e r  mechanism is val id .

X F ( b~ 2
+) 

T rans fe r  to Cl
2 

or C1F

The f low t ube sketched in Figure  5 was used fo r  these studies .

The b1
~~ s t a te  of SF was generated by passing a mixture  of NF

3 
in helium

through the microwave discharge. Chlorine or chlorine fluoride was

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

exper iment , the spectrum was first scanned from 2000 — 8000A with the NT
3 

— He

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

with the NP
3 

— He mixture in the discharge with either chlorine or chlorine

fluoride downstream.

Wi th chlorine added , a small emiss ion peak dependen t on bo th the

36
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Ni- ’
3 

and Cl~ flows was observed cent~~red at 0 5 0 A . However , th i s  s p e c t r a l

leature was ve ry w e a k  and could not be intensified e:- - cg h to enable it to

be c h a r a c t e r i z e d .  Q u e n c h i n g  of t u e  N ( b ~~ + ) emission by chlorine was

s t u d i e d . 1-cr these s t u d i e s  the ~1
3 in lie flow was held cons tan t  and the

s pe c t r o m e t e r  was set to observe  tile 5288A peak of the NF (b l :: + ) emission

at a f ix e d  d i s t a n c e  of 8 cm f rom the mixer .  A semilog p lot of I/ I  versus

L ch lo r ine  c o n c e n t r a t i o n  was l inear  as shown in F igu re  6. I is the SF(b

em i s s i o n  i n t e n s i t y  at a g iven  ch lo r ine  flow whereas  I is the N T ( b~~
+
)

i n t e n s i t y  ~eith no ch lo r ine  f low . Anal ysis  of the slope of th i s  p lot g ives

a quench ing  r a t e  of 1.5 x lO~~~ cm 3 molecule 1 sec 1. The e x p e r i m e n t  did

not conclusively prove tha t  this  quenching  was due to energy t r a n s f e r .

~ it1l the excess energy  in the b l:+ s t a t e  of SF , a r eac t ion  with c h l o r i n e

to f o r m  CF and SC1 could be exotherxnic .  However , such a f o u r — c e n t e r

r e a c t i o n  would not be expected to be as f a s t  as the  measured ra te  c o n s t a n t .

The add i t ion  of ch lo r ine  f l u o r i d e  to the e f f l u e n t  of the d ischarge

produced v i s ib le  quenching  of the X F ( b l +
) emiss ion.  Qua l i t a t i ve  spec t r a l

s tudies  showed the quenching ra te  was of the sane order  as tha t  observed

w i t h  ch lor ine . Spec t r a l  scans showed no emiss ion  tha t  was a t t r i b u t a b l e  to

the add i t ion  of ch lor ine  f l u o r i d e .

I t  should be noted t h a t  ch lo r ine  f l u o r i d e  behaves very much

l ike f l uo r ine  and requi res  passivation of all apparatus throug h which it

flows . Passage throug h f l o w t u h e s  r e s u l t e d  in popp ing in the  vacuum l ine .

Problems were also encountered upon comp l et i o n  of t I r e  exper iment  a f t e r  a l l

chlor ine f l u o r i d e  had been pumped f r o m  the  l i n e s .  Op e n i n g  the vacuum sy s t em

resul ted  in a ch lo r ine  odor t h a t  per - m eat . - C  t Ce room and cou d be d e t e c t e d

fo r  several days a f t e r w a r d s , even t h o u g h c a r e f u l  s~~’p~- u’e r~- taken to seal

37
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Fi gure  6. Semilog p lot  of I/ I  versus c h l o r i n e  concent ra t ion
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al l  v acuu m l ines  c a r e f u l l y  and to reru ve al l  poss ib le  sources of leaks .

This ~- :rs  an u n e x p e c t e d  haza rd  in the handling of C 1F.

2 . 2 . 3 .2 H + XC ) Expe r imen t s

The m a i n  p r o d u c t i o n  mechanism of X F ( a 1.’ )  in \ i
3 

— H .) sy s t e m s  is

t i r e  r e a c t i o n  of r r v d r o g e n  atoms w i th  SF 1 r ad ica l s .  Thus , an expe r imen t

where these  two r eac tan t s  are  mixed d i r e c t ly  should p rov ide  a r e l a t i ve ly

pure  source of N I - ’ (at) and should avoid comp l i c a t i n g  species which are

produced  in a d i s c h a r g e .

Ex~~~r m ental

The a p p a r a t u s  used fo r  th i s  s tud y is shown in Fi gure 7. Hy drogen

atoms are produced  hr a microwave d i s c h a rg e  t h r o u g h hy drogen . A p l a t inum

wire  probe can be inse r ted  into the f low to measure  the hydrogen atom

concen t r a t ion  by the method of Tollefson and LeRoy.~~~
5
~ The probe is removed

b e f o r e  add i t ion  of S F , to avoid a r e a c t i o n  on the su r face  of tire wire2 - .

which  changes the ch a r a c t e r i s t i c s  of the probe . The SF
2 

radicals needed

for the study are generated by heating tetrafluorohvdrazine , X2
F4, which

has a F
2
N — SF

2 
bond s t r e n g t h  of 20 kca l/mole .~~~

6
~ Studies~~~

7
~ have repor ted

tha t  a t empera tu re  of 150 ° C wil l  cause almost to ta l  d issocia t ion of N2F ,

into SF 2 radicals .  The tube throug h which X
2
F , enters is heated by a set

of cy l indr ical  heaters . Heat ing  tape is wrapped around the f low tub e up

to the  hy drogen nozzle  to insure d i ssoc ia t ion  of 5 7 F 4 up to the mixing

region.  Temperature  is cont ro l led  using variacs and is measured at several

points  along the tube w i t h  thermocoup les.  The hydrogen atom and SF 2

s t reams are mixed using a concent r ic  tube arrangement  as sketched . A

secondary in j ector  downstream al low s addi t ion  of p o s s i b l e  energy  t r a n s f e r

39
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a c c e p t o r s .  Emiss ion is observed with the McPherson spectrometer mounted

on a mil l ing t ab l e  to al low in t e n s i ty  versus d is tance  measurements.

Availability of 
~~~~ 

proved to be a ma jo r  problem in conduct ing

this  exper iment .  The only manufac tu rer  who produces 52 F4 at present  is

— Herc ules , Inc .  in Magna , Utah . The problem in ob ta in ing  N
2
F
4 

from them was

lack of a permit to ship more than very small samples . This situation has

since changed and a purchase order f or a ilL. lb bottle has been sent.

However , dur ing the dura t ion  of the  con t rac t , onl y a 3 gram and la ter  a

10 gram samp le could be obtained . There was also a time interval  between

obtaining the f i r s t  and second samp les. Both as a s a f e t y  measure and to

conserve S ) F a 5Z m i x t u r e  of S~ F 4 in he l ium was prepared  fo r  use in these

experiments.

Hydrogen and the 57 mix of 5
2
F
4 

in hel ium were added throug h

Matheson 600 flowtubes . There was some concern in using these flowtubes

w i t h  S
2
F , because of i t s  s t rong oxid iz ing  na tu re .  In prac t ice , however ,

no probl:ms were encountered with the exception of some etching of the

inside of the flowtube. This made periodic r eca l i b r a t i on  of the f lowtub e

necessary . A ca lib ra t ed  o r i f i c e  would be p re fe rab le  to the flowtube  f o r

use with pure 5
2
F , . In la te r  exper iments , it was found that a lower f low

of hy drogen than could be conveniently measured wi th the 600 flowineter was

needed . For these experiments  a cal ibrated oil manometer  f lowmeter  was

used to measure hydrogen flow .

A series of t e s t s  were conducted to o p t i m i z e  hy drogen a tom pro—

duc t ion  and to p e r f e c t  the hy drogen atom measurement techni que . These t e s t s

illustrated the necessity of coating the tubing near the d i scharge  region

41
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with orthophosp horic ac id to enhance hydrogen atom produc t ion . This

coat ing is thought to work by preventing hydrogen atom recombination on

the walls.U8) The measurement technique worked very well with no modifica-

tions to the method of Tollefson and LeRoy . Thus , these exper iments  wil l

not be described here. Under a typical run ‘~ondition 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 or thop hosp horic acid coa ting

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 + NP
2 

experiment.

Results

Initial experiments concentrated on production of NF (a~~ ). For

thes e experiments , H2 was flowed through the discharge region and the 5%

mix ture of N
2
F
4 

in helium flowed through the tube heated to 120°C. In the

firs t experiments , no visible emission was seen in the mixing region.

However , spec tral analysis showed the presence of NP (a1~) emission at 8742A .

Clyne and White had reported the presence of nitrogen first positive

emission and green NP (b1l~~) emission in a similar experiment. Thus , it

was somewha t surprising that NP (hlN+ — x 3
~ ) 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

posi tive em ission was seen in the heated tube through which the 5
2

F
4

entered the flowtube. This indicated backstreaming of the hydrogen into

42
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t in s ocr , i o n . Cv decreasing tire hcdrogen flow , the colored emisslcns moved

in to  the i n t e ra c t i o n  r e g i o n  where spec t r a l  anal y s i s  show ed they we re

SF (b
1
~~~ — X 3

. ) and n i t r o g e n  f i r s t  p o s i t i v e  emissions . The i n t e n s i ty  cf the

— ~
2
~~) emiss iom was also hig her than observed prev ious ly .  These

spectral observations are consistent with those of Cl yne and

~\l l  e mi s s i o n s  i nc rea sed  w i t h  N , F , f l o w  ove r  the range of f lows  ava i l ab le

w i t h  t i n e  600 f L o - - ,-m c t e r .  T o r a l  p re s su res  in the f l o w t u b e  in these exper i—

ments ranged from 0.5 to 1 t c r r .

By choosing proper flow conditions , the N F ( a 1,1) emission could

be made dominant over the nitrogen first positive emission. Under some

- 1_ - -  l~~~+ . -conditions , only XF(a .-) and N} (b ) emissions were observed. Lnder these

cond itions : hydrogen flow = 23.1 cc/mm ; tetrafluorohydrazene in helium

flow = 33.L. cc/mm ; pressure = 1 torr ; a study of NF (a 1~ — X 3 ) emission

intensity versus distance was conducted. A semilog plot of intensity

vers us distan c e was linear as shown in Figure 8 . The slope of the plot is

U.l5 cm
1 
which with the velocity in the tube of 60 cm/sec gives a slope

o f 9 sec 1
. Because of the limited amount of S I’ , ava ilable , a detailed2 - .

s t u dy  of intensity versus distance at various N F , concentrations could- 
2 - .

not be conducted. This type of study with ex t r apo la t i on  to zero pressure

of would be necessary to obtain a realistic estimate of the SF(a
1
1)

l i f e t i m e .

1 - -  . 2NF (a ~) i ransfer to CN (A )

Two methods were used in an attempt to introduce ground state CS

rad icals in this system. The first was a microwave discharge through either

a cyanoger-r—helium mixture or a methane—nitrogen—helium mixture. Tire other

43 
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Figure 8. Semilog p lot intensity of NF(a1’)
emission versus distance .
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was by passing ceonror en e V e O  a platinum filament heated to a wh ite glow.

10 ~~~~~~~~~~ w h e t i n o t  t i n e  d i s c h a r g e  had an effect , tire F(a
1
L) emission was

first m c n i t 0 0 0 : t o  determIne if any quenching occur red .  The emission in—

tensitv of t i r e  SF(a~~ ) line remained constant whether or not the discharge
2 

2
was on. i t h  the  m e t h a n e — n i t r o g e n — h e l i u m  m i x t u r e  the C S( A ) and C S( B  )

emissions were seen as with tire discharge experiments . Because of the

ineffectiveness of the discharge , an experiment was des igned to determine

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

This experiment is described in the next section .

Detection of CS Radicals

An absorption experiment was designed ~a detect whether CS

radicals were entering the flowtube . The experimental apparatus is shown

schematically in Figure 9. The cyanogen or methane—nitrogen—cv anogen 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

pump ing outlets and the residence time of radicals in t1..~ cell was approxi-

mately 0.1 sec. A microwave disclrarge through a slowly flowing mixture of

30 parts argon , 1 par t n it rogen and 5 parts methane at 1 mm pressure pro-

vided the source of CN(B
2 

— X
2
b ) violet band emission . Tire radiation was

passed thro ugh a ~drite ’s cell (20) 
set to pass tire radiation four times

thro ugh the reaction vessel to give an effective path of -~~~ ct-n . An 1111

6256S photomultiplier at the exit of a s p e c t r o m e t e r  was used to moni tor
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t1re radiation. Phase sensitive detection was used to correct for emissions

from the absorption cell.

Only very small (- 1%) absorptions were seen even under optimum

conditions where intense CX violet emission was produced in the absorption

cell. This indicated CS concentrations of about 1010 
molecu les/ cm 3 

under

the mos t favorable conditions. This appeared to decrease even more upon

passage th roug ir a nozzle.

These experiments aid in exp laining wh y as much d i f f i c u l t y  was

encountered in studying NF (b~~
+
) to CS energy transfer. With such low

concentrations of CS being produced , it would be surprising if quenching - ‘

or emission had been seen . It appears that a chemical method of producing

CS like in F
2/H2/ ( C X  ) 2 flames described in the next section would be needed

to generate enough CS radicals to allow a flowtub e study to be conducted.

NF(a
1nb) Transfer to Atothic Iodine

In a preliminary study of this system , molecular iodine was

added to the H + NF
2 

stream through the secondary nozzle . This resulted

in quenching of the nitrogen first positive and NF(a
1
~ ) emissions.

However , an unexplained five—fold increase in NF (b
1
7
+
) emission inten-

sity was observed. Some emission was observed at 1.315 1.r where the

state emits. The dependence of this emission on iodine flow

ind icates iodine rather than HF overtone emission. Limitations in

52 F 4 upp ly 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

f l ows  had been adjusted to optimize NP emission intensities. Flows are

47
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SF
3 

= 2 IO~~ moles/sec , ii , = L. .2 x ~~~ moles/sec , F2 
2 x l0~~ moles/sec ,

3 ) = 1 x lO~~ moles/sec and (CS)) = 1 x l0~~ 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 CS red and violet band emissions .

Vibrational levels up to v ’ = 9 were observed in the CS 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 i x io
l4

3 2
molecules/cm of the A s t a t e  of CS . Tir e spect ra l  d i s t i nc t i on  indicated

that the CX emission was probably prod uced 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

flow tube observations in Section 2.2 .3.1. These experiments were signifi-

cant in that they proved that CS red band emissions could be produced in

high intensities in a purely chemical system. imp lications for further

research are that active nitrogen reactions could possibl y be studied in a

purely chemical system that would allow direct assessment of chemical laser

potential.

2.3 CN(A
2
~ ) 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 describ ed in that section , NF
3 
and H were burned in the precombustor

of a chemical laser device with H
2 

or D
2 
being added through the cavi ty

injector. When hydrocarbons or cyanogen were added through the cavi ty

injector r.ith ti e hydrogen , a wh ite emission appeared . Spec tral analys is

showed this emission to be due to the B2E — X
2

~ i and A 2
~ — X~~~E bands of

48
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CS . The study had been aimed at studying the N F ( a 1 ) to CN (A 2 ::) t r a n s f e r

mec lran isn  as desc r ibed  in S e c t i o n  2 . 2 .  Th us , when CS emission was observed

on addition of cvanogen , it was felt that a mechanism of the type

F + (C S) 2 - - FCX + cX (38)

SF (a~~ ) + CS - CN(A 2
.) + \ T ( ’~~~ (39)

m ay  have been contributing to the emission. Consequently, the spectrometer

was set to observe the 0 — 0 band of the CN (A
2
~ 

— t rans i t ion  at 1.1

since the v ’ = 0 sirould be prodomenantiv populated by the transfer mechanism .

Flows were then ad3usted to optimize the emission in this band . Suprisinglv ,

the emission became optimum when the SF
3 

f low was stopped and only Fluorine

flowed through the precombustor and hydrogen and cvanogen in the cavity.

Under these conditions tire visible emission was red in color and b l indingly

intense. A scan of the spectrum showed emission only from the A
2
h —

transition of CX. The combined observat ion  of only one e lec t ron ic  t r ans i t i on

and high emission intensities indicated the presence of high number densities

of the A
2

T state of CS. A t  the very leas t , this observation showed that

chemical production of CX 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

experimen tal measurements and results are described below .
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2 . 3 .1 j~~p~ r imen tal  Techn~~~~es and Anal ysis

Chemiluminscence Measurements

Chemi luminescen t  emission spec t roscopy  is a s t r a ig h t f o r w a r d

nretirod for measuring kinetic temperatures and concentrations of excited

state species. Details of the experiment are diagrammed in Figure 10.

INc spectrometer is a 0.3 m McPherson . ihis was used in conjunction with

different gratings and detectors depending on the wavelength reg ion of

interest. For studies of the hv = 0 and v = —l bands of the A~~. — X 2 
—

system of CS , a 600 line/mm grating blazed at 1.6 ~ was used in the

spectrometer. The detector for this region was cooled lead sulf ide , PbS.

2 2
For studies of the .iv > 1 bands of the A — system of CS , a 1200

line/mm grating balzed at 7500A was used in the spectrometer. The detector

was a Hammamatsu S—i response , side—on photomultiplier. Some studies of the

B
2

2 — emission of CS used a 1200 line/mm grating blazed at 3000A. The

detector for this spectral region was an EMI 6256S photomultiplier. Measure—

ment of absolute intensities in units of watts/cm
2 

ster is obtained by

calibration against an Epp ley standard filament 1 amp.

2 . 2
Temperatures were determined both from HF/DF and CN (A - .  -

~ S

chemiluminescence measurements . For the HP/DF measurements , the following

analysis is used . This analys is assumes an op tically thin medium. Line

in tens i t ies  fo r  t rans i t ions  between levels v ’j ’ -
~~ v”j” are given by

— 2 — l
t line 

(v ,j -* v ,j ) (watt cm ster )

[2]

l6~~ 1O~~ . . -4 . , . ,  2 
dy

c ~ < v j  - M (r) “ i  > 1 ~~~ m~~~ m
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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 
~~~v ’j’’  dy, normalized by the rotation degeneracy

term 2j -s 1, has units of molecules/cm 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 pop ula tions ar e

in Boltzmann equilibrium at a rotational temperature T , one ob tains

_ _ _ _ _ _  = exp j ’(j ’+l) B~~
] 

~ [31

where Q is tire rotational partition function and B , is the rotational

constant for the upper vibrationa l state. On a semilogarthic plot of

(2j ’ + l) l 
f~~~~~

’
~~~~

’ 
dy vs j ’(j’ + 1), points representing spectral lines

originating from a given vibrational upper level follow a s traight line

whose slope is inversely proportional to the rotational temperature.

Boltzmann distribution of rotational sublevels has alwasy been f o und

to exist in chemical lasers investigated thus far , and the rotational energy

indicated is equal to the kinetic (translational) energy of the medium .

Vibrational pop ula tions ~ dy, are also obtainable from tire

chemiluminescence data.

In princi p le, a similar analysis could be conducted to obtain

the CS rotational temperature . However , beca use there are 12 branches in
2 +

each band of the A ’T — S - transition , there is much overlapp ing of

rotational lines which makes isolation of enougir pure rotational lines

1or a temperature determination difficult. Thus , (‘5 rotational temperatures

- .4-
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we ap p r - - - . i m , r t  ed by i ump ar i r rg  chemiluminescence data with synthetic

spect r n .  The construction of these synthetic spectra is discussed in

Appendix B. This measurement is not as precise as the HF/DF deter—

mini:ion. Thus , this comparison was performed mainly to check tha t

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

to be tire case in all cases tested . Thus , in gener al , the temperature

f r o m  HF/DF was used. However , some qualification sirould be made about

tir e }~~/DF measurement. It has been found tira t a change of slope can occur

in tire semilog p lot o f ( 2 j ’ + l) lfN ,., dv versus j ’( j ’ + 1) at hi gh 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 tire slope effect observed in HF experi-

ments still occurs at these higher temperatures .

Absorpti on/Gain Measurements

It was very desirable to know how much of the X
2
E state of CS is

beine 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 , absorpt ion of the (0,0) band

of the CS violet system x~ :
+
) was used to measure concentrations

of ground state CS radicals . The experimental arrangemer~t to  achieve this

is shown in Figure 11. The (.5 violet radiation used for tire measurement

was emitted from a microwave discharge through a slowly f low ing 30:1:5

(21)
m ixture of argon:nitrogen :methane at 1 torr pressure. The discharge

reg ion was viewed side on thro ugh a 1 cm length rather than end—on to
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minimize problems due to self—reversal. Fire lamp si gnal was moni tored w i th

tire McPherson s p e c t r o m e t e r .  Changes in lamp signal with an without gas

flowing in the laser cavity was used to measure absorption. A correct ion

u-as made for (5 violet emission from the  cavity. An active length of 30 cm

was used in these experiments.

For analysis of the data , tire overall extinction c o e f i i c i e n t

(21) 0 3 —l — l -calculated by Boden and Thrush of al x 10 cm mole cm was usea .

This g ives only an est (mate of t i re  ground s ta t e .  (icc-ever , relative :- 000 u r e -

ments under different experimental conditions are valid.

The second experimental arrangement is s k et c h e d  in Fi gure l~ and

a photograp ir is shown in Figure 13. Th is exper iment  is desi gned t o  g ive
n -sa d i r e c t  measure  of the  a b s o r p t i o n  or ga in  in the CS (A~~ — ) red s’, s t eO .

The source in tin s exper Lment is a cyanogen—deuteriumn--- fluorine flame run

under conditions where emission from the U — 1 and 0 — 2 bands of the CS

red sys tem was op t imum and also where emission was most stable. The spectro-

meter was set so as to isolate individual rotationa l lines of the (‘S 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 tire 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 s t ab i l i ze  th is  so there  were a t  most 2h fluctuations from the mean

s igna l .  1’his did not present  a p rob l em in the measurements  since s t ron g

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

if the probing source is a continuum and the absorb ing lines of the med ium

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

l evel number density integral along the line of sight. In practice , it is

difficult to establish ground s tate 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 measureab ly

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 Dopp ler

widths of the absorb ing 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 1
, 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

w idths can then be opened to a degree sufficient to separate individual

spectral lines. Therefore, this method was chosen to determine the CN (X)

ground state concentration. Mitchell and Zemansky
(22) 

give the formula

for absorp tion by a given isolated rotational line as

k 9.
A = 

o,K [4]
K

The above expression assumes both small absorption and Doppler broadening

in both the source and absorption medium . In the above, 9. is the path
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l eng th  and is t ire ratio of Doppler widths in the source and in the

a b s o r b i n g  CS and equa ls the square root of the ratio of corresponding

translational temperatures. k
O K  

is the absorption c o e f f i c i e n t  fo r  the line

and is equal

( in  2~~
1/2 ~~2 q , ,, S

K I K ( K  +
= exp 

~R ~

Vine re is the  t o t a l  lower state number density , c , is the Franch—- v ,v

condom factor for the vibrationa l transition , S~ is the rotational line

stre :nc t i n , and are rotational and vibrational partition functions at

the  m e d iu m  t e m p e r a t u r e , I is the lifetime of the electronic transition and

is t i r e  b o p p ler  - - : i - l t h  of  the  a b s o r b i n g  lines . Surner ica l  eva lua t ion  of

Equa t ion [ 5 ]  f o r  C = 13 of the  Q11 
br ~m c i i  C X ( A  — 5) sys tem g ives

k015 = i x 
. [6]

Eq u a t i o n s  [ 4 ]  and [o ]  can be combined to allow computation of the number

density from the measured absorption .

To compute a LX 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 .

Considerable effort was spent identify ing individual lines of the CS red

band ~V = —l and V = —2 sequences at 1. 4 and 2.0 microns in the CX burner

l ight source. Rotational lines in the branch of the particular vibra-

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
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medium be truly Dopp ler—broadened , and that the corresponding width

r a t i o  a be known .

Considerations of Doppler width and pressure broadening coeff-

icients lead to the conclusion that Doppler half—widths should exceed the

col l i s ion broadening h a l f — w i d t h  by about one order of magnitude at

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

The Dopp ler width  ( f u l l  wid th  at ha l f—maximum ) is g iven by

= 
2~~ R1n2 

6.lU
_6 

[ 7 ]

whil e collision width is given by the classical Lorentz expression

~
W
L 

= 

~c 
0
L
2 
N 

V
’2 mRT
(
~- + 

M
2) 

[8]

where M
1 

and N
2 
are molecular weights of CN and its principal collision

par tner , N the total number density, and is an “optical” collision

cross section wh ich generally is about s.io~~
5 cm2. Typical values for

~
W
D are 5.10

2 
cm~~ at 1.4o (V’ - V ” = —1) and 9.lO

_2 
cm

1 at 6900 A

(V ’ — V” = 3). The value of 
~
4W
L 

is therefore about l.7.l0~~ cm 1 
at

—3 —i -10 torr and 8.5.10 cm at 50 torr. The assumption of Doppler broadening

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 Dopp ler

br oadening assumption , an attempt was made to spectrally resolve the true

width of an isolated spectral line , using a scanning Fabray—Pero t inter—

ferometer. Available iriterferometer plates necessitated that the
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measurement  be made using v i s ib le  l i ne s  in t h e  w a v e l e n g t h  region 6000 —

0

7000 A. A spec t rum of the  burner  in t h i s  region is shown in F i g u r e  14.

At t i r e s e  wave leng ths , the f inesse  F ( r a t io  of f r ee  spec tra l  ran~ e to spec—

t r a l  r e s o l u t i o n )  was onl y about  7. The available interferometer plates

had peak r e f l e c t i v i t y  (98%) and f inesse  (- 30) in the region 4500 — 5500 A.

A plate spacing of t = 2.5 cm was i n i t i a l ly chosen to pr ovide a f r ee

spec tral range of

F
~~ =~~~~~

= 0 .2 cm ’ 

F 

[9~

and a spec t ra l  resolu t ion  of (
~~) 

-~ .03 cm~~~, somewhat less than the

expected Dopp ler width. When this was done using a 4 , 0 spec t ra l  line

at 6293 A , no fr inge pattern was observed . (The 6293 A line had been

isolated b y a g r a t i ng  spec t romete r  wi th  2 cm 1 resolution p laced in

f r o n t  of the F a b r a y — P e r o t ) .  At that  po int it appeared that  a pure spect ra l

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 cm
1 

and a spectral resolution of about 0.5 cm
1
.

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

t h i s  case is indicated to be abou t 0.8 cm 1
. 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

Dopp ler width and verification that harmful self—reversal are not present

in tire CN burner. The problem was that the line selected from tire 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 dep leted before additional

measurements using either a different line or interferometer plates with

a higher finesoe could be attempted.

2 . 3 . 2  Resul t s

General Chemiluminescence Observations

a) Cyanogen—hydrogen—fluorine flames. The initial observations

were- :~ rOe in the 3 cm gain length HF laser device with fluorine in the

precombusto r and hydrogen and cyanogen being added through the cavity

injector. The spectrometer was initially scanned over the i~v = 0 bands

using the  cooled PbS detector. Integration over the total intensity in

these bands combined wi th  use of the rad ia t ive  l i f e t i me of the A 2 C s t a te

of CN of 7 usec combined to yield a number density greater than 10
15

m olecules/cm3 in these bands alone . The f low 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 simi lar number

densities were achieved with an appropriate scaling of flow. It was

found that if all flows of reagents were increased proportionally the

i n t e n s i t y  tended to scale p r o p o r t i o n a t e  to the f low.  This i n d i c a t e s

tha t the experiment is easily scalable .

- --.—~—— -
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b) Cyano geu— deuterium—f luori ne flames. Substitution of deu tn - r—

iun f o r  hy d rogen  was a t t e m p t e d  to aid in c l a r i f y i n g  the mechanism b y which

t i r e  CS emiss ion  was be ing  p roduced .  If  an excited state of a irvO r u - c-rn

compound were re sp on~~ib 1e  f o r  t i re  e x c i t e d  s t a t e  p r o d u c t i o n , s u b s t i t u t i o n

of d e u t e r i u r n  should result i~ lowe r emission i n t e n s i t i e s .  I t  was found

t h a t  i d e n t ic a l  f lows of d e u t e r i u m  produced  iden t ica l  CS (,~2~ ) state emiss-

ions . In o t h e r  expe r imen t s . 0 . was somet imes  s u b s t i t u t e d  fo r  H 2 to  e l i m i n -

ate HF 1st overtone emi ssions.

c) C van o g en  chloride—hydrogen/d euterium—fluorin e flames. It

was found  t in a t  cyanogen ch lo r ide  could be s u b s t i t u t e d  fo r  cyanogen .

ilowever , a somewhat hig her f l o w  of CN C1 in p r o p o r t i o n  to hydrogen and

f l u o r i n e  was r equ i r ed  to p r o d u c e  op t imum emiss ion  i n t e n s i t i e s .  V i t h

cyanogen chloride , optimum intensity was obtained at much lower pressures

tiran with cyanogen. Figure 16 shows a plot of emission intensity versus

total cavity pressure. Pressure was - , aried by reducing the pumping speed

throug h 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 wherc less cyariogen chloride u-as 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 inten sit y varies

with total pressure .

l’nder certain conditions tire cyanogen—fluorine f l ame  could be

mia~ n t a i n e d  w i t h  no hydrogen. However , under t h e se  conditions , emission

intensities dropped dr am at i nalt v. These flows were also critical as

ev idenced by L ir e f~r~ t t h a t  the eni ssion could he t u r n e d  on and n~ f f by

t u r n i n g  tire hydrogen on and o f f .  The e v r r w n g e i r — h ydrogen  f l a m e was almost
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impossible to maintain und e r tire flow conditions used without some fluorine .

d) Hydrogen c a n  ide— irvd rogen/deu terium— fluorine flames. One

exper imen t  was run  in w h i c h  hydrogen cyanide was s uh s t i t u t e d  f o r  cyanogen .

The hydrogen cyanide used was synt hesi zed by dropp ing sulfuric acid on

sodium cyan ide .  C o n s e q u e t n t l ’~- , onl y a small q ua n t i t y  o f II C S was av ai lab le

for experimentation. A commercial supplier for ilCN 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—h ydrogen cyanide flame visually resembled the flames obtained

w i t h  f l u o r i n e , d e u t e r i u m  and cyanogen or cyanogen chloride. That is , the

same b l ind ing  red chemiluminescence  was observed.  No quantitative spectral

measuremen t s  were made since the amount of hy drogen cy an ide  av -ailable did

n o t  allow s u f f i c i e n t  run t ime .

e) E f f e c t  of d i l u e n t .  Helium d i luen t  was added to the  f l o w

to determine its effect on chemilurr inescence intensities. When i t  was

added w i t h  e i t h e r  the fluorine or with the CXCI , it caused tire emission

in t e n s i ty  in the  (0— 0) band to dec rease .  However , when it was added as

a window pu rge  the  i n t e n s i ty  i n i t i a l ly increased wi th  hel ium f low.

- However , an op t imum d i l uen t  f l ow was reached after which the intensity

decreased w i t h  h e l i u m  f low. The i n i t i a l  increase may have been due to

e l i m i n a t i o n  of  CS ground s t a t e  in the  window v i c i n i t y .  No studies of

the dependence of  mu dium t e m p t - r a t u r e  on d i luen t  f low were c o n d u c t e d .

However , a definit e temperature decrease with increased diluent flow is

expected. Further experim ent- would be needed to determino whether the

observed irr terr —~h t y  decrease w i t h  d i l u e n t  f l o w  was due to kinetics or to

strictly equilibrium tOn-ct - ni l effects. For this study the v ir l i t  ion of

17
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emission intensity with temperature as well as a corresponding equilibrium

anal ysis  is needed.

Temperature Measurements

Temperatures were determined from HF/DF chemiluminescence data

as described in section 2.3.1. A typ ical plot of vibrational state number

density versus J(J + 1) is shown in Figure 17 for DF chemiluminescence in

a F7/ D2/CNC1 flame situation. Spectra were taken under conditions where

emission from the A—X band of CX was max imum. The flows were 8 X lO~~

moles/sec fluorine , 4 X ~~~~ moles/sec deuterium and 2 X ~~~~ 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 p lots g ives ro ta t iona l  tempera tures  of 292 0 °K in the

(1—0) band and 3070°K in the (2—1). Thus , this measurement indicates

tha t the kinetic temperature in the medium is near 3000°K. Temperature

measurements in F
2/H2/ (CN)

2 flames were also made. One set of data gave

a temperature  of 4000 ± 600 °K. This data was obtained using a tape

drive da ta  acqu is i t ion  system and had more s c a t t e r  than normally encountered

in HF cinemiluminescent da ta .  However , these t empera tu re s  are higher  than

any tha t  had been measured in HF chemical lasers so a d i r ec t  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 d ifficult to obtain CN and HF/DF chemiluminescence data

simultaneously since the two spectrometers required for this measurement

were not read ily available. However , qualitative estimates indicate an

increase in temperature with CN (A—X) chemiluminescent intensity.
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CN rotational temperatures were estimated by comparison with

computer generated synthetic spectra (see Appendix B) of CN (A 2 fl — X
2

~~~)

emiss ion.  Computed spec t ra  fo r  the tv = 1 band at several t empera tu re s

are shown in Figure 18 while an experimental spectrum corrected f o r  d e t e c t o r

response is shown in Figure 19. Best fit of these two spectra gives a

temperature between 2700°K and 3000° K f or the F
2/ D2/CNC1 flame. Other

spec t ra  run under  s imi lar  experimental conditions as those where HF/DF

chemiluminescence da ta  were ob ta ined  gave t e m p e r a t u r e s  which  agree w i t h in

error limits with the HF/DF rotational temperatures.

CN v i b r a t i o n a l  t empe ra tu r e s  were de t e rmined  by p l o t t i ng

N , a ICy ’ , v”)/v
4 

. g(v ’, v t
~) 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

Fran ck—Co n don f a c t o r .  Such a p lot is shown in Figure  20 fo r  the op t imized

F 2 /D 2 /CNC 1 f lame . The anharmonic i ty  term s were not included in this plot.

Plots were made for both the ~v = 3 and tc = 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(B
2
Y
+ 

-~ X 2 E
+) 

Radiation

Very s t rong absorp t ions  of C N ( B 2 +  X 2
~~~) by the medium in

the laser cavity were observed . With the F
2/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

canno t be used to estimate number densities. However , a lower limit of
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( ‘N (\ 2 
- )  co n c e n t r a t i o n  of iol4 

tru1e cu1es/~~~
3 can be estimated. For t ir e

F
2/D 2

/CNC1 system optimized to maximum CX red band emission , only 5% of

the lamp signal was absorbed. Using the extin ction coefficient in section

13 3 2
2.3.1 an estimate of 10 ttiulecules/cm ot (N(X ) state is obtained .

No q u a n t i t a t i v e  emiss ion  measurements of the CS red band emiss ion inten-

s i t ies  were taken s i m u l t a n e o u s ly  with tire absorption measurement s. Thus ,

an estimate of ratio of e x c i t e d  S ta t e  t o  g round  s t a te  number  d e n s i t i e s

was not obtained . Qual i t  a t j - : - l v , t h e S C  e x p e r i m e n t s  i n d i c a t e  t h a t  less

ground state CS i s fort- c-I in flat es wi tu 0501 than wit h (05)2 .

I )
Ab sorption/Gni F~~~~r i n n t ~~~r .ttIr C\~~\

’— ‘
~~~ 

) P r 1 r a . t i o n

O n ly  -i l i t - t i t e d  number  ga in  rnn - r -t rr em en t s were p e r r o r m n - d . Those

measurements  were r e stricted to the F~ / O /  (05)
2 

sy s t e m  because of dwind—

h o g  supp lies of CNCI. Before the gain measurement was made , flows to

the active medium were adjusted to produce max imum intensity in lines of

the  Q11 branch  of t u e  0—1 band .  Q branch l i n e s  were chosen s ince lasing

in flash pho tolysis lasers occurred only on Q11 and P11 lines. Gain would

be most l ikely in the 0—2 or 0— 1 bands .  The 0— 1 band was chosen fo r

initial experiments because there was more emission from tire source in

thi s band which made choosing a particular line easier. Also , more

detailed spectroscopic information on this band was available ira the

(19)
literature

An exper iment was conduc ted in which a g iven vibra tional line

from the flame source was monitored. The emission from the active medium

was mod u la ted by turning the hydrogen flow on and off. A 5% decrease in

tine flame signal was observ ed 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 o b ser v e d . This  shows the  p r e s e n c e  of more g r - -u nd s t a t e  than  e x c i t e d

s t a t e  f o r  the p a r t i c u l a r  t r a n s i t i o n  m o n i t o r e d .  Several o t h e r  r o t a t i o n a l

lines were monitored with equivalent absorptions being obserced . 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 tire cavity. Decreases in absorption corresponded to decreases

in emissiun intensity. The experimental arrangement did not permit

srcnultaneous acquisition of quantitative emission and absorption data.

Consequently, -absolute densities of upper and lower state densities could

not be determined. These measur ements would allow absolute determination

of upper  and lower s t a t e  number d e n s i t i e s  and allow d e t e r m i n a t i o n  of the

ratio of these densities. Tin s would indicate by how large a factor t h e

lower s t a t e  number  dens i t i e s  would have to be decreased for the upper

state number densities increased to reach a condition of positive g a i n .

2.3.3 Discussion

The intense chemiluminescence observed in the F
2

/H2
(D7)/R- (X

(R CS , Cl or H) experiments described previousl y was tot ally unexpected

on the  basis  of k inet ic  and t he rmodynamic  anal ys is .  To i l l u s t r a t e  t h i s ,

i t  is p r o f i t a b l e  to w r i t e  down a series of possible reac t ions  to  de te rmine

if they could be responsible for the observed emission. Some possible

reactions are:

F + H
2 

- HF (v) + H (~ 0)

H + F
2 

- HF (v ) + F (41)

F + RCN RF + CN ( 4 2 )

F + R C N - - F C N + R  (43)
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Ii + RCN HR ON (4 t )

H ~ - bIOS ÷ R (45)

H + FOX - HF * CS ( —+6 )

i-I + FCN - b P S  * F (47)

F + HCN HF + CX (48)

F ± bb ( 5 ; - FCN + H (49)

HF ( v> 3 ) + C N --. HF(v— 3) + CN* (50)

H + H + CS - - H
2 
+ (“ I~ (51)

F + F + CN - F
2 
+ CN* (52)

H + F + C N -~~H F +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 var ious

cyanogen—conta in ing  compounds. Most recent measurements  (24 ) give the

following values , all in un i t s  of kcal mole 1: D(H — CN) = 120 ,

D(Cl — CS) = 97 , D (NC — CN ) 128 , D(F — CN) < 111 and D(C — N) = 184.

Reactions (40) and (41) are inherent in all system s and may liberate the

necessary energy or atoms that  lead to eventual  product ion  of the CN red

band emission. Reactions (46) — (49) are possible in the system for all

R ’ s. React ions (46) and (48) are exothermic by ~a- 19 kcal/ mole and

10 kcal/mole respectively. These reactions could produce CN radicals in

the i r  ground s t a t e  but are not energet ic  enoug h to form a CN exci ted s ta te .

An exper iment in which F—atoms were produced in the precombustor and i I CN

added downstream showed no CN red band emission , confirming this conclusion .

Reac t ion (49) is no t allowed by energy considerations but reaction (47)

cou ld occur , contributing to a possible chain reaction. The occurrence

of reaction (50) tends to be discounted by the  f a c t  tha t  s u b s t i t u t i o n  of
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D ., f o r  H 2 s t i l l  r e s u l t s  in p r o d u c t i o n  of CS red band emission.  Reac t ion

(51) has been shown to be responsib le  f or  CX emission ir reac t ions  of

i t - d r o gen  atoms with cyanogen chloride~
25
~~. 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 s otto as (48) and (49). The reaction to form H
2 

and CS , reaction

(t4 ) is not energetically allowed. When R = CN , the situation becomes

even worse since none of the reactions from (42) — (45) are e n e r g e t i c a l l y

allowed. With R = Cl , reactions (43) and (45) are enercetically allowed.

The y f o rm F!CN and FCN wh ich cou ld prod uce CS radica ls  by r e ac t i ons  (46)

and (48).

At best , the above mechanism can exp lain some formation of CX

radicals in their ground state but does not suffice to exp lain the large

number densities of a~
2
: state observed experimentally. The possibili ty

that a comp le tel y 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 l e s s  than 3% of the R—CN would be converted to CX radicals at

3000° C. i t r t s  number combined with populations predicted from Boltzmann

statistic s indicates that this mechanism will not exp lain the observed

exc ited state number densities. a\ much higher temperature than determined

exper imentally would be needed to account for the observations.

No feasible mecha nism for the CX 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 CX
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~~~ duc~~ ch~~~icalI the ~y s t~~~~app~~~~ to be one j t nL st promising

ye t  considered.  The A Ii s t a t e  of CN meets  t he  r equ i r emen t s  fo r  a las ing

species and the  overall system meets r e q u i r e m e n t s  of pure chemical product—

ion and s c a l a b i l i ty .  A l t h o u g h the i n i t i a l  gain m e a s u r e t - a - n t t - i  we’ e a lO t

encourag ing , i n s u f f i c i e n t  data was obtained to comp le’ e l v  ev a l u a t e  the

Sste::n . Because of the potent ia l  of this  system fn r  CV chemica l  laser

p:oduction , it should be investigated further.
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i n i t  s t e r n )rb

[h e  i n i t i a l  n e t a si a h i e  s pe c i e s  s ug g e s t e d  for use as energy  t r i m n s f e r

donors were d O ( s
3

) and C S (a
3 1 )  I d e  so s pe c i e s  should be f o r c e d  by react ions

O t I e  to:pe

1 3 3 3C ( i )  + U . (  ) - CO( a ) + o~ P)  ( 3 4 )

C ( 3
P) a 2()( ) - CO (a

3 ) — 

~~~

C ( 30) + OCS( ~~~) - CS(a 3 ) + Cu (X111 ) (56)

T hese r e a c t i o n s  arc e:-~pec ted to proceed on tine basis of spin

c o r r e l a t i o n  rules . Since the a t om s  involvea are r e l a t i v e ly  lig lr t , sp in

c o n s e r v a t i o n  ru les  s h o u l d  be obeyed for these reactions . Tine CO (a
3
d)

state has a r a d i a t i ve  l i f e t im e  of 7 msec and is 6eV above the ground

state. The din etics of ti n e reaction of carbon atoms with oxygen have been

studied and the reaction is known to proceed rap idly . However , no study

of the resulting state of CO has been conducted . There is some agreement in

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

Johnson and Fontijm~~
’
~ proposed the above reaction to account for CO(a

3
)

emi ssion observed in flames . IIo~-:ever , O gr v z l o  et al observ a --d no

CO(a
3
~ ) 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

i nc lud ing  A 3
~~~, B3 FI , and B3~ if CO is formed in its ground electronic
u g U

state. rhe a311 state of CS was shown to be formed by reaction (56’t in a

previous  program . (29 )  This state has an energy 3.42 eV above the ground

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

- - (29)
it  is of t u e order of 1 msec.
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Tine mos t  p ro t - i~ ing e f l e r c v  t r a n s f e r  a ccep to r  f o r  tire CO (a311 )

state is ni t r i c  oxide in its b~ staLe . I ot- pirrison of energy l~~ve l s  of

CO and NO s in ows t h a t  t ine  A ’ d a nd B~~ st a tes  of N O are a c ce s s i b l e  fo r

t r a n s f e r  f r o m  t h e  CU (a 3
d )  s t a t e . In  f a c t , the re  is exper i :- .en t a i ev idence

(30) 7 +t h a t  this tr ans ter does o c c u r  p roduc ing  the SO (A ) and SO (B ’ d )  s t a t e s ,

i.e. , the and bands of 14) in a ratio of from 1.5 to 2 . 0 .  Tire r e l a t i v e

vibrational populations resulting from this transfer for SO(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 selectivel y populated by the transfer. The overall quenc lrirc rate

of the CO Cameron band emission by Xi.) was found to be very rapid with a

rate constant of 2 x 10
10 

cm
3 
molecule

1 
sec~~~. There is some evidence

that only 15% of this quenching goes into the NO ~\ and B states althoug h

the method by which this was estimated was open to error. Hence , a r a n g e

of rates for the trans fer should be considered . The 11 state is t1~e most

interesting state for consideration as a laser candidate . Its radiative

lif etime of 3 csec~
3
~~ puts it barely in the range of possib ility as a

chem ical laser candidate. It also has the advantage t h a t  the most probable

emission is f rom the v ’ = 0 level to the v” = 6 level , c rea t ing  a f a v o r a b l e

population inversion for lasing . The V—RT rate for NO (v = 1) self—

re laxa t ion  in the ground electronic state is 7.7 x l0 14 
cm

3 
molecule~~

sec ’ whereas the  v—v r a t e  is 3.85 x lO
_ l2  

cm 2 molecule~~ sec
1 (32)

No rates have been measured for the relaxation of the v = 6 rates . However ,

V—RT rates generally increase with increas ing 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 dep leted as

rap idly as it is filled. This would reduce the lasing zone but would n ot

~
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p r e ’ ’ eI n t  t a s in g .  I r e  a c’ e i nitial considerations indicate that the

C O ( a 3
1)  — d ) (b~~ ) may be a viable lasing system .

fine dine-tics of the CO—SO transfer svste:- can be considered to

determ ine theoretical feasibility . The important reactions to be considered

are listed below .

C + 02 - CO (a 3d ) + 0 (57)

C + °2 
-- CO (x ’ lI ) + 0 (58)

CO( a3T) ± 0 -- CO 2 
+ 0 (59)

CO( a3d) 1-I - CO + N (60)

3 2
C O ( a d )  SO - CO ± Su (t\ 1)  (61)

CO(a 3 ) + NO -- CO + SO ( 8 )  (62)

CO( a3d) + 50 other products (Pi.)

SO (A
2
~. )  - - \~~) + h .

5- (B
2

.)  -- NO + hc- (65)

line sum of rates of reactions (57) and (58) has been measured  t o  be 3 x 10
_ I l

3 —l —1 (33)cm molecule sec - . - .For a f i r s t  o rder  c a l c u l a t ion , it will be assumed

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

been measured to be 1.4 x 10 10 cm3 molecule 1 sec 1 3~~) 
whereas the rate

of reaction (60) fo r  N = Ar is 4 x 10
16 

cm
3 molec ule~~ sec~~~. 

(34)

sum of rates (61), (62) and (63) has been measured to be 2 x l0 10 
cm
3

—l -1 -11)
molecule sec . For a first order calcualtion , val ues of k

bl
= 1.3 x 10

3 —1 —l — 11 3 —l — lcm molecu le  sec and k62 = o . 7  x 10 cm molecule se-c are used.

The rates of k64 and k65 correspond to the  inverse of the radiative

lif etime and are 5 x io
b 

sec ’ and 3.3 x 10~ see 1 re spec tivel y.
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The r a t e  equa t ions cor responding  to the  above set  of r eac t ions

were solved nume -ricall us ing  a R u n g e — K u t t a  i n t e g ra t i o n  scheme . Initial

concentrations of c , 02 and NO of 1 x io
16 , 1 x io16 and 2 x 10 16 molecule s /

cm3 were used. The results of the calculation are plotted in Figure 21.

this p lot shows that a number density of SO (11 ) of 7 x 10
14 

molecules/cc

can be obtained at these initial concentrations .

The number densities in the upper and lower state-s can be related

to the optical gain + by the following gain equation:

/ “ l/~ 2 /~~‘
= 

(1n2 I

~ 

- 

( ~~ y~~~J ’ — [10]
4 -  e - -

~ \ g /

- -One - re g ’ and g ’ are the degeneracies of t he  levels , A is the E ins t e in  c o e f f i —

ci e - n t for spontaneous emission at the  wave length  ~ with an effective line

s’idth of 2v , and v and J are tine vibrationa l and rotational quantum

numbers .

A sing le prime designates the excited electronic state and a

double prime the lower electronic state. The above expression can be

approx imately evalua ted fo r  the v T 
= 0 to V ’1 = 6 transition in the NO (B—X)

0

system at 2892 .6A . To do this , a Dopp ler line—width is assumed , all

vibration in the upper state is assumed to be in the v ’ = 0 state and a

Boltzmann distribution of rotationa l levels is assumed . This evaluation

gives :

a - -y 1.5 x 10
17 (N , - 1/2N ,,) cm~~ [11]

The above expression indicates that for a l0~~ cm
’ ga in , the quantity

L 
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in p a r e n t h e s i s  slro u1~ be 6.9 x lO~~ mo lecu l e s/ cc .  This is in i gher  than

the number d e n s i ty  c a l c u l a t e d  above f o r  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 tire follow-

ing section .

2.4.1 Atomic_Carbon_Production

A necessary requirement for using CO(a ) as donor molecules is

the ability to produce high number densities (~ 1015 
atoms/cc) of atomic

carbon .  The method  proposed fo r  acln ie - .- i n -ng these number densities is eating

carbon containing compounds in an arc. Two configurations were used for

these experiments. The first used a powder feeder to feed grap hite powder

into the a r c .  The second involved injecting a gaseous carbon containing

compound directly into the arc .

2.-i .1.l Theoretical Prediction of Carbon Production in Arc

Prior to performing experimental arc tests , potential carbon

atom donors were screened using the NEST (N—Element— ~ystem ) computer code .

The calculations were performed assuming a total pressure of one atmos-

phere in the arc—p lenum and a molar mixture of 0.9 diluent (eitlrer N , or

Ar) with 0.1 carbon donor. All possible products were considered with the

code pred icting concentrations of each product. For examp le , using 0 , 5 2 ,

and Ar as input gases , the product gases are Ar , C2N2, CS , C , C2, C3, c ,

C5, N , and N ,. NEST code predictions for condensed carbon , allene , tetra—

fluoroeth y lene, carbony l sulf ide and cyanogen are shown in  Table II f o r

argon d i l u e n t .  Table I I I  shows ca lcu la t ions  f o r  eth y lene and acety lene

- —8 3witin both Ar and N
J 

diluents . Note in this table that 2 x 10 mole/cm

fl/I
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- 3 - -c o r r e s p o n d s  to 10 c a r s o n  a t o m s / c m  f o r  c o mp a r i s o n  c i t h  l a b l e  11. Fo r

b o t h  t a b l e s , ex p a n s i o n  t h r o u g h  a s u p e r s o n i c  nozz l e  ‘sill lie-crease concentra-

t i ons  by a f a c t o r  of appro: - :imate-lv 30. S tud y of tine tables indicates tl ,t

c on d en s e d  ca rbon  is pe rhaps  t i n e -  m os t  d e s i r ab l e  carbon d~ ncr both b e c a u s e -

o f h i gh number  d e n s i t i e s  p roduced  and becaus e- i t  is clean ” , y i e lding a

s ma l l e r  n um b e r  and q u a n t i t y  of p r o d u c t  gases. Carbony l s u l f i d e  and cyanogen

both produced hig h concentrations of carbon atom s but also produced side

p r o d u c t s  t h a t  are quench ers  of m e -t a s  t ab l e  spec ie-s .  Acet\-lene ar I e t hy l e n e

s-cr c  both good donors w i t i n  a ce ty l ene  being somewha t b e t t e r .  Also , t i re  Ci
~n

side products should not interfere witln m e ta s t a bl e  f o r m a t i o n  and  guenchi :nc.

line calculations also showed that nitrogen diiuent is undesirable becaus,~ of

f o r m a t i o n  of n i t rogen  compounds at the expense of a t o m i c  ca rbon .  l i n e - s e

calculations i nd ica t e  t ha t  number  de ns i t i e s  of carbon produced in exper

m e n t s  s i t h  n i t r o g e n  can be expected to be more than an order  of n n a g n i t u J ~

lower than those with argon . In some experiments reported in the nest

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

2.2.1.2 Descr i2tion of the Arc_Experiments

An arc—driven ~fF laser f a c i l i t y  wh ich was sl ightly modified for

this program was used for experiments. Figure 22a shows the basic experi-

mental configuration and Figure 22b shows an expanded view of the nnixing

reg ion.

Two d i f f e r e n t  a rc  j e t  conf i g u r a t i c r r s  .sere used in these experi-

ments . The f i r s t  was the BA1007 confi guration of t ine  Thermal 1(vnar ics

C o r p o r a t i o n  F—80 arc  j e t  head . Both nitrogen and argon diluents were

t e s t ed  w i t h  this c o n f i g u r a t i o n . With nitrogc- n , an equilibrium injector—

(:7 
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Fi gure 22. a) Basic arc configuration.

b) Expanded view of the min ing  reg ion .  
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throa t stagnation ter:per ature of 3800°1K was achieved . With argon , t i n e

maximum t e m p e r a t u r e  ach ieved  was 2000 ° C. M o d i f i c a t i o n s  in dc -s ign  of

coo l i n g  p a s sa oes  could  i n c r ea s e  t i n s, l i n e  CA— 12 18 c o n f i - u r a t i o n  of t i n e

F—SO arc head was also tested. Similar temperatures to those with the

I3A1007 conf igurat ion  nse -r e  a ch ieved .

For some tests an Aerospace Corporation 1-k-sm III arc jet head

-sas used. This arc had tine advantage that tire particulate could be in-

jected with the diluent directly into the arc jet head . An equilibrium

injector—throat stagrnation temperature of 2300°K was achieved with this

arc using argon diluent.

A commercial powder—feeder (Thermal Dynamic model “pI~ 2OO 1) was

used for testing graphite powder as a carbon atom source. Other carbon

donors were gaseous and could be directl y injected in to the arc p lenum.

Four nozzle  a r rays  were used for mixing the appropriate oxidizer

with the arc e f f l u e n t .  There were :

• a 1” x 7” CL—Il (15:1 expansion ratio , 36 mixing zones)

• a 1/2” x 7” CL—lI (15:1 expansion ratio , 36 mixing zones)

• a 1/2” x 7” HC1—I (7:1 expansion ratio , 72 mixing zones)

• a showerhead nozzle (axisvmmetric sonic orifices , 36

mixing zones

• a 1/2” x 7” slot injector (12:1 expansion ratio , 72 mixing

hol es)

Several of these nozzle arrays are shown in 1 -i gure 23.

2.3 .1.3 Carbon Atom fliatnosti cs

The pr imary techni que for monitoring carbon atoms was atomic

89
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Figure 23.  Photograp h of several available nozz le  a r r a y s .  From top :
1) 1/2” x 7” slot injector
2) 1/2” x 7” HC1—I
3) 1” x 7” Cl—Il
4) Showerh ead
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r e s o n an c e -  l n s o r p t  n c n .  An a t o m i c  c a rb o n  lamp was used as the- source fo r

t i n e - s e - s t u d i e s  vi  t i n  t in e  a t t en u a t i oj i  of t h e  carbon line at l656A i- c3 nc

m oni t ored. A O.3m McPherson spectror e-ter w ith a 24fl13 line/mm crating
C

blazed at 1500A was used to monitor the carbon lamp emission. The interior

of th e- spectrometer was evacuated to less than .01 torr pressure to avoid

a i r  0bsorp t ion  of thie c a rb on  l ine . U l t r a v i o l e t  grade sapp h i r e  window s and
0

o p t i cs - -cr c  used t h r o u g h o u t  to t r a n s m i t  the  l656A s-ave - length . A photo—

grap in of the resonance  lamp se tup  is show n in Figure 24 and a pho tog raph

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

is located to the risht whereas thiC cavity is located to tlre left . CUe

lamp could be a l igned in pos i t ions  3 cm and 20 cm downstream from the injec-

to r  nozz le .

For some experiments , enough carbon was produced to comp letols

ab c- r i; the resonance lamp emission.  Under these c rcumstances , a t i t r a -

t ion  ~s i t h  0
2 or COS was used , Either emission of CO (a

3h )  or CS( a 3h) or

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

technique. These experiments wil l  be discussed later.

2. 4 .1. 4 Powdered  Crap hite as Carbon Aton Do nor

Puratek G—1059 , 325 mesh , 99.9 pure graphite was added to t i n e

arc effluent through a powder feeder for these tests. Initial tests were

performed using a nitrogen diluen t wit in the F—80 arc. When the gran )

was turned on , intense white luminescence was observed in the tics . - a - ’

jul observation indicated that a high flux of w h i te  hot  p a r t i~~1es -

r e spons ib le  fo r  t i re  observed l u m i ne s c e n c e .  O b s e r v a t i o n  of t h c  -

mixer after tire test revealed a black deposit. Thu c p ~ s~

(11
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under a 50 power microscope. The particles in the deposit were more

rounded than in the original graphite samp le ,indicating partial melting .

The next tests were run using the Mesa arc with argon diluent .

Aga in , a large flux of white particles was obser~ed 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
0

l656A was then monitored. Absorption was observed when the graphite was
0

injected . However , increasing arc power resulted in emission at 1656A

in the arc , making the carbon lamp diagnostic useless. A bromine lamp

with a line at 1633A 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 l656A—resonance line. This means that 100%

absorption of the resonance line does not correspond to 1/1
0 

= 0 but rather

to I/I = 0.45. Measurements were made which optimized carbon absorption .

A point was reached where complete absorption of the carbon line occurred .

It is estimated that this corresponds to a carbon atom concentration greater

than iol3 atoms/c m3.

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 ~ou1d be preferable for spectros-

cop ic studies . Thus , the powder feeder was abandoned at this point In

favor of a gaseous carbon donor .
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2 .3 .1.5 Gaseous Carbon Donors

Ethylene was chosen as the first gaseous carbon donor for study.

It was selec ted because of its high vapor press ure , availabil ity and the

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

arc with an argon diluent . Addition of ethy lene 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 contirlum
0

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

of C
2 

could be recognized as sitting on top of the continuum .

Several tes ts 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

rap idly with distance from the nozzle. The CL—Il and HCL—I nozzles were

next tested . More intense and uniform luminescence was observed with these

nozzles. However , carbon depos ited in the slits be tween the injec tor por ts

causing a rap id decrease in the amount of carbon entering the cavity with

time. Spec troscop ic measurements showed emission intensities decreased by

mor e than a fac tor of 2 in one minute , making reproducibili ty 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

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

95 
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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 wate~.—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 2% 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

frac tion 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—Il or HCL—I nozzles.

Emission spectra were observed under several conditions . With

only argon in the arc , the gas stream appeared purp le and numerous atomic

argon lines were observahie. Upon addition of ethylene, the argon lines
0

were suppressed and a continuum beginning at 2750A was observed . When

oxygen was added through the mixing nozzle CO Cameron bands were observed
0

between 2000 and 2500A. However , the blue color still persisted . Carbony l

sulf ide was then added through the mixer . CS (A~~ ) and CS(a
3
) 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 acety lene should be superior to ethylene. However , experi—

mental tests using CS(a
3
) emission intensity from the C + OCS reaction as

an indicator (see next section for discussion of this technique) showed no

significan t improvement in carbon atom production over that observed with

acetylene. Experiments with methane showed slightly lower carbon atom
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produc tion 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.

3~ 3~2 . 4 . 2  Observat ions  of CS (a )~ and CO (a .) Emissions

Quantitative spectral studies were performed with nitrogen in

the arc and ethylene as the carbon donor. The HC1—I mixing nozzle was

used. No clogging of the nozzle occurred with nitrogen because of lower

carbon produc tion. Hence , measurements reported here are lower limits to

what should be obtainable using argon diluent .

Studies were made of the variation of CS (a3~ ) 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 (~ 
10 inches) to allow maximum contact time between

reactants. The intensity of the lamp emission at 1656A 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 tha t the COS is reacting with carbon atoms ,

res ult ing in less resonance absorption . The decrease at high flowrates

is due to absorption of the carbon line by COS. lit 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

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 f low—

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 examp le, assume the rate constant for reaction between

carbon and carbonyl sulf ide to be 1 x l0 10 
cm

3 molec ule 3 sec 1
. Also

assume a contact distance of 3 cm and a flow velocity of 10~ cm/sec . The

carbon concentra tion is ass umed to be 1 x 1014 
molecules/cc while that for

carbony l sulfide is 5 x 10 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 combina tion was calibrated

at the 0—0 band of the CS(a
3
~ ) emission. This was to determine approxi-

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

moles/sec ethy lene and 4 x l0~~ moles/sec carbonyl sulfide the line of

sight emission intenisty was 1.9 x io17 
photons/se c/ cm 2 

integrated over

the 0—0 band . The lifetime of the CS (a
3’) state is not well known. Esti-

mates range from l0~~ to 10 2 
second. Thus, depending on the lifetime,

concentrations could be between 2 x 10
13 

to 2 x 1015 
molecules/cc.
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Figure 29. Plot of Carbon Lamp l656A F~ission as a Function of Oxygen -

Concentration.
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Furthe r tests we~r~ -rfor~ ed with the F—80 , BA—l007 arc jet wi tk~

argon as a d 1lue~ t. Ihis e J i r : i n a t e s  in t e r f e r e n c e  f rom CN species . W ith

argon and t h e  1r~~e Gel. nozzle , the nozzle clogged with carbon in 1

:~inute run tine . ho carbon deposition was observed wi t h nitrogen diluent.

This indicates that more ca rbon  is produced with ar~ cn diluent as predicted

by the NEST calculations . However , quantitative data as in Figures 27 , 28

an2 2~ were i::~nossib1e to obtain in this confi guration because of rap id

intensit y changes due to less flow getting through the obstructed nozzle.

iiosove r , the initial CS(a
3
~ ) emission intensity was higher than in tests

vith nitrogen. A nozzle designed to avo~ d clogg ing would be needed to

t r u l y o p t i t n i z e  t h i s  s y st em .

Furthe r tests were made adhing °2 
to the ethylene and nitrogen

flay . he carbon resonance lamp intensity was monitored as a function of

O , f low . A r e p r e s e n t a t i v e  p lot  is shown in Figure 29 - The intensity

seemed to continue to increase up to the maximum flows used . It was

found that some emission at 1656A , probably due to the CO (A
2

11 ) 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 CC~ a
3 )

emission wavelengths. However , the calibration of the standard lamp which
0

was available extended to only 2500A and hence had to be extrapolated to

shorter wavelengths . Flowrates of 7 x l0~~ mole /sec ethy lene and

7 x lO~~ mole /sec oxygen were used with no attempt being made to optimize

the CO(a
3T) emission intensity . An estimated photon density of between

14 15 —3 —l
3 x 10 and 1 x 10 photon cm sec was observed ,. Since the CO life—

1’~3
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t i n t -  is 7 msec , th i s  cor responds  to a number density of from 2 to 7 x 10
12

molecules/cc. .\e~ain it should be emphasized that these measurements were

made at far from ideal conditions .

2.6.3 Conclusions on Carbon Atom Production

l’he tests described above indicated that carbon atom number

densities of the order of from i0 13 
to 10

14 
atoms/cc could be produced .

This was d i s a p p o i n t i n g ly low based on t heo re t i ca l  c a l cu l a t i ons  of the

number densities which should be produced in the arc. The deposition of

carbon in the apparatus indicatis that this is the limiting facto r in the

arc experiments rather than the actual carbon atom production . Thus , a

superior mixi n e scheme in which surface contact of the arc affluent with

the mixer is minimized is required . This requirement of thorough mixing

in a superson ic  f low w i t h  minimum s u r f a c e  con tac t  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 re”ctions will be limited by the number of carbon atoms that

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

2. 4. 4 Tra~~~~~~~~ p er in ent s I nvolvi~~~ CO(a)~~~

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(a
3’i) to NO

has already been charac terized . One study was perf ormed in which NO was

add ed with 0
2 

to the effluent of the arc. The expected NO emissions were

observed . This tes t was used to ver if y that CO (a3 ) was present .

An investigation of excited state products resulting fr om the

inc
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ln t ~~r~~Ct ion of C0 (a
3 

) w i t h  I CI  and Cl , was pen ormed us i ng a low pressure

d i sc h a r g e  f l o w  t u b e  d e s c r i b e d  in Se c t i on  2.2 and shown in ~i gur e 4 . The

of p r o d u c t i o n  of CO ( a3 1 )  is by the i n t e r a c t i o n  of mt t a s t a b l e  a r g o n

a t u : ~s p r o d u c e d  in the d i scha rge  w i t h  c a r b o n  d i o x i d e .  E i t h e r  I C l  or Cl

are m ixed in to  the f low through the  secondary nozz le  downst ream of the

p i u w i l e e l .  Emiss ion  was scanned f r o m  2000A to l. us ing a O.3m McPherson

s p e c t r o m e t e r .  For the  s h o r t e r  wave leng ths , a 1200 line g r a t i n g  blazed

at  7500A was used.  For the spectral region from 2000A to ~ 55O0A , an ~ 1I

6~ 56S photomultip lier was used to m o n i t o r  e m i s s i o n .  For longer wavelengths ,

an Hanamatsu type R200, GA2338 , photomulti plier tube with an Sl spectral

r e s p o n s e  was used to monitor the emission. The complete spectrum was first

s~ ann ed  vith onl y argon and CO f lows . Then e i t h e r  Id or Cl was added
2 2

and th~ spectrum again scanned. In neither case was any emission in the

spectral reg ion scanned observed. This indicates that excited state
0

products which emit in the spectral region from 2000A to 1. 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( 2P
112
) from interaction with I d .

Tile quenching  of CO( a 3 ) emission by chlor ine was s tud ied  to

de t e rmine  if any interaction between the  two species had occurred . For

these experiments , the CO2 
and Ar f lows were held cons tant . The spectro-

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

Th e CO(a 3 ) line at 2060A was monitored with chang ing flowrate of chlorine .

Then the ratio of the intensity with chlorine to that with no chlorine

was plotted versus chlorine concentration on a seimilog p lot shown in

Figure 30. Such a plot is linear with a slope equa l to 3.53 x 10
13 cm 3
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Figure 30. Plot of intensity of CO* emiss ion versus chlorine concentra t ion
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moiecule~~~. From the flow distance of 14 cm and the velocity of 2.3 x 1O~

cm/sec ,a rate constant of 2.85 x 10
_il 

cm
3 molecuie~~ sec

1 
was calculated .

Thi s is a reasonably fast rate ,indicating some interaction between CO(a
3
)

and Cl
2
. Similar results are expected from IC1, based on obs erved decreas e

of tile C0(a
3
~ ) signal upon adding this species to the flow.

The above results indicate that the A3 : states of IC1 and Cl
2

are not formed from the interaction of dO(a 3 :) w i t h  Id or Cl 2 .  However ,

they do indicate that some interaction , most likely dissociation of the

halogens , is occurring. The experiments did not preclude the possibility

of e lec tronically 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 ATh state of CX could be produced in a

combustion system. This state of CX has molecular properties required for

a chemical las er sp ecies so the sys tems studied have the potential for

lasing direc tly. The advantage of these systems is that they involve

strictly chemical produc tion so no external energy sources are needed to

promote excited state production . They also have the potential for scala—

hility to larger sys tems as increased flows of reac tants lead to produc t ion

of higher number densities .

There is much potential for further study. In the NF
3 

— H
2

combustion system , experiments indicate that atomic nitrogen may be pro—

duced . This presents the potential for studying a w ide range of reac tions

including those producing the A 4~ state of CX. The preliminary experiments
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also indicated that the transfer scheme from NF(a~~ ) produced in this

exper iment to atomic iodine may be efficient, and this deserved further

study. Defini tive conclusions on the laser potential of F
2/H

2
(D
2
)/R—CN

combustion systems were not re~ ched , and this sys tem deserves fur ther 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 produc ing high number densities of

carbon and e f f i c i e ntly m ix ing them wi th a second gas s tream 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—

tif” , by a series of exper imental measurements, chemical reac tions wh ich

may possess characteristics compatible with lasing in the v isible 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
J

A + BC - - AB* + C

where BC may be either diatomic or polyatomic and A represents metal atoms.

The “New Gas Lasers Committee Report on Elec tronic Transition Chem ical -

and Elec trical Excited Lasers ” (35) 
has identified reactions of this type ,

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 rela tively little

information is currently available . Criteria for judging the applica—

- bility of a given reaction are established with the conclusion that exper-

imental meas urements mus t be an integral part of an orderly development

program.

Reference 35 contained a firs t order screen ing of possible reac-

tions involving metal atoms and eliminated certain reactions from further

consideration either because of po tential 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 m ost likely small because of either prac t ical or f undamental

limitations . The intent of this program is to narrow at least part of

the list of candidate reactions to manageable proportions by app lying a

ser ies 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 w ith 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 conf igura tion where the metal atom beam is produced by

the TRW—developed technique~
36
~ of laser beam bombardment of thin metal

foils deposited on transparent substrates. The metal vapor thus produced

expands into vacuum from the irradiation site. The initially high dens ity

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 the 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 unimpor tant since the velocity of atoms
in the cloud is specif ied by their time of arrival at a remote detector.
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slightly diverging atom beam and interacted wit h a crossed beam of target

gas obtained from a room temperature nozzle source. An obvious constraint

is t h a t  BC must be either gaseous or hig hl y volatile so as to be compat— 
-

ible with the nozzle source. The laser  bombardment  t e c h n i q u e  of p r o d u c i n g

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 p lace 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

increas ing sophistication which can be discontinued at any point upon

the failure of a particular reaction to meet specified criteria. A

shor t  summary of the tests follows :

• Test for  Chemilutninescence in the Visible and Near UV

Wavelength Region. The absence of chemiluminescent radiation

indicates that no low lying elec tronic bands are populated

and negate the requirement for continuing the test series.

• Spectral measurement of the Ch~ niluminescent radiation.

Initially th is can be done with broad band filters. If the

chemiluminescent radiation is distributed over a wide

111
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spectral region , it can be assumed that the e f f i c i e n c y  of

converting the reaction exothermicity into possible lasing

states is small and the test series can be terminated. If

the radiation is concentrated in narrow bands , a requirement -

fo r  h igher resolu tion spectroscopy is identified.

• Qualitative Lifetime Measurements of Prominent Bands of

the Chemiluminescent Radiation. It can be shown that the

laser gain expected from a specified molecular electronic

transition is inversely proportional to the radiative life-

time , r , of the upper state and the cube of the frequency

of transition , v , i.e.

G

From this relation it can be deduced that the radiative

lifetime of a prospective laser candidate should be smaller

than approximately 3 x l0~~ seconds . However , for  pure

chemical laser ac tion, the lifetime should be grea ter than
—6 . . .10 seconds to allow sufficient time for mixing of the

chemical reactants. Hence it is useful to categorize

emission as either short—lived (< l0~~ second ) or long—

lived (> l0~~ second ). Short—lived states would have high

laser gain and may be applicable to certain fast—pulsed

lasers. Long—lived states are more adaptable to pure

chemical lasers.

• Quantitative Radiative Lifetime Measurements. The experi—

mental techniques are compatible with quantitative measure-

ments of lifet imes in the 10~~ to ~~~~ second range.
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• >leasurement of Energy Branching Ratios. The final and most

severe test of a qual i f ying reaction is that of determining

the efficiency of producing an inverted population of excited

states. Complete specification of the energy branching ratio

for a particular reaction is beyond the scope of this task.

It had been proposed , howev er , that sufficient experimental

data be acquired to at least estimate this quantity. Favor-

able reactions would be earmarked for further study .

The truly significant feature of atomic beam measurements of

this type is that the initial distribution of internal energy states is

determined. It is clear that a non—equilibrium initial distribution of

excited states must exist as a minimum condition if a reaction is to be

useful in lasing applications. This minimum condition , however , is not

sufficient , since the initial distribution may be modified rapidly by

means other than spontaneous emission of photons in the pressure regimes

required for pract ical laser systems (e.g. collisional de—excitation).

It follows that additional work would be required to ultimately estabiish

the viability of particular reactions.

Within the context of the present program , the ability to

quickly and efficiently make a particular measurement depends upon the

characteristics of the reaction in question. Since the intent of this

task is to screen potential reac tions by applying simple tes ts, measure—

ments requiring a substantial effort for relatively little additional

information were not undertaken. Also , it was assumed that this program

was the first phase of a continuing program and emphasis was p laced on

obtaining preliminary data on a number of reactions rather than finishing
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the sequence on specific reactions. Although the basic principles of

th is program had been defined prior to its inception , a significant

fraction of the effort has been devoted to the refinement of techniques

and apparatus to reduce data acquisition to a routine operation.

The balance of this report is organized as follows : The basic

exper imental apparatus is described in the following section. Section

3.3 describes the techniques and procedures used in the acquisition and

analysis of the experimental data , while the experimental results are

summarized in section 3.4.

3.2 ~~p~rimental Appara tus

3.2.1 Metal Atomic Beam Source

All of the experimental measurements utilize a crossed atomic—

molecular beam conf iguration where the me tal atom beam is produced by the

laser volatilization of thin metal films and the target beam of molecular

gas is obtained from a room temperature nozzle source. A reasonably

comprehensive description of the metal atom beam source and its general

character istics are contained elsewhere .~~
36
~ The discussion here will be

limited to an overview of the general technique and an upda ting of the

prev iously published material.

To generate the primary metal atom beam , a thin film of the metal

is irradiated with the beam from a Q—switched ruby laser. The absorp tion

of radian t energy volatizes a small volume of the target and raises the

temperature of the vapor. The subsequent expansion of the hot vapor cloud

into vac uum orders the random mo tion into a laminar , collisionless flow.

A simp le collimating aperture located downstream from this point renders

11~
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the expanding cloud into a narrow pencil beam of metal atoms. Tile beam

is in the form of a transitory burst of atoms traveling in straig ht line

trajectories. The burst of atoms conta ins  a broad d i s t r i b u t i o n  of energ ies .

However , if the distance from the target to the point of observation is

1arl~e compared to the distance over which the gas cloud remains collisional ,

the energy of a particular atom is specified by its arrival time (i.e., -

the tine of transit from the target to the observation point). Thus , even

though the pulse contains a wide atom energy range , a l l  of the atoms

arriving at a particular instant of tine have the same energy . This

consideration requires that the laser pulse duration be short compared

to the atom transit time . The laser pulse length used in this work is

always 100 nsec or less which more than satisfies th i s  r e q u i r e m e n t .  A

short duration laser pulse is also a requirement in order to achieve the

high temperature. Otherwise , conduction and other loss mechanisms lessen

the efficiency of utilization of the laser energy .

The magnitude of the mean velocity and the velocity distribution

of the expanding cloud depends upon a number of factors includ ing laser

energy, laser energy dens ity, target material , target film thickness ,

d irection of incidence of the laser beam on the target , and the direction 
-

of observa tion of the atomic beam . The requirements of the present program

provide the motivation for maximizing the flux at the lowest possible

velocity . As mentioned earlier and as discussed in detail in a forth—

coming publicat ion , 
(37) 

the veloc ity dis tribution of atoms in a given

bur st appears to result from the superposition of a Maxwellian distri-

bution upon a directed center of mass motion . Reference 37 presents a

model that can be used to determine the equilibrium temperature of the

vapor cloud at the time it becomes collisionless. App lying this model
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to ty p ical bursts shows tha t tim e equilibrium temperature is near (or below)

t he  vaporization temperature ci the parent metal. This finding is import—

ant inset ar as the final results of the present program are concerned be-

cause it has been tacitl y assumed that the atoms are in the ground state

and not in excited metastable states which could be the case if the equi—

librium temperature were excessively high.

In practice , laser bombardment conditions can be found where

the velocity distribution is consistent with the vaporization temperature

of the metal film . This temperature is probably higher than would be

allowed in the final application; however , the low velocity tail of the

veloci : distribution extends well into the region of interest.

Typical beam pulses for several metallic species are illustrated

in Figure 31. Here the metal atoms were detected by means of a quadrupole

nl~’ss spectrometer system described in more detail below . The signals

shown in F igure 31 give the arrival time history , referenced from the

laser burst , of neutral atoms at the ionizer of the mass spectrometer

system . The amplitude of the signal at any instant of time is propo r-

tional to the number density p of atoms within the ionizer at that time .

Hu~ever , since the velocity of the atoms is specified by the elapsed time

fr om laser fir ing, the flux 3 is readily determined through the relation-

ship J = ov. The distance from the thin film target to the ionizer for

the photographs of Figure 31 was 88 cm. Nominal operating conditions are

1/2 to 2 joules total laser energy , 1/2 to 2 micron thick target films ,

and laser beam energy densities in the 10 to 100 joules cm 
2 
range. The

upper t race on each pho tograp h is the signal from a photodiode used to

monitor the laser pulse.

11c
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The salient features of the pulsed atomic beam system are listed

below :

• Atomic Species: The approach appears to be compatible with

v irtually any atomic and some molecular species with the

possible exception of noble gases. Species that are stable

in elemental form (e.g. metals ) are most easily handled

since they can be deposi ted in t h i n  f i l m  fo rm.

• Atomic Beam I n t e n s i t y :  Perhaps the most significant feature

of tile pulsed atomic beam source in so fa r  as the present

application is concerned is the high beam intensity avail-

able. Fluxes on the order of lO~~ atoms cm
2 

second ’ at

a distance of 60 cm from the  laser t a rge t  are o b t a i n e d  in

the few e lec t ron vol t  energy regime . This value is six to

seven orders of magnitude greater than generally obtained

with “conventional” beam sources (which are often restricted

to normally gaseous species). The total number of useable

atoms in a pulse is on the order of 10

• Atom Energy: Each atom pulse contains a broad spectrum of

energies; however , the velocity distribution is directly

measureable by tile arriva l tine at a remote detector. There

are both upper and lower limits to the achievable mean

energy range . The minimum temperature must exceed the

vaporization temperature of the target material which for

most common metals is several thousand degrees Kelvin. The

max imum temperature is limited by excessive ionization of

ti me vapor. The requirements of the present t a sk  tend toward
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the lowe r p a r t  of the  a v a i l a b l e  e n e r g y  s p e c t r u m .  R e s u l t s

indicate t ha t  hig h i n t e n s i t y  beams of most  of the  si g n i f i —

cant elements can be obtained in the one—half electron

volt energy reg ion.

• Versatility: The ability to rapidl y change f rom one atomic

species to another is inherent in the pulsed atomic t eam

approach since it involves only substitution of the laser

target. Different materials may have different properties

with respect to the absorp t ion of optical radiation. The

laser bombardment conditions required to achieve a given

energy distribution in the beam canno t necessaril y be deter-

mined in advance for an arbitrar y material. Usuall y, however ,

only a few test shots are required to achieve the desired

parameters.

3.2.2 Target Gas Beam Source

The experiments here are primarily concerned with tile-evaluation

of the characteristics of potential pumping reactions . In order to isolate

th e pumping reaction from competing reactions (e.g. collisional de—exci—

tation) which could distort the resulting da ta , the use of a “thin ” target

gas is required. At the same time it is advantageous to localize the

reaction volume as much as possible . These conditions are met by the

nozzle beam source used for the target gas. To minimize system pumping

requ irements , the nozzle beam has been combined with a solenoid—actuated

valve which limits the duration of the molecular beam pulse to a few

milliseconds. The valve is opened In advance of the  laser Q—switch by

a time sufficient to establish steady state flow conditions. As a general
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rule , the nozzle source is operated at a reservoir pressure that produces

target gas density such that the probability of reaction of a metal

atom traversing the molecular beam Is between 0.1 and 0.3 as determined

by it tenuat ion of the incident beam . This condition essentially maximizes

tim e reaction rate consinteri t with maintaining an adequately low prob ability

of secondary reactions within the target volume .

The nozzle orifice is a 0.25 mm diameter hole in 0.25 thick

brass shim stock. The distance between the nozzle orifice and the center

l i ne  of the metal atom beam is 1 cni. The solenoid—actuated valve assembly

is inside of the target gas reservoir. The target gas density in the

interaction region is controlled by adjusting the stagnation pressure in

the reservoir. The stagnation pressure typically ranges between 5 and

50

For the stagnation pressure range and the orifice size , the

nozzle beam has the characteristics of an inviscid—supersonic jet. The

Mach number at the center of the interaction zone is estimated to be on

the order of 10. The pressure ratio (stagnation pressure to pressure in

the interac t ion) is in the range from 10 6 
to l0~~ . Both calculations

and experimental observations indicate that the effective length of the

interaction region is on the order of 1 cm.

Aft er passing through the interaction reg ion , the gas je t f rom

the nozzle is directed into a pump ing chamber with a capacity of approxi-

mately 2000 liters sec
1
. The throughput of the pumps used is sufficient

to return the system to a base pressure less than 1o 6 
torr in less than

0.1 sec. The gas pulse t ime duration and relative amplitude are monitored

by a nude structure ionization gauge of the Bayard—Al pert type which is

1~•)
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I
located on the jet axis downstream from the target volume. The gauge

collecting sire is placed normal to the axis ,and the gauge has a buffered

amplifier output to provide fast time response.

For most of the experiments under consideration here , the char-

acteristics of the target gas beam are of secondary importance . The prin— -

cipal requirement is simp ly tha t the reaction probability be in the

desired range . Experimentation has shown that the desired objective can

be ach ieved by simp ly vary ing the reservoir pressure. It is quite clear ,

however , that fairl y large density variations exist within the interaction

volume of the two beams because of the expansion characteristics of the

nozzle beam . Density variations within the target gas may have no signi-

fic ant effect on the experimental results; however , an experimental con-

firmation of the properties of the target gas beam was conducted using

an electron beam fluorescence technique. The results obtained indicated

that the characteristics of the expanding jet were as expected. Experi-

ments were also conducted with a capillary array source which gave smaller

variations in density ; however , this source was not used for the experi-

ments discussed in this report.

A comp lication associated with the pulsed target gas beam is

that the solenoid that actuates the valve is located within the target

gas reservoir and is incompatible with the use of corrosive target gases.

Experiments so far have been limited to ~ iose involving target gases of

NO
2 

and N
2
0. In anticipation of future requirements , a static gas target

sou rce using differential pumping has been tested with satisfactory

results. In this case , the metal atom beam enters the target gas region

through one of the dif feren tial pumping channels and the product molecules
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emerge from the other.

3.2.3 Energy Selection System

In conducting certain measurements , the range of velocities

inherent in the atom burst causes no problems. In fact , it is even

advantageous in some cases. In other cases , however , nearly monoenerge tic

beam pu lses may be required . The transit time of an atom from the point

of origin to a point a distance x away is related to its energy by

E = 
~~

- ( ) 2  [12]

within the time interval dt a range of atom velocities dE will pass a

given po int as governed by the relationship

d 
-2 [13]

where t is the time at which an atom with energy E reaches the point .

Thus, to accomp lish energy selection , we need only to block the path of

the atoms except for a small time interval . This has been implemented

by a simple mechanical shutter that opens for a time interval :,t at a

time t subsequent to the laser burst.

The shutter consists of a slit aperture placed between the

laser beam target and the reaction chamber at a distance of 50 cm from

the laser target. In front of this aperture is a rotating disc with a

similar slit at its periphery. The center of rotation of the disc is

located such that the slits overlap once per revolution. The total

“open ” t ime of the slit is twice the sli t wid th divided by the linear

speed of the circumference of the rotating wheel. For a 1 mm slit width

and a total open time of 10 microseconds , the linear velocity mu st be

4
2 x 10 cm/sec. For a 20 cm disc , this translates into a rotational

122

— - - - ---~~~~~~~~~ .— - - ,- - - —
~~~~~~~~ —- - - - -~~~~~-—_- - — -~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -~~~~~~~~~~~~~~ -



J~~~~~— - - ---—-- .---~~----—---- - — — —-- — 
- -- --—--------- 

- - -  -

speed requirement of about 320 revolutions per second . The experimental

apparatus includes such a system with a max imum rotatational speed of

400 rps driven by a variab le speed synchronous motor. Synchronization of

tim e t iring of the laser beam and the opening of the shutter to deliver a

beam pulse of predetermined average energy and energy range is accomp lished

by an electronic timing and control circuit.

The results obtained with this system are illustrated in

Figure 32. In each of the three photographs the integrated pulse from

the pho todiode used to monitor the laser beam is disp layed on the upper

trace. The sweep speeds of the upper and lower traces are equal and are

synchronized. Both traces are triggered by an auxilliarv pulse that

occur s  b e f o r e  the  laser is Q—swi t ched .  The lowe r trace of Figure 32a

shows an aluminum beam pulse at a distance of 85 cm f r o m  the  laser target

w i t h  the  velocity selector inoperative. Figure 32b shows the chopped

beam pulse with the timing synchronized to pass a narrow band near the

peak of the distribution. The two flat—topped pulses on the bottom

trace identif y the t ime of the Q—switch and che time at which the shutter

opens. Figure 32c shows another transmitted beam pulse at lower velocity.

Ampl i tude  var ia t ions  are within the shot—to—sho t reproducibility of the

beam pulse.

3.2.4 Mass Spectrometer~~ystem

A mass spectrometer system is used to detect time metal atom

beam pulse. The system is normally located on the atom beam axis down—

stream from the interaction zone and , thus , gives a measure of the inten-

sity of the attenuated atom beam pulse. Since most experiments are run

under thin target conditions , only a small correction is needed to
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Figure 32. Oscillograp hs illustrating the  o p e r at i o n  ef the mechanical

velocity selector.
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determine time beam intensity prior to reaching the target region.

The mass spectrometer system utilizes an electron impact

ionizer (Extranuclear Laboratories , Inc . Type II High Efficiency Ionizer)

to ionize a small fraction of the metal beam atoms. These ions are

focused at the entrance of an rf quadrupole mass filter (Extranuclear

Labora tor ies, Inc ., Model 324—9). The quadrupole analyzer (QPA) transmits

only ions within a given charge—to—mass ratio range. The resolution

capability of the system is more than adequate to pass only a single

atomic mass across the entire range of interest. Ions emerg ing from the

quadrupole are deflec ted by 90° by a sys tem of elec trically b iased

planar grids so as to impact the first dynode of an elec tron multiplier

tube (EMT) used to detect the ions. The EMT is an EMI venitian blind

type with Be—Cu dynodes. The EMT is operated with —4 kV on the first

dynode and with the anode grounded through a load resistor. Electrons

prod uced by the impact of the high energy ions are multiplied down the

dynode chain to develop a signal across the load resistor. The signal

is amp lified by a dc coup led opera tional amplifier operated in the current

mode and disp layed on an oscilloscope. The pho tograp h s shown pr eviously

in Figure 31 are typical of those obtained with this system .

3.2.5 Optical Detectors

Vir tually all of the experiments conducted to date have used

hig h sensit ivi ty photomultiplier tubes (PMT ’s) to detect the chemilumin—

escen t radiation. Two types of PMT ’s have been used routinely; RCA Type

8575 with a spectral response extending from about 2500 to 6000 Angstroms

and Centronic Type 4282B with detection range from about 3000 to 6000

Angstroms. All of these tubes have been calibrated against a tungsten
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standard lamp.

All of the F ‘s are equipped with operational amplifiers

pr imarily f or impedance matching purposes since the signals are normally

quite large. These amplifiers can be operated in either the differential

(current) or integral (charge) mode depending upon the requirements of

specific experiments. Some include an electronic gate to eliminate

scattered light (primarily f r om the rub y laser) from the displayed signal.

3.2.6 Experimental System

A photograph of a typical experimental set—up is shown in

Figure 33. In this view, the primary atomic beam is generated in the

ass embl3~ in the foreground of the picture. The laser beam target is

attached to the rod extending vertically through the air lock assembly.

The air lock assembly permits rapid changing of the targe t without

apprec iably affecting the vacuum in the rest of the system. The arms

extending to the left and right in the pic ture contain the focus ing lens

as sembly and view ports. The laser beam is brought through a quar tz

window in the arm extending to the left. In an alternate configuration ,

a lens assembly is mounted on the end of the system in the immediate

foregr ound of the picture . In this configuration , the laser beam is at

90° to that pictured . It has been shown that the latter configuration

gives more latitude in the intensity and energy range of the atomic beam.

The ruby laser components are mounted on the I—beam at the left

of the picture. Starting at the point nearest to the entrance window the

components on the rail are a prism for deflecting the laser beam by 90° ,

a piece of p lain glass (not clearly visible in the picture) set at an

angle of 45° for deflecting a small fraction of the laser light into the
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pho todiode detector at the extreme left , an iris for collimation of the

beam , the output mirror , the ruby rod housing , a polarizer , the kerr  cell

Q— switch , a quarter wave plate and the end reflector. Not visible in the

picture is a l i e — N e  laser used for alignment purposes. The cylindrical

black object with time eye—p iece is an auto—collimator used to align the

laser cavity.

The primary metal atom beam flows toward the upper right in

the picture. The cubical box contains the mechanical velocity selection

system and a set of electrically biased deflec tion pla tes to remove

residual ions and electrons from the vapor cloud. The large cylindrical

object extended from the right side of the box is a combination ion—

titanium sublimation pump used to evacuate the target and velocity

selection sections of the system . The sublimation pump has been rep laced

recently by a 4—inch oil diffusion pump to improve reliability.

A small collimating aper ture separates the velocity selection

region from the target gas region. The target gas assembly is hidden

from view behind the velocity selector section . The nozzle is located

such that the crossed beam is injected vertically downward into the

throat of a baffled 6—inch oil diffusion pump . A target gas pressure

monitor ing sys tem is installed on the thermal beam axis at the mouth of

the diffusion pump . A pumping manifold extends from the target gas

region to the velocity selector box and to the detection section. This

manifold “roughs down” these two sections to the point where the subli-

mation pumps and ion pumps can be started. Windows in the sides of the

interaction region provide visual access to the chemiluminescent radiation.

In normal opera t ion, two PMT’s are used to monitor the chemiluminescence.

I2P
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Fime y li e in a horizontal plane and are hidden from view in the photograph.

Part of the product and metal atom beam d e t e c t i o n  system can be

see n txte n din- ~ beyond the  v e l o c i t y  s e l e c t o r  sect ion . This reg ion is also

i s o lat e l  f r o m  the t a r i~et  gas region by a small  a per t u r e .  The purpose  of

the apertur e is to i n h i b i t  the f low of gas f rom the ~yis t a r g e t  nozz le  in to

t h i s  reg ion.  Pum p ing in time region of the de tector is supp l ied by a

100 l i t e r  sec ’ combina t ion  i o n— t i t a n i u m  s u b l i m : t  ion pump t h a t  can be

seen e x t e n d i n g  v e r t i c a l ly upward  f rom the d e t e c t o r  h o u s i n g .  T I e  d et e c t o r

cons ists of a comp lete q u a d r u p o l e  mass s p e c t ro m e t e r  sy s t e m . The de tec t ion

system can be installed at diff erent angles with respect to the incident

beam axis. It is shown at t i le  0° p o s i t i o n . At mv angular position , the

d e t e c t o r  ax is and yr ima r - ’ hear ax i s  i n t e r s e c t  on the axis of the nozzle

be - c - .

In the lifetime measn’ement configuration (not shown), the

mass s p e c t r o m ~ t e r  sy s t e m  is replaced  w i t h  a chamber containin g three

P M T ’ s ::iu :nted such t h a t  they view a small  segment  of t i m e  he -un axis. The

same i o n — t i t a n i u m  sublimation pump is used w i t h  t h i s  assembly  to m i r l i i - : i n o

the interaction of the atom beam with residual gas s’ithin the field of

view of the PMT ’ s.

3.3 ~~perimnental Measurements and Procedures

3.3.1 Selection Criteria for Candidate Chemical Reactions

With in the previously defined constraints of this program a

very  large number of potentially interesting reactions remain . For ex—

amp le , nearly 50 metallic species react with N 10 with an exothermicitv

in excess of 1 eV. Using Suchard ’s comp Ilat ion~
3
~~ of spectroscopic
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constants for diatomic molecules as a source , it is found that nearl y

all of t h e resultant metal—oxides have energetically accessible electronic

states. As a general rule , there is insufficient information available

to abso lu te ly  ru l e  out  arm y particular reaction althoug h there may be

reasons to suspect that some of the reactions are not likely to fare well.

In any case , subjecting reactions to the test sequence may require less

effort and deliver more clearly definitive results than relying upon

existing data. Thus , the decision was made to proceed on the basis of

the availability of the metals and the ease with which thin film targets

could be prepared and handled . Experiments have been conducted with

A , B, Ba, Ce , Co , Cr , Fe , Ge , Ho , In , Mn , Mo , Nd , Ni , Si , Sm , Sn , and

Ti interacting w i t h  N
2
0 and NO

2 target gases. It was expected that

additional metal species and other target gases would be examined in a

follow—on effort to the present program . The exothermicities for these

reactions are given in Table 4. A compilation~
38
~ of bond energies covering

the literature from 1962 to 1966 was used when possible. Otherwise , the

bond energies were taken from Cottrell .~~~~

Descr iptions of the measurement sequence and the experimental

procedures used are given in the following sections.

3.3.2 Photon Yield Measurements

The basic experimental system described in the preceding section

is instrumented in various configurations to accomplish specific measure-

ments. The first step in the measurement sequence on a particular react-

ion is that of determining the photon y ield relat ive to the intens ity of

the atom beam pulse. The instrumentation consists of the quadrupole mass

spectrometer (QPA) located on the axis of the atomic beam downstream from
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TABLE 4

[X~ ’l 11R 85t ICITIES OF REACT 1~ d~ WITH GRULA)

STATE ATOMS 10 F ’) R~ ‘ETAJ. OXIDES

P r o d u c t  Bond R e a c t i o n

Mo lecule [ncr-’: LV) i d - : o t i i e r r i i c i t  , (eV)

A O  5 .0  3 .3  1.9

BO 8.2 6.5 5.1

BaO 5.8 4.1 2.7

CeO ~.4 6.7 5.3

CoO 3.8 2.1 0.7

FeO 4.2 2.5 1.1

GeO 7.0 5.3 3.9

[ O  6 .6  4 . 9  3 .5

m O  3.3 1.6 0.2

MnO 3.7 2.0 0.6

‘ioO 5.8 4.1 2.7

NdO 7.5 5 .8

NiO 4 . 2  2 . 5  1.1

SiO 7.9 6.2 4.8

SmO 6.2 4.5 3.1

SnO 5.7 4.0

TiO 6.8 5.1 3.7
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the interactio n volume and a broad—band photomulti plier tube collimated

so as to v iew  onl y time in t er ac l i o n  volume . Typical  exper imenta l

results obtained in this configuration are illustrated in Figure 34.

At any instant of time , the amplitude of the signal from the QPA is

proportional to the number density of atoms within the ionizer volume .

The integral over time , then , is proportional to the total number of

atoms contained in the atom beam pulse. The integral of the PMT signal

is proportional to the total number of photons emitted from the reaction

volume due to the i n t e r a c t i o n  of the atom beam w i t h  the target gas. The

ratio of these two quantities is proportional to the pho ton yield. In

order to determine the photon yield on an absolu te  basis considerably

m o r e  da t a  is required as discussed below and in the following sections .

An important factor to be considered in the interpretation of

the pho ton yield measurements is the detection efficiency of the mass

spectrometer system , since it is used to determine the number of atoms

contained in the atom beam pulse. The calibration of the mass spectrometer

system on an absolute basis is a difficult and time consuming task t a t

is not done routinely. Within the context of the current program , the

de terminat ion of photon yields on a relative basis is generally satis-

factory. At present , pains are taken to ensure that the operating

conditions of the mass spectrometer are reproduced from day—to—day .

This is usually checked by producing a “standard” aluminum atom beam

pulse at the beginning of any run on a different metal and the results

are weighted relative to the aluminum atom pulse. Under these conditions

the principal diff erences in the detection efficiency for the several

types of metal atoms reduce to variations in the electron impact ionization

1 32 
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cross section. Ionizing cross section data are not generally ava ilable

for metal atoms , but it is assumed that differences are small. On the

basis of the amount of target material evaporated during the laser bom-

bardment , large differences in the intensity of metal atom bursts for

the several types of material would not be expected. The measurements

conducted with the mass spectrometer system are in agreement with this

observation.

The photon yield is also proportional to the target gas density.

All of the experiments were conducted at a fixed stagnation pressure in

the targe t gas reservoir. The target gas pressure was adjusted such that

the incident atom beam pulse was attenuated by about 30% in traversing

the target gas as determined by measurements with the QPA.

The resul ts of the photon yield measurements as well as the

results obtained for the other measurements discussed below are presented

and summarized in Section 3.4.

The approach to determine pho ton yields descr ibed above makes

no distinction as to the efficiency of the photon yield as a function of

tne energy of the incident atoms. In practical chemical lasing systems ,

the velocity distributions of the reactants are nearly Maxwellian. It

follows that the range of relative collision velocities between react-

ants is a function of the temperature . To predict the performance of a

given chemical sys tem , it is necessary to determine the temperature

dependence of the pertinent reaction rates. In the atomic beam case ,

this requirement translates to the measurement of the energy dependence

of the chemiluminescent reaction cross section. The photon yield from a

reac tion is c learly proportional to this cross section .
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A techni que for making timese measur ements has been developed -

under time ausp ices of t ime TRW IR&D program . huch m e a s u r e men t s  have been

conducted for the B + N ,0 - BO* + N
2 and Ho + N~ 1-100* + N ) reactions

as described in Appendix 0 of this report. The work described in this

Appendix was accomp lished under IR&D f u n d  i n n after t i me f un d in g a ll oca ted

to time m o l e c u l a r  beam t a sk  of t i m i s  p r ogram was e x h a u s t e d  and is p resen ted

for information purposes onl y.

The acquisition of the basic data to determine the energy

dependen t  cross sec t ions  of chemiexci ted  s t a t e s  u t i l i z e s  t ime e x p e r i m e n t a l

c o n f i g u r a t i o n  described above and the  raw d a t a  are as i l l u s t r a t e d  in

i i -4nre 34. The PMT records  the  i n t e n s i ty  of c imemi luminescen t  r ad i a t ion

f r o m  the  i n t e r a c t i o n  volume of the crossed beams. and the QPA provides a

measure of the flux of m e t a l  a t oms .  More p rec i se ly , tile magni tude  of the

signal from the QPA at any instant of time is proportional to the number

d e n s i t y  of atoms  w i t h i n  the ionizer  volume . Since the t ime subsequent

to the laser  b u r s t  de termines  the  ve loc i ty  of t ime atoms with in  the ioni-

zer volume , the flux is readily determined . Given the t ime dependent

flux at the detector , the flux at the target gas location is also deter-

minable. Assuming for the moment that the radiative lifetime of the

excited states formed during the reaction is very short , tile instant-

aneous magnitude of the PMT signal is proportional to the number of

excited state molecules produced at that particular instant of t ime . The

ratio of the PMT signal to the QPA signal at corresponding times is pro-

portional to the fraction of incident atoms that produce chemiexcited

p r o d u c t  molecules which , in t u r n , is p ropor t iona l  to the r eac t ion  cross

section. Measurement of timis ratio as a function of time (i.e., atom

— .--- ---- -- --~ —~~~~~~~~ -- - -~~~~~~~ - - - - - -. .~~~~~~~~—- --~~~----~~~~~-— _ _ _



energy) yields the energy—dependent relative reaction cross section.

The results show that the chemiluminescent reaction cross sect-

ion for low energy boron atoms is small compared to the gas kinetic

cross section. For holmium atoms , the chemiluminescent cross section is

nearly constant with energy . By inspection of the previously acquired

photon yield data , it can be stated that the reactions of Ba, Ce , Fe,

Ge , In , N d , Sm , and Ti with N2O and NO 2 target gases are similar in

general cimaracteristics to the Holmium case while the reactions of Co ,

Cr , Mn , Mo , Ni , Si , and Sn with N20 and NO
2 
have characteristics similar

to the boron case.

3. 3. 3 Rad iat ive Lifetime Measurements

The measurement of the radiative lifetime of the chemiexcited

molecules is important for two reasons: (1) it effects the pho ton yield

measurements and , (2) the lifetime must lie within specified limits

(roughly 10~~ to lO~~ seconds) if the reaction is to be useful in a

practical chemical laser system .

With respect to the first of these items , the product molecules

remain in the field of view of the PMT for a short , but finite , time .

If the radiative lifetime is very short , all of the molecules will be

de—exc ited while in the field of view and all of the photons will be

detected . If , on the o ther hand , the lifetime is long compared to the

residence time , only a frac tion of the photons will be detected . The

residence time lies typically between 10 
6 and l0~~ second

The lifet ime measurement technique employed here is best illu s-

trated by considering the dynamics of the chemical reaction process.

1 36
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Consider  a reaction of the type A + BC - AB + C wi~~re A is an atom

impinging on molecule  BC and AB and C ir e  t i l e  r e s u l t a n t  p r o d u c t s  of t ime

reaction. B and C may be either monatomic or po lyatomic. If the react-

ion is exo thermic , an amount of cimemical energy Q is released in the

reaction. The exothe rmicity nay manifest itself by internal excitation

of the produc t  molecules , k i n e t i c  e n er0 ’,’ of t h e  p r o d u c t  molecules , or a

combina t i on  of bo th .  E q u a t i n g  t i m e  t o t a l  enern of the system before and

after the reaction yields.

EA + E BC + Q = EAB + Ec + E . (14)

where t ime E ’ s are the kinetic energ ies of the species indicated by the

subscript and E
int 

is the internal energy of the product molecule AB.

This assumes that A , BC , and C are all in their respective ground states.

If it is further assumed that < E
A , it can be shown by straig ht— I

forward analysis that

m
A
y
A - -V = cos : (la)m \~

+
~
m BC

+ m
~
) 

(rn \m BCv~~~~ + Q - ~~~~~~~~~~ )2sin
2e

where tile m ’s are the masses of the indicated species , is the velocity

of the incident atom , 
~AB is the velocity of t h e  product mol e cule , and

e is the angle between the trajectories of A and AB. Equation (15) is

ti-me analyt ical expression for the vector sum of the velocity of the

center of mass and the velocity of AB relative to the center of mass.

It is val id only when the quantity under the radical is positive . If
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the va lue  of the  radica l  is less than the f i r s t  term on the r ig ht hand

side for all values of 0, is double valued the positive term cor-

responding to the forward scattering of AB relative to the center of

mass and the negative term to backward scattering .

If the quantities Q and VA are known (or meas ured), the measure-

ment of 
~AB provides sufficient information to determine the value of

E
int 

through the use of Equation (14). A graphical disp lay for the

Ge + N
2

O GeO + N
2 

reaction is shown in Figure 35. Here the velocity

of the CeO molecule at = 00 is plotted as a function of tile Ge atom

veloc ity for several values of internal energy of the GeO molecule. For

illustrative purposes , it has been assumed that the GeO molecules are in

either the electronic ground state (X~ 1~~) or the a3:
+ 

as observed by

Hager , et al 
(4’~ Again for illustrative purposes it has been assumed

that vibrational levels from v = 0 to v = 5 may be populated even though

Hager , et al observed emission only from the v = 0 and v 1 levels of

the a3N
+ 

state . Spectroscopic  cons tan ts  fo r  the ground state were taken

from Suchard. 
(31) 

The spectroscop ic constants for the a3E
+ 

state are

unknown (except for ) so it has been arbitrarily assumed that they

are the same as for the ground state. The vibrational broadening leads

to a band of GeO mo lecule velocities for both electronic states. Gener-

ally, there would be fine structure within these bands ; however , th is

is relatively unimportant in the present context.

The figure shows four bands. The upper two represent the

forward scattered (relative to the center of mass) products while the

lower two represent the backward scattered components. These curves

show a def inite correlation between the velocity of the product molecule
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Figure 35. Curves illustrating the dependence of the velocity of CeO
molecules as a function of the velocity of Ge atoms fro: the
reaction Ge + N20 -- CeO + N2. The effect of tile internal energy
of the CeO mol ecules is shown by the difference between the
curv es for  N J-: + and a i +  molecules.
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and the velocity of the incident atom with the in ternal energy of the

product molecule as a parameter. A significant point to note is that

the velocity of forward scattered CeO molecules in the first electronic

state is not much different than the velocity of the incident Ge atom

over the range of velocities available from the atom beam source. This

is certainly not the case for back scattered molecules ; however , they

are less impor tan t since they do not appear downstrea i at all if

VGe 
< 3 kin sec 

1
,and the flux for those that do appear is greatly

dimi nished due to solid angle considerations. The same kind of plots

made for other reactions differ to some extent depending upon the rela-

tive masses of the reactants and the reaction exothermicity, but they

have the same general characteristics.

A clear implication of the curves shown in Figure 35 is that

product molecules formed in an excited state flow from the interaction

zone in a cohesive and predictable fashion. The kinetics of the reaction

are unaffected by the lifetime of the excited state which means that the

photon can be emitted at amy time without appreciably affecting the tran-

slational velocity of the molecule. It is clear that the radiative

l i fe time of the chemiexc ited molecules could be de termined by observ ing

the decay in intensity of the chemiluminescent radiation as a function

of distance (or, equ ivalen tly ,  time) from the interaction zone. However ,

the atom beam pulse generated by the laser vaporization of thin films

con tains a wide range of veloci ties which gives rise to an even larger

ra nge of product molecule velocities. In principle , the mechanical vel—

ocity selector could be used to limit the range of atom velocities per-

mi t ted to reach the target gas. It follows that the range of product

molecule velocities would be limited similarly. This approach would
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give rise Lu  a nearl y i is :r e t e “bundle ” of product molecules that wou ld

e: er g e  from the reaction zone in accordance with the relationship illus-

trated in Figure 35. This approach was advocated in the original pr opo—

~~t l .  However , it introduces a degree of experimental difficulty that was

deemed to be u n j u s t i f i e d  f o r  p r e l i m i n a r y  measurement s .  According ly , the

alternate approach described below was used for the initial measurements.

The radiative lifetime measurements have been accomplished by

observing the decay of the radiant emission from the reaction products

as they drift downstream from the reaction zone with no limitation to the

ve lo ci t y range of tile incident beam atoms. This procedure , of course , 
-

requires the removal of the QPA . It is replaced with a linear array of

three P~-1T ’s with their fields—of—view limited by collimators to small

segments of this axis. The PMT’s are spaced apar t by 6 inches wi th the

first one loca ted  a d i s t ance  of 5.675 inches from the center of the

reaction zone . The product molecules emanating from the reaction zone

are colli:Ia ted into a narrow cone such that all of the product molecules 
I

pass throug h t h e  field of view of all three PMT ’s. Each PMT “sees” the

pho tons e m i t t e d  f r o m  the  burst of molecules as it passes throug h the

field of view. The f lux of product molecules at a given observation

point varies with t ime in much the same fashion as the incident atom

beam .  However , the width of the signal increases along the axis because

of velocity spreading.

For a given reaction the PMT ’s are f i r s t used in a curren t

mode . The time interval between the maxima of any pair of signals is

taken as the time interval over which the measurement is made. The

experiment is then repeated with the PMT ’s in an integrating mode . The

141

_ _  _ _ _ _ _ _ _ _  

p

~

-—— —

~ 

~~~~~~~~~~~~~~ ~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~• . •~~~
-•-— —- • .___.. _

~~• .__-_ _ _ .
~~~~~~~~~~

-- ------- -—— -—



• --~~~~~ ---• - ~~~~~~ ~~~~~~----~~~~~~~~~~ -~~~ ~~~~~~ -~~~~~~~ -— -~~~~ -—--•-- ~~~~~~~~----- ~~ ~~---~~~--——-~~

integrated signal amplitude is proportional to the total number of photons

emitted within the field of view of the detector. The lifetime of the

transition is then determined from the relationship

T 
N

1 
(16)

n

where t is the elapsed time between the maxima of the differential sig-

nals observed at the two stations , and N
1 

and N
2 

ar e de termined f ro m the

integrated signals at the respective stations.

The principal uncertainty in determining the radiative h f  e—

time in this manner is involved with assigning a common value of t for

all of the detected molecules because there are , in fact , large varia t ions

in the elapsed time between the formation of a molecule and its arrival

at one of the observation stations. The assigned t is , at best , an aver-

age . On the other hand , assigning a common time interval is equ ivalen t

to assigning the same velocity to all reaction products. If this were,

in fact , the case , the intensity of the chemiluminescent radiation would

decay exponentially with distance along the measurement axis. With the

ex cep t ion of CeO , all of the reactions studied to date exhibited an

exponential decrease in intensity with distance. The data obtained for

some of the reactions studied are shown in Figure 36. This observation

indicates that the technique is not subject to significant systematic

errors. Normally , redundant measurements are performed by using pairs

of measuring stat ions and compu ting the life time from each of the two

pairs independently. The f irst set uses PMT’s 1 and 2 separa ted by 6

inches and the other set usea rMT ’s 1 and 3 separated by 12 inches .

Data between the two sets are consistent except for certain short—lived
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Figure 36. Graphs dep icting relat ive signal levels from chemiex cited
metal monoxide molecules as a function of distance. The measure-
ment stations are separated by 6 inches . A straight line on a
semi—log plot indicates an exponential decay of the signal
strength.
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sp e c i es  w h e re  t ime ~ igti •i 1 level becomes too small at the third station.

A crude check of this experimental technique where the amp li-

tudes of t h e  maxima in the current—mode signals observed at two of the

St i t  ions Ire used to calculate tile radiative lifetime gives comparable

r e s u l t s .  T imis  approach  g ives  less u n c e r t a i n t y  in t h e  t ime base , but

.s comp licated by velocity spreading of the light signal observed down—

St ream .

Questions have arisen regarding the validity of this technique.

No obvious problems have been found which  j u s t i f y  th i s  concern.  However ,

the use of an energy selected incident beam should clearly settle the

issue and such measurements will be conducted in any follow—on effort

to this program .

3.3.4 Spectral Measurements

The basic ins t rumenta t ion  in the pho ton y ield measurements

utilizes a broad—band photomultiphier tube . Broad—band PMT’s were used

because the c h a r a c t e r i s t i c s  of the chemiluminescent spectral  d i s t r i bu t ion

are , in general , unknown . In fact , specification of the excited state

population distribution is one of the principal objectives of the over-

all program. The PMT ’s have a wavelength—dependent detection sensitivity

and specification of the spectral distribution is required to convert the

PMT signal to a true measure of relative photon yield . Such spectral

measurements have not been completed as yet; therefore , the photon yield

data  must  be considered pre l iminary  at th is  po in t .

It was originally anticipa ted that spectral information on

the chemiluminescent  reactions would be obtained throug h the use of
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t i l t e r e d  “ i i  v U :  r e s olu i i on  c a p a b i l i t y  on the order of 100 A. This

ap p r o a c h  r e l u i r t -s a l a r g e  number of shots  and y ie lds  somewhat  uncer ta in

r e s u l t s  because of t i m e  comp U c : m t e J  s pec t r a l  response c h a r a c t e r i s t i c s  of

t h e  individual ti lt e r— I ’~iF combinations . An alternative approach which

has been used on a p r e l i m i n a r y  bas is  uses a small  gr a t i n g  monochroma t o r

in c o n j u n c t i o n  w i t i m  a broad band PMT to record t i m e  c I m e m i i 1 umine -~~e t i t

• s p e c t r u m . This approach  has the advantage that the spectral response

charact eristic is set primaril y by Lb0 slit w i d t h  and va r i e s  onl y s l ig h t l y

as a function of wa”e length. It ha s  the  f u r t h e r  advan tage  t h a t  the c e n t e r

~‘tveleng ti m can be set a r b i t r a r i ly so t b m a t  the  p o s s i b i l i t y  of miss ing

~ro:-d nent f e a t u r e s  t h a t  could f a l l  be tween  a d j a c e n t  f i l t e r s  is reduced .

An examp le of a chemi luminescent  spect rum obta ined in th i s

manner is given in Figure 37. The spec t rum in Figure  37 derives from

the  Sn + N
2
0 SnO* + N2 r e a c t i o n .  Al thoug h the spectrom is clear]v

lacking in de ta i l , i t s  gross f e a t u r e s  are compat ib le  wi th  the known

spectral content of chemiluminescent rad ia t ion  f r o m  the SnO f o r m a t i o n

r eac t i on .  Recent exper iments  by Felder and F o n t i j n  (AeroCheni )~~~~ and

Linevsky and Carabe t t a  (C. E . ) ~~
42
~ have examined the spectral character-

istics of chemiluminescent  r ad i a t i on  from SnO by d i f f e r e n t  t echn iques .

Fe lder and Fon t i jn  in te rp re t  their  r esu l t s  as ind ica t ing  tha t  the  A s tate

is formed prefere ntially, but admit that collisional de—excitation of

the upper states could distort the spectrum . The General Electric exper-

imen t , on the other hand , observed that radiation from the electronic

D—state dominated the spectrum . The results obtained here , al tho ug h they

must  be considered to be p re l imina ry  un t i l  a h igher  resolu t ion  spect rum

is obtained , are more consistent with the General Electric result in
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th at D mu d C St  ate transitions d -:1 nate t i t o  s p e c t r um .  i~i t h in t he con tex t

at  determining the  i n i t i a l  exc ited d i s t r i b u t i o n  of e l e c t ron i c  s ta t e s ,

the  d i t f e r e n c e  bot ’.~- eun our r e s u l t s  and those  of F o l d e r  and F o m t ij n

illnst rate the desirabilit y of perf orming the oxpcrir :cnts under single

c o l l i s i o n  cond i t i ons .

The r e q u i r e m en t s  f o r  o b t a i n i n g  h igher  r e s o lu t i o n  sp e c t r a  have

been eva lua ted  w i t h  t h e  r e su l t  t h a t  an Optical Molt ichannel Analyzar (O~tA )

m a n u f a c t u r e d  by P r i n cet o n  App l i ed  F e se a r ch  In c .  lOs been o r d e r e d  and w i li

he availab le or futur e p r o g r a m s . The L-\ at  i l iz es an f/ 5  g r a t i n g

pol vc lr -~kmLo r system to d i spe r se  l i g h t  over  500 s e p a r a t e  c imannels  on t ime

f ace  of a sil L o u — i n t e n s i f i e r  t a r g e t  v id icon . Each c imanne l  m ay be c o n s i d —  
-

ered as a separate detector -:ith a quoted sensitivit y of about 1 .1 digital

coun t s  per  i n c i d e n t  pho ton  (hig h s e n s i t i v i ty  v e r s i o n ) .  Time s y s t e m  inclu-

des a d ig i t al  r eadou t  s y s tem  w i t h  back ground  s u b t r a c t i o n  and sign:J aver—

aging  c a p a b i l i t i e s .  Because of ti le pulsed na tu r e  of our e x p e r i m e n t s , a

cooled d e t e c t o r  version which p L it s  i n t e g r a t i o n  o ’e r  several  e v e n t s

b e f o r e  readout  has been ordered .

Q u a n t i t a t i v e  me a s u r e m e n t s  i n d i cat e  t ha t  something on ti -me order

of io l0 
p 110 tons are e m i t t e d  f r o m  the  i n t e r a c t i o n  v o l u m e  of tile two h e; mm s

d u r i n g  an e v e n t .  Tile B + N 10 r eac t i on  was examined  in a b i t  more d e t a i l

us ing a f / 2 . 5  lens set  fo r  u n i ty  m a g n i f i c a t i o n  a t  a dumm y s l i t  t ha t

modeled the t t ~U\. The p o l y c h r om a t o r w i t h i n  the  0 N\  u t i l i z e s  an f / 2 . 5

o p t i c a l  sy s t e m  so t h a t  all of t he  p ho to n s d el ive r ed to the dumm y slit

would reach the  OMA d e t e c t o r  a r r a y .  I t  was f o u n d  t i m a t  about  5 x 106

L _ _

pho tons were focused  I. t r o u g h  a 1 x 8 mm s l i t  ( c o r r esp o n d i n g  to 400 A

r e so i u t i o n )  and abou t 8 x 10~ p ho tons  were f o c u s e d  t h r o u g h a 0. ~5 x 8 mm
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slit (100 A resolution). Taking into account transmission losses, de—

tector sensitivity and a worse case spectral distribution (i.e., uniform

distribution across time 500 channels), time measurements indicate that
0

a minimum signal to noise ratio of 25 would be obtained at t h e  100 A

resolution level. Since spectra of interest will have structure , the

s i g n a l — t o — n o i s e  r a t io  fo r  p r o m i n e n t  spectral  f e a t u r e s  w i l l  be g rea t e r

which  w i l l  pe rmi t  h i g h e r  resolut ion spec t ra  to be o b t a i n e d .  For strong

emitters , ti-me entire spectrum can be mapped with just enough events to

cover the spect rum . For less intense sources , a tr ade—off between reso-

lution and integration over several events to obtain the desired signal—

to—noise ratio exists , but it appears that the capability to obtain

hi gh qua l i t y  spect ra l  data f o r  all s i g n i f i c a n t  cheni luminescent  r eac t ions

will be available for future measurements.

3 . 4  Resul ts  and Summary

One of the significant results of this program has been the

development of the techniques  and procedures described in the preceding

sect ions  of this r e p o r t .  Al though  the bas ic pr inc iples of the proposed

measu remen t s  were reasonabl y well def ined  p r io r  to the inception of the

p rog r am , a good deal of effort was required to reduce these Concepts to

practice. Clearly , even more work is required before the unwritten

object ive of finding a reaction that will serve as the basis for a whole

new class of chemical lasers is satisfied . However , due to the accom-

plishments of the present program , most of ti-me experimental measurement s

have been reduced to a routine level and future progress should be more

rapid .

Although all of the measurements of time sequence are importan t,
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i t  is ap p a i  c at  t ha t  the  da ta  acqu i red  to da te  cannot be i n t e r p r e t e d

•m d e g u a t e l y u n t i l  spec t r a  of the c h e m ilu m i n e s c e nt  r ad ia t ion  f rom the  v a r i o u s

r eac t i ons  are o b t a i n e d . ~l e u su r e m e n t s  conduc ted  under th is  progr am show

t h a t  m o d e r a t e l y h igh  r e s o l u t i o n  s p e c t r a  of the cimen i lun inescence  can be

o b t a i n e d  w i t h  the O p t i c a l  > lu lt i c h a nn e l  Analyze r  system . U n f o r t u n a t e l y ,

i t  was not  r ece ived  in time to  be used on the  present  program . The

measurement of spectra ~couid receive high priority in a continuing effort.

Time t e c h n i q u e  descr ibed in Appendix D for the measurement of

t l m e  e n e rg y  dependence of c im e m i l u n m i n e s c e n t  r eac t ion  cross  sec t ions  was

also developed too l a t e  to be used r o u t i n e l y on all of the reactions

studied. Iho ~~cver , it is a rclati yelv simp le m a t t e r  to p e r f o r m  the

necessary e x p e r i m e n t s  and da ta  ana ly s i s  at t imis  p o i n t .

The p r inc i pal f i n d i n g s  of the  p r e s e n t  program are summar i zed

in Table 5. Here the  r e l a t i v e  p hoton  y ie ld s f or t he va r ious r e a c t i o n s

as ob ta ined  b y the methods  descr ibed  in Sec t ion  3 . 3 . 2  are l i s t ed .

The r a d i a t i v e  l i f e t i m e s  of the  chemiexc i ted  molecules are also

given. Since spectral information is lacking , tile e l ec t ron i c  s t a t e s  to

which the lifetime measurements app ly have not been identified. The

experimental results are consistent with either a sing le state or with

the combination of several states with nearly identical lifetim es. In

view of the fact that a large number of these reactions have apparent

lifetim es in the 10 to 100 microsecond range , ti-me validit y of time life—

time measurements has been questioned by otimer workers in time field.

We can only state that ti-me fundamental approach is scientificall y sound

and no experimental artifacts have as yet been found timat would cause

erroneous results. However , work is continuing to resolve this question.

149

_ _ _ _  --~~~~~~~~~~~ -•—— --~~~~ 



TABLE 5. Summary of Cilermi luminescent Reaction Data

i4etal Relative Photon Yield Radiative Reaction
Lifetime Figure—of—Merit

C. sec)
N
2
0 NO2 N

2O NO2

Ba 1.02 1.13 — — —
Ce .14 .14 107 15 15

Co .11 .06 32 3 2

Cr .09 .05 87 7 5

Fe 1.19 .82 20 24 16

Ge .76 .39 55 42 21

Ho 1.23 .30 47 58 14

In .61 — 17 10 —
Mn

Mo 1.24 .54 34 42 18

Nd .90 .60 43 39 25

Ni ~~0 
—

Si .04 .04 — — —

Sm .15 .01 48 7 <1

Sn .07 .02 110 8 3

Ti .57 .94 31 18 29
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As d i scusse l ill s ect ion s  3 . 3 . 2  and 3 . 3 . 3 , d e t e r m i n a t i o n  of the

t o t a l  p ho ton  y ie ld mus t  take  t i m e  r a d i a t i v e  l i f e t i m e  i n t o  accoun t .  This

was done m e r e  b y t a k i n g  t i m e  p r o d u c t  of the  r e l a t i v e  p ho ton  y ie ld  and the

r a d i a t i v e  l i f e ti ; me t o  give “ f i g u r e s — o f — m e r i t  f o r  the  var ious  r e a c t i o n s .

These are listed in the last two columns of tile t a b l e . On t h i s  basis ,

the r e a c t i o n  of Holmium with N
2
O is tile “best ” of those s tud ied , whereas

some of the f a v o r i t e s  such as Sn + N ) O f a r e  r a t h e r  poor ly .

151



—- _ —--- - - -——_,_ - ~~~~~~~~~~~~~~ 
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~.—~
__--

~-fl- ~ ‘~~~~~~ -~ -- - - -  -——-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-_

REFERENCES

1. J . M .  He r b e l i n  and N .  Cohen , “Time Chemical Production of
Elec t ron i ca l ly Exci ted S ta te s  in ti - me H / N F 2 System ” ,
Chem . I’imvs. Lett. 20, 605 (1973).

2 .  M .  Jeunehomme , “O s c i l l a t o r  S t r e n g t h  f o r  the CN Red Band System ” ,
1. Chem.  Ch v s . 42 , 4086 (1965) .

3. C. P a l l e t t o  and M. R i g u t t e , “The A H  and X2P States of the CN
Molecule from the Berkeley Analysis of the CN Red System” ,
Nuovo Cime n to 39 , 519 (1965) .

4. R. C. i)arwent and B. •-
~~~. Thrush , “Excitation of Iodine by Sing let

M o l e c u l a r  Oxygen ” , Chem. Soc. Faraday  1)isc. 53 , 162 (1972) .

5. N .  V.  K on d r a t i e v , Rate_ Constants of Gas Phase Reactions, (National
B u r e a u  of S t a n d a r d s , C O > 1 — 7 2 — l O O l 4 )  J a n ua r y ,  1972.

6. C. K . N .  Pa tel , “Con t inuous—Wave  Laser Ac t i on  on Vibrational—
Rotational Transitions of C0

2
”, ~~~~~ Rev . 136 , Al187 (1964) .

7.  A. K. M c K n i g ht  and P. J. Modreski , “Chemical  P r o d u c t i o n  of Sing let
Oxygen ,” Laser Digest, Fall 1974, AFW L — T R — 7 4 — 3 4 4 , 34 6.

8. J . A . Blauer and l’~’ . C. Solomon , “C a t a l y t i c  E f f i c i e n c i e s  of A t o m s
in ti -m e V i b r a t i o n a l  Relaxat ion of HF and DF ” , 14th Symposi um on
Combustion 14, 189 (1972).

9. R. J. Donovan and D. Husain , Trans. Faraday Soc. 62, 1050 (1966).

10. K. Sakurai , C. Capelle and H. P. Broida , “Measurements  of
L i f e t i m e s  and Quenching Cross Sect ions  of the  B State of Iodine ” ,
J. (diem . Pimys. 54, 1220 (1971).

11. ; . Capelle , K . Sakurai and H. P. Broida , “Lifetimes and Self—
Quenching Cross Sections of Vibrational Levels in the B S t a t e
of Bromine ” , J. Chem. Thy s. 54, 1728 (1971).

12. C . W. Holleman and J. I. Steinfeld , “Time—resolved Fluorescence
of Iodine Monochlor ide ”, Chem . ~~~~~~~~~~~ Let t. 12 , 431 (1971).

13. N. H. Kiess and H. P. Broida , “Emission Spectra from Mixtures
of Atomic Nitrogen and Organic Substances”, Spectroscopy of
Flames , 207 (1966).

14. P. W. Setser and B. A. Thrush , “Kinetics of Reactions involving
CN Emission I. General Features of Reactions with Active
N i t r o g e n  and Atomic  Oxygen ” , Proc.  Rev . Soc. A.~SS , 256 (1965) .

13 . E. L . Tol le f son  and D. J. LeRoy ,  “The R e a c t i o n  at  Atomic
Hydrogen w i t h  Acety lene ” , J .  Chem . s. lb . 1057 ( 193S~~.

152

-• -- - .~~~~~ ~~~~~~ _ - —~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~



-

RE F E R E N C E S (co n t i nu e d )

16. C .  B. Colburu , et  a t , “Bond Strength of Tetrafluorohy drazine ”,
Paper i’ re~~e nted at 140th Meeting of time American Chemical Society,
Chicago , Illinois , September 6, 1961.

17. F .  A. Johnson et  al , “ .O m a r t e r l v  P rog re s s  Repor t  on Air  Force High
b- ner g v Solid P r o p e l l a n t  i ’ r a g r a m ” , Rohn and Haas Co. , R e p t .  No. AF—7 ,
November 1960.

18. B. A.  Thrush , “Reac t ions  of Hydrogen Atoms in the Gas Phase ” ,
P r o g r e ss in ke~i c L i o n  K i n e t i c s  3, 63 (1965).

19. M . A. A . Clyne and J. F. White , “Electronic i-nergv Transfer
Processes in Fluorine—Containing Radicals: Sing let NF ” ,
Chem . Piiv s. Lett. 6, 465 (1970).

20. John V. White , “Long Optical Paths of Large Aperature ”,
J. 0E~ 

Soc. Am. 32 , 285 (1942) .

21. J. C. Boden and B. A. T h r u s h , “K ine t i c s  of Reac t ions  Invo lv ing
CN Emiss ion  I V .  Study of tile Reactions of CN by Electronic
Absorption Spectroscopy ” , Proc. F ey . Soc. A305, 107 (1968).

22. A . C. C. Mitchell and N. W . Zemansky , Resonance Rad ia t i on  and
Excited_Atoms , (Cambr idge University Press , 1961) Appendix 4 .

23. G. Herzberg , Spectra of Diatonic Molecules , (P. Van Nostrand
Company , Inc., Princeton , New Jersey, 1950).

24. D. D. Davis and H. Okabe , “Determination of Bond Dissociatinn
Energ ies in Hydrogen Cyanide , Cyanogen and Cyanogen Halides by
the Pho todissociation ‘-lethod” , J. Chem . Phys. 49, 5526 (1969) .

25. R. F. C. Clarid ge , F. 1. Greenaway and N. J. NcEwan , ‘ R e a c t i o n s
of Hydrogen At~ ms w i t h  Hy drogen Cyanide ” , J. ~~~~~ Chem . 74,
3293 (1970).

2 6 .  E . B. Turner , C. Emanuel and Roger Wilkens , The Nest Computer
i~~~~ r am ,  Ve l u r e  1 , SAM SO—TR—70—31 1 , Jul y 1970.

27. S. E. Johnson and A. Fontijn , ‘ 1 5 0 — 2 3 O nnm C h em i l u m i n e s c e n ce  I rem
C , CN and CO and Obser~’at ion of C(~ P, 

I)) in the N/C1F and
N / 0 2 /C 2 F4 Reac t ions ” , Ch~~~. Phvs. Lett. 23 , 252 (l~~7 3 ’t .

28. E. A. ()grvzlo , J. P. Reilly and B. A. Thrush , “Vibrational
Excitation of CO from the React ion C + 0 , ” , Chem. 1.ett
2 3 , 37 (1973).

29. J. A. Betcs , Chemically Pumped Ultraviolet 1 iser bt ud v
AFW L—TR—74— 165 , J u m i c  1974.

153

- - —- - -~~~~~~~~~~ - -  - - -  ---- --- - -------__



P.— -
~ 

— - — - - -
~~~~~~

-
~~~

- --
~~~~~~~~~ ——-. — --— - ---- -

~~~
- - ------—

~
------

REFERENCES (continued)

30. C. W. Taylor and P . W. Setser , “Quench ing  Ra te  Cons tan ts  fo r
C0 (a 3 f l ) ” , J. Chem . ~~~~~ 58 , 4840 (1973).

31. S. N. Suchard , S ectrosco ic Constants for Selected Heteronuclear
Dia ton i c  Molecules ,  Vol . 11 , Aerospace Report No. TR—0074 641 —6
p. N—34.

32. J. C. Step henson , “Vibrational Energy Transfer in NO” , J. Chem .
~~~~~~~~~~~ 59 , 1523 (1973).

33. a) W. Braun , A. N. Bass , P. D. Davies and J. D. Simmons , “Flash
P h o t o l y s i s  of Carbon Suboxide:  A b s o l u te  Rate C o n s t a n ts  f o r
Reactions of C( P )  and C( 1 D) w i t h  H 2 ,  N~~, CO , N O , 02 and 0114”,
Proc. R~~’. Soc. A3l2 , 417 (1969).

b) D. Husain and L. J. Kirsch , “Reactions of Atomic Carbon by
Kine t i c  A b s o r p t i o n  Spect roscopy in the  Vacuum U l t r a v i o l e t ” ,
Trans. Faraday Soc. 67 , 2025 (l971).

34. T. G. Slanger and C. Black , “CC(a ’ l ) ,  Its Production , Detection ,
Deactivation , and Radiative Lifetime ”, J. Chem. 

~~~~~~ 
55 ,

2164 (1971).

35. “New Gas Lasers Commit t ee  Report  on Elec t ronic  Trans i t ion  Chemical
and E l ec t r i ca l  Exci ted Lasers ” , 21—22 September  1972 m e e t i n g ,
Advanced Technology Branch , Laser Divis ion , Air Force Weapons
Laboratory , Kirtland Air Force Base , N. M.

36. J. F. F r i i c h t e n i c h t , “Laser—generated Pulsed Atomic Beam s” ,
Rev . Sci. Instrum. 45, 51 (1974).

37. N. C. Utterback , S. P. Tang and J. F. Friichtenicht , “Atomic
and Ionic Beam Source Utilizing Pulsed Laser Blow Of f ” , submitted
to the Journal of the Physics of Fluids for publication.

38. B. deB. Darwent , Bond Dissociation Energies in Simple Molecules ,
U. S. Department of Commerce , National Bureau of Standards ,
NSR DS—NBS3 1 , Issued January 1970.

39. T. L. Cottrell , The Strengths of Chemical Bonds , second edition
(Butterworths Scientific Publications , London , 1958).

40. C. Hager , L. Wilson , and S. C. Hadley, “Reactions of Atomic
Silicon and Germanium w i t h  N i t r o u s  Oxide to Produce E l e c t r o n i c a l l y
Excited Silicon Monoxide and Cermanium Monoxide ”, Chem . ~~~~~~~~~~~

Let t. 27 , 439 (1974).

41. W. Felder and A. Fontijn , “High—Temperatur -: Fast—Flow Reactor
Study of Sn/N20 Chemiluminescence ” , A eroChu - Research  L a b o r a t o r ie s ,
Inc., Repor t No. TP—320 , M a r c h  1975 ( s u b m i t t e d  to Chemical P hy si c s
Letters for publication).

154

~~~~~~~~~~~~~ — - -~~~~- - — —  -~~~~—



——a-— -‘ — ~~~~~~~~ 
-, -t ‘- -- —S-- w— -r~~ r ’ r ~’~~F-

REFERENCES ( con t i nued )

42. N. J. Kinevskv and R. A. Carabetta , Chemical Laser Systems ,
Interim Technical Report , Contract No. DAAHO1—73—C— 0653 (1 September
1974 — 1 A p r i l  1975). General Electric Document No. 75 SDS 4219.

41 . C . A. West and N. J. B e r r y ,  “ CN Pho tod i s soc i a t i on  and P red i s scc i a t ion
Chemical Lasers: Molecular Electronic and Vibrational Laser
Emissions”, J . chem . Phys. 61, 4700 (1974).

44. T. Ray , I .  Maren in  and W . Van Citters , “Perturbation Analysis and
Constants for the Red System of the Cyanide Radical” , J. Quant.
Spec t rosc .  Rad ia t .  T rans fe r  11, 1203 (1971).

45. S. P. Davis and J. C. Phillips , ~~~~~~ stem~~~ — X - ~ ) of the ON
Molecule , (UniversitY of California Press , Berkeley and Los Angeles.

46. J. N. Weinberg , E. S. Fishburne and K. N. Rao , “Infrared Bands
of the CN Red System ”, J. Molec. Spectroscopy 22 , 406 (1967).

47. L. Glatt , Synthetic Spectra for Diatonic Molecules - ~~~~~ and 
—

~i. ‘~T Band Sequences , TRW Report No. 06488-6363—RO—OO ,
February, 1970.

48. E. E. Whiting , J . 0. Arnold and C. C. Lyle , A Computer Program
for a Line—by—Line Calculation of Spectra from Diatonic Molecules
and Atoms Assuming a Voigt Line P r o f i l e  , N ASA TN 0—5088 ,
October , 1969.

49. J. F. Friichtenicht , “Laser—generated Pulsed Atomic Beams”,
Rev . Sc Instrum. 45, 51 (1974).

50. H. S. W . Massey, Electronic and Ionic Impact Phenomena, 2nd Ed.
Vol . 3, (Oxford Press , London , 1971).

51. P. L. Owen and C. K. Thornhill , Aeronautical Research Council
(U.K.) R & N No. 2616 (1948).

52. F. S. Sherman , Lockheed MSC Tech. Rept., Fluid Mechanics
6—90—63—61 , (1963).

53. H. Ashkenas and F . S. Sherman , Rarefied Gas Dynamics, J. H. De Leeuw .
Ed. , (Academic Press , New York , 1966) .

54. N. C. Utterback , S. P. Tang , and J. F. Friichtenicht , “Atomic
and Ionic Beam Source Utilizing Pulsed Laser Blow Off” , submitted
to the Journal of the Physics of Fluids for publication.

155/15 6

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ --~~- - - - - -~ —--—--*----*



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

~
—

~~~~~~
=—--- - —

~~~~~~
-- -------—--

APPENDIX A.  ~pectroscopy of time CN (A
2 — System

Ilic N
2 

gro und state of the ON r ad ica l  belongs strictly to Hund ’s

coup ling case (b) so timat the quantito number K of the total angular mcmentun

apar t  f r o m  sp in is def ined . The f i r s t  exci ted electronic  st a t e , A~~~, is

intermediate between Hund ’s case (a) and case (b). The \
2~. state is

“inverted” , with the 
2 levels ly ing lower than the corresponding

2 . levels. Since the coup ling constant  A is (—)  5 2 . 2  cm 1
, the separa-

tion of the lower :1 3/2 and upper l/2 components is approxima t~ Lv 50 cm

f or low J and slow ly incr eases with J .

(23) 2 2 2

Herzber g shows tha t fo r  :: -
~ 1 transitions , where the - -

state belongs to Hund ’s case (a) , all transitions obeying the selection

rules 1J = 0, ~l are possible . This means that there are 12 allowed transi-

tions arising from a g iven J ’. A Fortrat diagram for the (9,3) UN red ha~ J

is given in Hcrzberg ,~~
23

~ page 260. From this it can be seers t h a t  f o u r

pairs of the twelve branches superimpos e, leaving eight independent branches .

A mo re detailed descr iption of the CN energy levels is given by West and

Be rry~
43
~ in Appendix A of their paper.

The vibration—rotation constants of Fay , Marenin and van CLtter s~

were used to calculate the term values and transition energ ies for the 0,

1 and 0 ,2 bands . These cons tants yield a very good fit for the (O,U)~°~~

and (0 ,1)
(46 ) 

bands where good experimental values were available .

In order to obta in  a f i t  to our expe r imen ta l  spec t rum , it was

also desirable to determine the relative rotationa l line intensities of time

various lines. Under conditions of rotational and vibrational equilibrium ,

(47)
the line intensities can be approximated by
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,r e v ,v

where

‘rel 
= ~

4 (v ’ ,v” ;m , i , n) q ( v ’ , v ” ) S(m , i ,n) exp~ —c 2
T 1[G ’ (v ’ )+F ’ (m , i ) ] }

In tile above 
~v

’ r ’ is the rotation—vibration partition function for the

upper state; f
1 

is the electronic f—number , ~ is the transition frequency ,

q(v ’,v”) is the Franck—Condon factor and S(m,i,n) is the line strength

factor. The index i can be p lus one or minus one wh ile the index n runs

from —l to +2. The index m is related to the upper state J ’ by 2m = 2J ’ + 1.

Table 6 corr elates the (i,n) indices to spectral branches and also gives

the equations for the rotational line strengths for each set of indices. 
(47)

Line positions and relative line intensities were computed on a CDC 6000

series computer. They are plott ed as a func tion of wav elength in Figur e 38

fo r  a tempera ture of 3000°K. The wavelength scale on such plots can be ad—

justed to match the experimental scale so the p lots can be laid direc tly

over experimental data to aid in rotational line identification.
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Two computer programs for ~enera t~ ng synthetic spectra were

available. [lie one used most extensively was generated at TRW . It used

the formulas in App endix A to calculate relative line strengths of the

.arious rotational ines in the bands in th e spectral region of interest.

these intensities wert then normalized to 1 for th e strongest line in ti,e

wavelength interval of interest. A slit function of the form

~~~~~~~ [~~~~~~~~~~ ~~
-
~
] f o r  

~~~~~~~~~~~ 

< & .

=

0 for 1~—~ 
I

3

based on the experimental slit fu~ ction was used . In the above , 2.~ is the

slit width , is t i l e independent variable and 
~~~

. is the wavelength at which

a rotational line exists. A set of discrete wavelenghts , 
~~~~~~

, equally spaced

between a minimum and maximum wavelength was then selected. The intensities

resulting from all the discrete ~
‘s were then corng~ Leu from

= 
~ 

1
T~~j~ ~~~r

3

wher e I
T
(x j) is the computed relative intensity and the sum over j stands

for a sum over n , i , m , v” and v ’ These indices were described in

A ppendix A. The integrated intensity could then be plotted versus vav e— -

length to produce a synthetic spectra . The spectra shown in Figure 18 of
0

time report were generated in this manner with a 20A slit width.

A second program created by Ames Re~ earcim genter (48) was also

available. some attempts i:ere made to use this preeram , hut in general

it was found to be easier to use the  TRW gen e r a t e d  precram . The Ames
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procram contains more opt i u i i s  and is more ve r sa t i l e  fo r  a v a r i e ty  of

.iYp~ L a t  ions . -
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APPE [~’DIN C. Selection of Lines for Gain Measurement

Considerable care was taken in chosing specific lines for use

in a gain measurement . (areful spectroscop ic measurements were first per—

formed to identif y the lines present in the experimental spectrum . An

expanded spectrum of part of the (0,1) band is shown in Figure 39. Such

spectra were used in conjunction with the calculated line positions and the

synthetic spectra to choose a relatively “clea n” line for gain measurements.

j lic cho ice of lines considered was also limited to those in the Q11 and

P11 branches as these are the lines where lasing occurred in a flash photo—

lyses laser. Seve r a l lines in tile Q
11 

br anch , specifically Q11
(l5)

and Q11(17) of tile (0,1) band were found to be most suitable for gain

measurements. Identification of lines in the (0,2) hand was more d i f f i c u l t

due tu la ck of previous experimental data. This aspect of the gain measure-

ment was the most time consuming as choice of overlapp ing lines could lead

to erroneous measurements. A gain measurement using a pulsed CN laser

— such as has been built by Curt Wittig at University of California would

be pref erable in that only narrow , spec tral ly pure lines would be available.
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A l’I’UN [) IX

Measurement of Chemiluminescent Reaction

Cross Sections for B + N
2
O - - BO* + 

~2 and
S Ho + N O  - HoO* +

Prepared by

S. P. Tang , N. C. Utt erback , and J. F. F’riichtenicht

TRW Sys tems Gr ou p

Redondo Beach , California 91728

165



APPENDIX 0

INI R000CT ION

Muell of the current research on exothermic chemiluminescent

reactions is motivated by time search for chemical systems compatible with

the tequirements of electronic transition chemical lasers . Tile reactions

of metal atoms with various oxidizers to form cimemiexcited metal—oxide

molecules are included among those under study. A number of f a c t o r s  are

involved in the u l t i m a t e  app l i c ab i l i t y  of these react ions , one of which

is the react ion ra te  fo r  fo rma t ion  of p roduc t  molecules in the upper  la sing

state. In this Appendix , a new experimental technique for the measurement of

reaction cross sections of chemiexcited states as a function of the kinetic

ene rgy of the r eac tan t s  is described . I l l u s t r a t i v e  resu l t s  fo r  tile

B 4- N
2
U - -  BO + N 2 and Ho + N 20 - - HoO + N~ reactions are presented. In

princi ple , the reaction rate for a particular process can be determined

f rom such cross section da ta .

The experiments utilize a crossed beam configuration where the

metal atom beam is produced by the laser blow—off technique described by

Friicimtenichmt.~~~
9
~ Th is source del ivers a high intensity pulse of metal

atoms to the interaction region with) a broad , but directly measureable ,

veloci ty d i s t r i b u t i o n .  The target  gas beam is obtained from a room temper-

ature nozzle source .  The exper iments  are conducted by per forming  s i m u l t a n e o u s

measurements  of the i n t ens i ty  of the chemiluminescent  rad ia t ion  f rom the

reaction region and the intensity of the atom beam pulse downstream from

th e reaction region .

As p resen t ly c o n s t i t u t e d , tile exper iment  y i e l d s  the re la t ive

chemi luminescen t  r eac t ion  cross se~~t~~on as a f u n c t i o n  of atom energy and
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t i m e  e n er  v dependence of tim e total scatt ering cross section on a relative

basis. A broad spectral response phmotomulti p lier tube was used to detect

time cimemilumi nusct nse in time initial experiments descr ibed  here  and ,

t h e r e f o r e , t h e  chemiexcited state (or s t a t e s )  has not been identified.
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Apparatus

The exper imen ta l  appara tus  shown s c h e m a t i c a l ly in Figure  Dl

utilizes a crossed atomic—molecular beam configuration. The metal atom

beam is produced by time newly—dev eloped technique of laser volatilization

of so l id  at er i a l~
49

~ and the  t a rge t  gas consis ts  of a nozzle  beam d e f i n e d  by

supersonic  f r ee  jet expansion . A n—swit ched ruby laser is used to deliwer

a nominal  1 Joule  pulse to the  metal  t a r g e t  in about 75 r ,anoseconds. The laser

bea:c is directed th rough a quartz window and partiall y focused on the

metal target by a 12 5 non focal length lens . Tile lens—to—target distance

is externally adjustable allowing variations in the laser beam energy d e n s i ty

at t i me  t a rge t  s u r f a c e .  For the present experiments , this distance was

emp ir ical ly set at 100 mm for  boron t a r g e t s  and 89 mm for holmium targets .

fhe laser beam targets (boron and holmium) in the form of ‘Li

micron thick vapor deposited films on glass microscope slides are mounted

in an assembly tha t permits translation of the target along an axis normal

to the laser beam and rotation of the target surface about this axis. The

t a r g e t  is moved along the axis after eachm shot to expose fresh material

f o r  t h e  succeeding sho t .  It was found that time velocity distribution of

the atoms produced by laser bombardment is a function of the angle between

the target normal and the laser beam axis. This angle was set arbitraril y

at 45 ° for the present experiments . Tim all cIses , tile laser beam was dir-

ected through) the glass slide and was incident on tile side of the film in

contact with time glass substrate.
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The metal vapor cloud expands freely until it becomes collision—

less. A ~~~~ mm collimating aperture located downstream from this point

de f ine s  the a tomic beam . This aperture is followed by a pair of electro-

stat ic deflection plates to extract residual ions and electrons from the

beam . Time above mentioned components (i.e. lens , target assembly, collima t-

ing aperture and deflection plates) are contained in an in t eg ra t ed  vacuum

ch amb er evacuated by a 10—cm oil diffusion pump equipped with a water—

cooled baffle which gives a nomina l background pressure of 10 6 t orr.

The a tomic  beam enters  the  i n t e r a c t i o n  region th roug h a 6 . 4  mm

diameter by 30 mm long channel which serves to isolate the interaction

reg ion from the  beam production section of the system . Time interaction

chamber is sepa ra t e ly  pumped by a 15—cm oil d i f f u s i o n  pump which ma in t a in s

an ambient vacuum of better than 10 6 
torr.

The interaction chamber contains the nozzle beam assembly and a

photomultiplier tube (EU-IT) used to detect the chemiluminescent radiation.

The axes of the  nozzle  beam , the FUll , and the metal atom beam form a mutuall y

orthogonal s e t .  ihe  nozzle  beam source is pointed v e r t i c a l ly dow nward dir-

ect ly  into the throat of the diffusion pump . In order to minimize system

pump ing requi rements  and to more accurately de f i ne  the i n t e r ac t i on  reg ion ,

the nozzle  beam is operated in a pulsed mode w i t h  the d u r a t i o n  of the

molecular beam pulse limited to a few milliseconds. Tilis is accomp lished

by a fast solenoid—actuated valve syncImronized with the firing of the ruby

laser.  The valve opens in advance of the laser Q— switch by a t ime (between

1.0 and 2.5 nmsec) sufficient to establish steady state flow conditions in

the molecular beam . Tile metal  atom pulse arr ives at the in te rac t ion  r eg ion

before appreciable backscatter of nozzle beam molecules occurs thereby

1 71)
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localizing the interaction region. Operation of the nozzle source is

monitored by a nude ionization gauge of the Bavard—Alpert type located

on t i le  f re e  j e t  ax is  downs t r eam f rom t h e  i n t e r a c t i o n  zone . The col lector

of the g a u g e  lies in a plane normal to the flow . The gauge is equipped with

a buffered amp lifier, and th e signal is disp layed on an oscilloscope to

provide fast time response.

The nozzle  o r i f i c e  is fo r med by a 0 .25  mm diameter  hole dr i l led

th rouehi 0. 25 mm thick brass shim stock. The distance between the nozzle

o r i f i c e  and the axis of the atomic beam is 1.0 cm. The solenoid actuated

valve a s semb ly  is immersed in the  t a rge t  gas reservoir  which is main ta ined

at room temperature. Stagnation pressures range between 5 and 50 torr as j
measured with a Baratrorm Pressure Meter (Type 771-1—100, MKS

Instrum ents , I n c . ) .

The center line of the nozzle beam source is located at a distance

of 66 cm f r o m t Ime laser beam t a r g e t .  The f ield of view of the PMT used to

detect the chemiluminescent radiation (RCA Type 8575) is restricted to tOe

immediate vicinity of the interaction volume by a 6.4 mm diameter b~’ 25 mm

collimator. The photocathode of time PUT is located at a distance of 7.6 cm

f rom time c en te r  of the  i n t e r a c t i o n  volume .

The interaction region also contains a Faraday cup that can be

p laced on the atom beam axis to ver i f y timat no ions remain in the a t o m i c

beam .

The t h i rd  maj or sect ion of t ile system contains  the atom beam

detection apparatus . This section is equi pped with a combination ion—

titanium sublimation pump (NRC Orb—Ion pump , Model 203) with a pump ing
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speed of approx ima te l y 100 l i t e r s  sec 1. Ano the r  6. 4 mm d i a m e t e r  by 30 mm

channel isolates time detection section from t~ e interaction reg ion. Ambient

pressure in this section is near 10 ’ torr.

The beam detection system connists of an electron impact ionizer

(Extranuclear Laboratories , Inc., ib~-pe II High Efficiency Ionizer), an rf

quadrupole mass filter (b- ;-tranuclear Laboratories , Inc., Model 324—9 used

with either the C or E hig h—Q h e a d ) ,  and a 12—stage electron multipler - 
-

tube (FMT ) w i th  Be—Cu dynodes (1211 Venetian blind design).

A fixed fraction of the beam atoms that  pas s throug h the inter—

actior.  zone without collision enter time ionizer. The entrance to the

ionizer is located 88 cm f rom the laser target and 22 cm from the center

of the interaction zone . Ionized beam atoms are focused to deliver

maximum transmission through the quadrupole filter. Ions emerging f ro m

the quadrupole filter are deflected to the ENT by means of elec tr ically

biased planar grids . The ions impac t the first dynode of the ENT wi th an

energy of 4 keV . The resulting signal a t time anode is amp lified wi th a

wide band operat ional  amp l i f ier  and disp layed on an oscilloscope.

B. Experimental  Procedures

The in fo rmat ion  required to y ield the cross section is obtained

by the s imultaneous measurement of the in tens i ty  of the chemiluminescent

rad ia t ion  from the react ion zone and the in tens i ty  of the at.. m beam pulse

as measured with the quadrupole mass spectrometer located downstream from

the interaction zone. Examples of pho tographic records of the signals are

shown in Figure 02 fo r  both holmium and boron atom beam pulses . The upper

t race in each photog ra ph is the signal f rom a p hotodiode used to moni tor
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the  laser pulse and to provide a zeLo t ime  reference. The signals f r o m  the

mass spectrometer are disp la’-ed on the lower traces of the osci l lograms on

the left in time f i g u r e  w h i l e  the si g : l a l s  f r m  the PMT are shown in the  rig imt

imand photograp hs. These signals were recorded using two Tektronix 555 dual—

beam oscilloscopes triggeced from a common source. The sweep speeds of

the 101.-er beam ~ ere  set i n d e p e n d e n t ly  to make the disp lay as wide as

reasonably possible to minimize measurement errors .

As discussed below , time instantaneous intensity of tim e chemilutn—

inescent r ad ia t ion  is propor t iona l  to ti me f l u x  of metal atoms impinging

on the target gas. The signal recorded by the mass spectrometer system ,

however , is p ropor t iona l  to the number density of atoms ~,-ithin the ionizer

volume at  any ins tan t  of tine . Since time atoms all ori g inate at arm essential ly

point source , t i le velocity of the atoms within the ionizer at a particular

ins tan t  of t ime is spec i f i ed  by time elapsed t ime f rom time laser Q—swi tch .

The transformation from number density to flux is accomp lished by simply

dividing time amp litude of the signal from the h2~T by the arrival time on

a point by point basis . Finally ,  the flux that would have been observed

had the mass spectrometer been located at the crossed beam location is

determined by multiplying the time base by the ratio of distances (66/88).

Prior to the taking of data , the mass spectrometer was calibrated

and optimized using back ground gas as a source. Usually a number of shots

were taken in order to establish time laser bombardment conditions to yield

arm atom beam pulse in the desired energ\’ range . The possibility that the

atom beam pulse contained otimer than time princi pal metal atoms was eliminated

by checking time beam for the more obvious possible contaminants including

dimers .

17 ~

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



The expe r imen t s  were  conducted  over  a range of t ar c et  gas

pressures in order to detemui ne the scattering cross section . The pressure

in the t a r ge t  gas reservoi r  was m o n i t o r e d  by the  prev ious l y m e n t i o n e d

Baratron gauge.

C . D a t a  Reduction_and_Anal ysis

The p r i n c i p les and f u n d a m e nt a l s  O f a tomic and mol ecular coll ision

phenomena have been t r e a t e d  in an elegant account by ~1assev. 
(50) 

The

following outline is presented to demu:;~ t rute t i e  log ic behind tOe data

r e d u c t i o n  m e t h o d  used. Several simp lifcing ~~~~~~~~~~~ have been made :

(1) g rad ien t s  in the t a r g e t  gas dens i t\ -  in time interaction volume are of

secondary importance and can be ignored , (2) the velocity of the target

gas molecules is small compar ed to the atom beam ‘:e1ocit ’~- and can be

ignored , ( 3 )  the spectral distribution of the radiant energy is independent

— of v e loc i ty , and (4 )  the radiative lifetime s of the cimemiexcited states

are short compared to the residence time of the p roduc t  molecules w i t h i n

the field of view of the PMT .

The change in atom beam intensity dJ(t) over a path length dx

in the target gas is given by

d J ( t )  = 
~Tm J ( t )

~~ 
Eq. (Dl )

where J(t) is the intensity of the  atom beam pulse at time ~~ the

total scattering cross section , and n the number density of tar ‘ct gas

molecules. As used here °T 
represents the combined cross sections for

reactive and inelastic collisions plus elastic scattering throug h angles

greater than the acceptance angle of the mass spectrometer. The tai ~ct-

ional dependence on t simply implies that the energy of atoms within time
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bean pulse is s p e c i f i e d  by t h e i r  t ime of ar r i v a l  a t  the  d e t e c t o r .  Into-

gration of Eq.(~;L) gives

J(t) = J (t) exp (_:
T
n .) Eq. (02)

where is the effective length of time target gas region , J (t) is the

incident  beam i n t e n s i ty , and J ( t )  is the intensity of the atom beam pulse

as measured with the mass spec t romete r .

N e i t h e r  n nor 2 in Eq.  (D2) have bc-en determined accura te ly

which is the principal reason why the results are presented on a relative

basis. However , it may be assumed tha t  n is p ropo r t i ona l  to the stag-

nation pressure P in time reservoir
(Sl

~
32
~
03) and timat remains constant if

time range in P is not large . Equation (02) may be rewritten as

J(t) = J (t) exp 
~~~~~~ 

Eq . (D3)

where the implied constants have been set equal to unity which detracts

no thing from the experiment.

The f irs t step in the data reduction process is to determine

from Eq .(D3). Since J
0
(t) is not directly measurable with the target

gas system in operation , T is determined by measuring J(t) as a function

of reservoir pressure. A graphical display of typ ical da ta is shown in

Figure 03 for boron atoms and an N2
0 target gas. For this example , J(t)

was measured at a time correspond ing to the arrival of 1.75 eV boron

atoms. The zero pressure intercept gives the value of J (t) averaged over

the several events and the slope of the line is proportional to The

deviations of individual points from the straight line are due princ ipall y

to shot—to—shot variations In J ( t ) .  Time po in t s  shown are ~he a v e ra ge s

of several events for each value of P. The best value of °T 
was d e t e r m i n e d

1 76
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Figure D3. Typical plot of time intensity of boron atom pulses attenuated
by collisions with an N20 target gas as a function of time
stagnation pressure in the target gas reservoir for a boron
atom energy of 1.75 eV.
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by a lcu- 5 t—s quarcs fit to the data points.

The fin rei:a ilt of radi ative intensit y dS(t) from cimemiexcited

mo lecules produced in aim element of length dx is given by

dS(t) = 
r~
J (t)

eff~~ 
Eq. (114)

where J(t) is the “effective ” atom beam intensity and a is time crosse f f  - r

section for formatio mm of cimemiexcited product molecules. The functional

f o r m  of J (t) f f  depends upon the experimental configuration and the

relative values of the several cross sections involved. In the limit of

a “ t h i n ” t a r g e t , time beam i n t e n s i t y  remains  e s sen t i a l ly  constant  th roug h

the  t a rge t  gas and is equal  to J
0(t). Integration of Eq. (n4 ) yields

S ( t )  = u J ( t ) P  Eq.  ‘115)

where P has been s u b s t i t u t e d  f o r  n 1 as b e f or e  and J ( t )  has been rep laced

by the measured  beam i n t e n s i t y  J ( t )  since they  are a p p r o x i m a t e l y equal

for small P.

Although the relative value of 
~ 

as a function of atom energy

can be determined directly through time use of Eq .(D5), additional inform-

ation can be obtained throug h the use of a thick target configuration.

Let us consider two limiting cases in specifying the functional form of

J(t) f f . In the first case , assume that the change in intensity of the

incident beam as measured with the mass spectrometer system is dominated

b y elastic collisions . Then fo r a thick target gas , elastically scattered

atoms may have m u l t i p le collisions before exiting the interaction reg ion ,

some of which may form chemiexcited molecules. But , since °r T 
by

our assumption , .I(t) f f  ~ J (t). Integration of Eq. (1)-i ) with J(t)
eff 

=

J ( t ) y ields

1 7?
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S ( t )  = r~~~~
t )  exp 

~~~~~~~~~~~ 
Eq .  6)

w h e r e  J ( t )  has been rep laced after integration by J(t) exp :T P as expr essed

in Eq. (03).

In the other limiting case , it is assumed that collisions which

reduce  the i n ten s i t y  of time a tom beam (as d e t e c t e d  w i t h  the mass s p e c t r o—

m e t e r )  s i m u l t a n e o u s l y  remove a toms f r o m  f u r t h e r  p a r t i c i p a t i o n  in r eac t i ve

collisions. This condition would app ly if , for example , Z
T B. 

I c i l er e Z
R

r e p r e s e n t s  time total reactive cross section including both Z
r 

and time

cross section for tile formation of ground state molecules. This assumption

leads to a functional form of J(t)
ff 

given by

J(t) f f  = J (t) exp ~~ ~f’~~
) Eq. (07 )

which upon substitution into Eq. (4) and integration yields

S(t) = —i- J(t)[exp 
~~~~ 

-1] Eq. (118)

where , again , J ( t )  has been replaced by J ( t )  exp

Values of a were de te rmined  u s i n g  all t h r e e  f o r m u l a t i o n s ,

i.e. through the use of Eqs. (D5),(D6), and (118). In these equa t ions

S ( t ) ,  J ( t ) ,  and P are directly measurable quantities while the value of

was oe termined  by the method described above.
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EXPERIMENTA L RESULTS

The e x p e r i m e n t a l  r e su l t s  are summarized grap imica l l y in Figure  g4

for the  B -e N ,0 r e a c t i o n  and in Figure 115 f o r  t i m e  Ho + 
~~?~

- reaction.

Figure 1)4 shows that the total scattering cross section °T 
15

essentially constant over the boron atom energy range covered by th is

experiment while 
r 

increases by about an order of magnitude in the

1 to 4 eV range .  The values of 0 r shown were determined by two of the

three methods described above. In one case, a was determined from the
r

th in  t a r g e t  fo rmula t ion  [Eq . ( D 5 ) J  at  P = 5 orr. At P = 5 Torr , time

ratio of J(t) to J (t) was greater than 0.9 over the entire energy range

indicat ing that  the thin target approximation was justified. In the

o th e r  case , was de termined at several values of P between 5 and 50 Torr
r

using the thick target formulation given in Eq .(D6), i.e. the case where

m T 
> >  0r~ 

The data points plotted in Figure D4 for the thick target case

are the averages fo r  several values of p ressure .  The th in  and th ick  t a rge t

values have been arbitraril y set equal at 2.5 eV. It can be seen that

the  agreement between the two cases is exce l len t .  The e r ror  bars shown

represent approximately one standard deviation as determined by averaging

several sets of data  at each opera t ing  cond i t i on .  Error  bars have been

omitted from most of the points for clarity of presentation.

Values of a determined by the use of Eq. (08) systematically

increased with pressure which clearly contradicts the definition of a

cross section.  From th is  finding we are led to conclude that a <<

f o r  B + N 2 0 coll is ions in the  1 to 4 eV energy range .

Data presented in Figure 115 shows that  
~

, diminishes in magnitude
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by about a factor of three in the holmium atom energy range from

0.5 to 3 .5  eV f o r  the  Ho + N~ O interaction whereas a incr eases by abou t

a factor of two in the same energy r a n g e .  Here , again , a was determined

b y two of t he  t h r e e  methods  w i t h  e s sen t i a l ly  t h e  same f inding , i . e .  good

agreement  was ob ta ined  between the t h i n  and th ick  ta rge t  exper iments  under

the  a s sumpt ion  t ha t  c’ . Treatment of the  data  was the same as fo rr T

the B + N 70 in te rac t ion  alread y d iscussed.
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DISCUSSION

The experimental results presented here represent the first

app lication of a new atomic beam technique to the measurement of the

properties of chemical reactions on a molecular scale. The results have

been presented on a relative basis because the target gas geometry canno t

be spec ified with sufficient accuracy in the present configuration.

Futu re  work wil l  u t i l i z e  a d i f f e r e n t i a l ly pumped s t a t i c  ta rge t  gas

system to rectif y this situation .

Throughout this paper , the radiant energy detec ted has been

characterized as chemiluminescence from excited electronic states of the

metal  monoxide.  Al thoug h there has been no direct  v e r i f i c a t i o n  of th is

asser t ion , it is probabl y cor rec t .  The energy available fo r  collisional

excitation is insufficient to generate visible photons in the Ho + N
2
0

case. The poss ib i l i ty  of collisional exci tat ion cannot be ruled out in

the B + N
2
0 case. However , in both cases , the exothermicity of the

chemical reactions (6 .3  eV fo r  BO and 5.9 eV fo r  HoO) s i g n i f i c a n t l y

exceeds the available kinetic energy.

Another question concerns the internal energy state of the

beam atoms which have been taci t ly assumed to be in the ground s ta te .

A recent  anal ysis ~~
4
~ shows tha t the veloci ty  d i s t r i b u t i o n  of the beam

atoms is consistent w i t h  a Maxwellian d i s t r i b u t ion of veloci t ies  super-

imposed upon a directed velocity component. The analysis provides a

model that can be used to sçecify the temperature of the Maxwellian

distribu tion. This model , when applied to the present data , implies

tha t  the  e f f e c t i v e  t e m p e r a t u r e  of the gas cloud is on the order  of
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3000 °K w h i c h  a rgu e s  against a significant population of excited s t at c -

atoms in time beam . An experimental optie~. wimich may be exercised in

future measurements is tha t of varying the effective temperature of time

me tal atomic beam to see if systematic effects due to beam atom excitation

are observed.

Finally, the lifetime of the emitting state (or states) can

effect the measurements if it is comparable to or longer than the

residence time of the product molecules within the field of view of the

detector. For a given internal energy state , the velocity of the product

molecules is propor t iona l  to the ve loc i ty  of the incident  atom . Hence ,

the observation time is inversely proportional to the atom velocity which

would bias the de tec t ion  e f f i c i e n c y  in favor  of the low veloci ty  atoms if

the l i f e t imes  are indeed long .

Future experiments designed to answer these questions are

p lanned .
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